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Preface

The thesis that you are about to read deals with the implementation of a technique to
study atmospheres of planets or moons in the Solar System. We use radio telescopes
on Earth to track spacecraft that are orbiting planets, and use the signal the spacecraft
emits, as it crosses the planet’s atmosphere, to investigate its physical characteristics.
Amazing, isn't it? Often, we get lost in our daily routines and we lose sight of the
overall picture. We forget how truly astounding the experiments we are able to
undertake are, using the universe as our lab. I feel very privileged to have been able
to do this as part of the work that led to this dissertation.

Looking back to my personal journey and to how it all started, I think of Ellie.
Yes, I'm a kid of the 90s (85 rounds off to 90) influenced by American pop culture,
and yes, I'm one of those who became obsessed with space because of the movie
Contact. That, the series from the Earth to the Moon and a visit to the Kennedy Space
Center sparked my interest. All of this was years before my first physics class, but
already then it was clear to me that I wanted to pursue a career in space exploration.
There are many wonderful people that helped me along in the process of moving
from dreaming about space to being able to perform experiments with planetary
spacecraft. First and foremost, I would like to thank my mentor and PhD supervisor
Leonid Gurvits, the person who introduced me to this amazing field and the person
who has constantly given me the opportunity, from my bachelor’s through to my
PhD, to join multiple projects and broaden my research experience. Thank you very
much for your guidance and support. I would also like to thank Bert Vermeersen, my
master’s thesis supervisor and PhD promotor, for giving me the freedom and support
to find a research topic to my interest, and for providing guidance throughout this
process.

Over these years it has been a pleasure to be able to work in different environ-
ments, various countries, and among very intelligent and inspiring people. To my
colleagues and friends from the group of Astrodynamics and Space Missions in the
faculty of Aerospace Engineering at TUDelft, Boudewijn, Ejo (also my bachelor’s su-
pervisor), Erwin, Ron, Marc, José, Eelco, Wim, Daphne, Kevin, Imke, Wouter, Loic,
Vidhya, Stephanie, Elisabetta, many thanks for the lively and stimulating working
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atmosphere. Special thanks to Relly for all the support and for ensuring everything
runs smoothly in our department. To Pieter, for his support and very valuable input
when reviewing my thesis. To Dominic, my friend, colleague and collaborator, I've
always valued your opinion about my work very much, I have learnt a great deal
from you. To Joao, for all the good advice and saving my thesis with Zambuijeira.
To my fellow PhD colleagues and friends, Bart, Hermes, Kartik, Guido, Mao, Black,
Bas, Haiyang, Teresa, Giinther, Jacco, Svenja, Tim, Gourav, Yuxin, for all the fun
times inside and outside work. Certainly, we have a wide spectrum of unique and
extraordinary characters among us. To Jinglang, my office-mate and dear friend, for
all the great times we had together. To my second home institute JIVE and all the
colleagues I had the pleasure to spend time with over the past years. Special thanks
to Giuseppe, Guifré, Dima, Sergei and Dora, the Space Science and Innovative Appli-
cations Group at JIVE, for giving me a fascinating first-hand experience with all the
tracking experiments we conducted, all the knowledge you passed on to me and for
your invaluable friendship. To the JIVE support scientists, Benito, Katharina, Jay and
Ross for their friendship and for being supportive in a much broader sense. To Huib
and Paco for always welcoming me to the institute, and to Yvonne for being always
ready to help. I would also like to thank my colleagues at Shanghai Astronomical
Observatory for the great collaborations we have had between our institutes over
the past years. Special thanks to Prof. Hong Xiaoyu, Ma Maoli and Wu Fang for
welcoming me to their institute every year during my PhD. To the EVN community
and the telescopes’ operators for allowing us to conduct these ‘out of the ordinary’
experiments. To Prof.Dr. Carole Jackson, Prof.Dr. Veronique Dehant, Dr. Dmitri Titov
and Prof.Dr.-Ing.Habil. Roland Klees for accepting the invitation to take part in the
doctoral committee of my PhD defense.

To the people who have had in one way or another a great influence in my life. To
my childhood friends Claudia, Paula R., Juliana, Maria, Paula M., Mariana and Maria
José. To Guille and Nicolas. To Matias, Bola, Rigo and the very intense semester
capando clase en el Bicafé. To my LR friends Bart, Alex, Jonas, Greg, Lore and Cas-
sandra. To my housemates in DS4 and to the Bagijners. To Ana and Angela. To
Gaéllita, Lina and Ana. To my latest discoveries, Marloes and Kat, to Lexie and the
imaginary bricks. To my Colombian-Delfians Andrés, Simon, Nuci, Santiago, Alejan-
dra, Damian, Christian, Carolina, Nataly, Miguel and Mari. To my Spanish-Delfians.
To Fle and Miren. To ‘mijn kinderen’ Alejo, Mike, Tom, Maarten, Peter, Miquel and
Roderick, for absolutely everything they have done for me, especially these last diffi-
cult years. To Els and John, for all the support and for welcoming me into their home
and family. To Dirk, for all the years of unconditional support and love. I wouldn't
have been able to finish this thesis without you.

To my family, iqué gran familia la que tenemos!. To my grandparents Roberto,
Inés, Gonzalo and Elsa, my aunts and uncles, and all my cousins, for all the family
trips, reunions and parties. Being able to grow in such a vibrant and loving environ-
ment has definitely had a very positive impact in my life. Special thanks to uncle Piti
and tia Pocho for all those amazing vacations in Ibagué. To el Pollo, my twin and
soulmate, for our uncanny long distance connection. To my quasi-siblings Daniel,
Carolina, Julian, Mark and Michael, for all the experiences we've shared and for tak-
ing care of my parents. To Camilo and Lena, for their amazing friendship. To Esteban
and Martin, for all the happiness they bring into my life. To Angela and Diego, for
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being truly excellent people, for inspiring me and for always having my back. A Lu-
chito y Nechi, por su inmensa dedicacién como padres, por la gran confianza y el
gran amor que siempre me han dado. Todo se los debo a ustedes.

Tatiana Marcela BOCANEGRA BAHAMON
Amsterdam, February 2019






Summary

Electromagnetic emission is an indispensable means of communication with inter-
planetary spacecraft in their journeys through the Solar System. The transmission
and reception of radio signals to and from interplanetary spacecraft have three main
functions. The first is the generation of radiometric data (e.g., Doppler, ranging and
interferometric data) to enable the precise determination of the spacecraft’s state
vector (i.e., position and velocity) along its trajectory. The second is for telecom-
munication purposes, sending commands to the spacecraft on the uplink and trans-
mitting telemetry (i.e. engineering and science data produced by the instruments
onboard the spacecraft) on the downlink. The third function is to conduct scientific
research by analyzing the different effects that the presence of the planetary bod-
ies and interplanetary medium has on the spacecraft signal, as it propagates back
to the Earth. This functionality is usually referred to as the mission’s radio science
experiment.

The two first functions are vital for the mission, while the third is not necessarily.
For this reason, the former two are the main priorities of the deep space networks: to
support navigation and to control and monitor the status of the spacecraft [13]. The
third function is generally implemented using the deep space network facilities as an
Earth-based segment of radio science instrumentation. In this thesis, an additional
option to using the deep space networks for this function - radio science experiments
- is presented: the Planetary Radio Interferometry and Doppler Experiment (PRIDE),
focusing primarily on one application, radio occultation studies.

The PRIDE technique is an experimental setup that makes use of the onboard
spacecraft transmitter or transponder and Earth-based radio telescope networks, in
order to provide (1) radial velocity and (2) angular position measurements, to sup-
port radio science experiments [3-5, 12]. This is done by performing precise Doppler
tracking of the spacecraft carrier signal with multiple radio telescopes on Earth. A
wideband spectral analysis is conducted to extract the topocentric Doppler shift of the
carrier signal, due to the relative motion of the transmitter and receiver, at each sta-
tion. Subsequently, these signals are cross-correlated using the near-field Very Long
Baseline Interferometry (VLBI) technique in phase-referencing mode. This modifica-
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tion of the traditional VLBI technique requires a special near-field VLBI delay model.
The objective of the near-field VLBI model is to calculate the a priori difference in the
arrival time of the curved wave front of the signal, at every two stations of the ob-
serving array, in order to achieve a coherent response (the so-called ‘interferometric
fringes”) by cross-correlating the signals. This is actually the fundamental principle
behind radio interferometry [[16], but taking into account that the source of the radio
signal (i.e. the spacecraft) is at a finite distance from the receivers. In the case of
VLBI, the telescopes are located at very long distances from each other, and there-
fore, independent timing (local oscillators) and signal recording systems are required.
With the information from the near-field modeled delays and the phase and frequency
of the resulting interference fringe pattern, the angular position of the radio source
can be determined. The latter is achieved in the so-called phase-referencing mode
[, 16]. In this mode, other radio sources that are angularly close-by to the target
source (S 2deg) are used to calibrate the phase of the spacecraft signal. The cali-
brator sources are typically chosen to be natural radio sources located at billions of
light-years away from the Earth whose absolute celestial positions are known very ac-
curately (at the level of tens of pas). This summarizes briefly the methodology used
by PRIDE to derive the angular position and radial velocity of the target spacecraft,
the latter resulting as a by-product of the VLBI technology.

In order to benchmark the technique with respect to the use of the traditional
deep space networks for radio science investigations, a noise budget of the Doppler
detections obtained with the PRIDE is presented in this thesis [3]. As a test case, a
tracking experiment of the European Space Agency (ESA) Mars Express (MEX) was
used, during which the spacecraft performed a Phobos’ fly-by in December 2013. In
this experiment, 31 VLBI radio telescopes around the world participated for a total
of 26 hours of continued tracking of MEX. In order to determine the quality of the
PRIDE Doppler detections, the random errors introduced by the instrumentation and
by the propagation of the signal through the interplanetary media were analyzed.
This analysis quantified the contribution of the different noise sources to the total
Doppler residuals. This information was used to provide a noise budget of the ob-
servations. It was demonstrated that the residual frequencies obtained with PRIDE
Doppler detections are at the same noise levels as those of standard Doppler detec-
tions obtained with NASA's and ESA’s deep space network antennas (~2 mHz, which
is equivalent to a linear measure of ~ 35um/s for three-way Doppler at X-band).

Having validated the methodology used in PRIDE, its applicability and perfor-
mance for conducting planetary atmospheric studies was investigated by means of
radio occultation experiments [2]. When a spacecraft is orbiting a planet the signal
of the spacecraft can get occulted by the celestial body as seen from the ground sta-
tions on Earth. If the planet has an atmosphere, before the signal gets completely
occulted it will get refracted through the planet’s atmosphere, and the resulting fre-
qguency changes in the carrier signal will be detected by the receiving ground stations.
By performing spectral analysis of the received signal and with precise information
of the position and velocity of the spacecraft, the physical properties of the section
of the atmosphere which the spacecraft signal has sounded can be derived [e.g.
6, 8-11, 14, 17].

In the work at hand, this particular application of PRIDE has been assessed by
observing ESA’'s Venus Express (VEX) during multiple Venus occultation events [2].
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From these observing sessions density, temperature and pressure profiles of the neu-
tral atmosphere of Venus have been derived. With this VEX test case, it has been
demonstrated that the PRIDE setup and processing pipeline is very well suited for
radio occultation experiments of planetary bodies. The noise budget of the observa-
tions obtained with the VLBI stations indicated that the uncertainties in the Doppler
detections are in the same order of magnitude as those obtained with NASA's Deep
Space Network (DSN) and ESA’'s ESA Tracking Network (Estrack). For instance, un-
certainties in the order of 2mHz in the Doppler residuals result in uncertainties of
~0.01 K in the temperature profiles of Venus’ neutral atmosphere. These results
correspond to those reported in previous Venus radio occultation experiments involv-
ing DSN stations (e.g., Tellmann et al. [15]). We have also demonstrated that with
PRIDE, making use of open-loop Doppler data, VLBI stations were able to sound
deeper layers of Venus' thick atmosphere when compared to the closed-loop Doppler
data provided by Estrack’s New Norcia. With the wideband spectral analysis of PRIDE,
we showed that even with small dish antennas, such as the 12-m AuScope’s Kather-
ine (Australia Northern Territory), the spacecraft signal can be detected below Venus’
clouds layer.

Radio occultation experiments carried out with PRIDE can exploit the advantage
of having access to large radio telescopes from the global VLBI networks, such as
the 65-m Tianma (China), 100-m Effelsberg (Germany) or the 305-m Arecibo (Puerto
Rico). Additionally, due to the wide coverage of the networks, the setup can be op-
timized to ensure high signal-to-noise (SNR) detections. Since their conception, the
hardware and data acquisition software of the DSN and VLBI networks have been
developed in close collaboration, and hence their performance is expected to be sim-
ilar. However, there is a larger number of VLBI radio telescopes than deep space
antennas distributed around the world. This allows us to choose those telescopes
for which the observing conditions are the best (i.e., highest elevation), while the
deep space facilities are limited in this type of operational optimization. The combi-
nation of high sensitivity telescopes and wide coverage offers a great opportunity,
especially when conducting radio occultation experiments of planets or moons with
thick atmospheres, characterized by low SNR signal detections.

Based on the results presented in this thesis, it was demonstrated that the spectral
analysis used in PRIDE allows the derivation of Doppler observables with very high
spectral resolution. Additionally, it provides precise Doppler phase corrections essen-
tial to the correct correlation of the spacecraft signal, enabling the precise derivation
of angular position corrections to the a priori spacecraft orbit. By demonstrating the
performance of PRIDE and providing a noise budget to its Doppler detections, it is
shown that the PRIDE technique qualifies as a fully operational radio science instru-
ment. In particular, with the VEX radio occultation test case, it was demonstrated
that the PRIDE methodology is suitable for experiments that require a careful detec-
tion of highly dynamic signals. It can be concluded that PRIDE, using a wide range
of radio telescopes around the world, presents an alternative to using the custom-
ary deep space networks for radio science investigations. In particular, when the
requests to support multiple deep space missions have conflicting schedules for the
nominal agencies’ tracking assets, or complementing each other, by enhancing the
science return of tracking passes that are not nominally designed for radio science
experiments.
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PRIDE is one of the eleven experiments selected by ESA for its L-class JUpiter ICy
moons Explorer mission (JUICE) mission, to be launched in 2022 [7]. The work pre-
sented in this thesis will be used to plan and optimize the setup of PRIDE to conduct
radio occultation experiments to study Jupiter’s atmosphere. Additionally, PRIDE is
involved in the ESA EnVision M5 design study for an orbiter mission to Venus [18].
The main objective of PRIDE will be to conduct the radio occultation experiments to
sound Venus' neutral atmosphere and ionosphere. In its current status the PRIDE
technique, through the data processing and analysis methodology developed for this
thesis, is in the capacity of conducting radio occultation experiments with virtually
any planetary spacecraft.

The personal contribution of the defendant is:

¢ Development of a detailed noise model for the PRIDE open-loop Doppler ob-
servables.

¢ Tests and improvements to the existing wideband spectral analysis methodology
of PRIDE experiments for observations with low Signal-to-Noise Ratio (SNR)
detections and high signal dynamics, as it is typically the case of the radio
occultation observation.

¢ Development of an ad-hoc software to process radio occultation observations
obtained with radio telescopes with VLBI data acquisition systems, using as
input the signal detections at the multiple VLBI stations to derive frequency
residuals. This is performed by deriving open-loop Doppler observables from
the received signals, and differencing them by a Doppler prediction calculated
from the a priori orbit estimates. Subsequently, from geometric optics the ray
path parameters of the propagation of the signal are derived from the Doppler
residuals. The link between the ray path parameters and the physical proper-
ties of the section of the atmosphere being sounded is carried out implementing
the so-called inverse model, using an Abel inverse transform. The software has
been validated with NASA's Magellan data and ESA’s VEX data. For this reason,
the software can process radio occultation observation of different data formats.
In its current status, the software is able to process radio occultation observa-
tions, assuming for the data reduction a spherically symmetric atmosphere and
a constant composition of the neutral atmosphere.

¢ Development of an error propagation module that finds the noise of the Doppler
residuals, derived from the input of the Doppler detections and Doppler pre-
dictions. Subsequently, it propagates these frequency residual uncertainties
through the multiple steps of the data processing pipeline, to derive the un-
certainties corresponding to the resulting refractivity, density, temperature and
pressure profiles.

The novel results presented in this thesis are:

e Characterization of the performance of PRIDE providing an error budget of
the open-loop Doppler observables. The uncertainties obtained with our mea-
surements were compared with those obtained with ESA’s Estrack New Norcia
station and DSN’s Robledo and Goldstone, during the same observing session
of ESA's MEX spacecraft, showing consistent results.
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e The results of the first radio occultation experiments conducted with PRIDE,
using a test case ESA's VEX spacecraft. With these experiments the potential of
the PRIDE technique for atmospheric studies via radio occultation observations
was proven. The derived atmospheric profiles and their corresponding error
propagation analysis showed the high level of consistency with the results of
previous Venus’ radio occultation experiments.

All results are published in refereed journals and presented in several international
conferences with the leading participation of the defendant.
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Samenvatting

Elektromagnetische straling is een onmisbaar communicatiemedium voor interpla-
netaire ruimtevaartuigen tijdens hun reis door het Zonnestelsel. Het uitzenden en
ontvangen van radiosignalen van en naar interplanetaire ruimtevaartuigen dient drie
hoofdfuncties. De eerste is het genereren van radiometrische gegevens (bijvoor-
beeld Doppler metingen, afstandsbepaling en interferometrische gegevens) om de
voertuigtoestand (dat wil zeggen de positie en snelheid) in zijn baan precies te kun-
nen bepalen. De tweede is telecommunicatie, oftewel het omhoog sturen van com-
mando’s naar het ruimtevaartuig en het omlaag sturen van telemetrie (dat wil zeg-
gen technische en wetenschappelijke gegevens van de instrumenten aan boord). De
derde functie is wetenschappelijk onderzoek aan de hand van de verscheidene ef-
fecten die de aanwezigheid van hemellichamen en interplanetair medium hebben op
het signaal op zijn reis terug naar aarde. Deze toepassing wordt vaak het radio-
wetenschappelijk experiment van de missie genoemd.

Terwijl de eerste twee functies essentieel zijn voor het welslagen van de mis-
sie, is de laatste dat niet noodzakelijkerwijs. Daarom zijn de eerste twee de voor-
naamste prioriteit van de deep space networks: het ondersteunen van navigatie
en het besturen en monitoren van de status van ruimtevaartuigen [13]. De derde
functie wordt over het algemeen geimplementeerd door de deep space network-
faciliteiten in te zetten als grondsegment van radio-wetenschappelijke instrumenten.
In dit proefschrift wordt een alternatieve optie voor het gebruik van de deep space
networks gepresenteerd binnen het domein van radio-wetenschappelijke experimen-
ten: het Planetary Radio Interferometry and Doppler Experiment (PRIDE), met radio-
occultatieonderzoek als voornaamste toepassing.

De PRIDE techniek is een experimentele opstelling die gebruik maakt van de ra-
diozender aan boord van het ruimtevaartuig en radiotelescoopnetwerken op Aarde,
om (1) radiale snelheid en (2) hoekpositie te meten, ter ondersteuning van radio-
wetenschappelijke experimenten [3-5, 12]. Dit wordt bereikt door met meerdere
radiotelescopen op Aarde de Dopplerverschuiving van de draaggolf van het ruimte-
vaartuig precies te volgen. Een breedband spectraalanalyse wordt toegepast om de
topocentrische Doppler-verschuiving van de draaggolf te bepalen, die veroorzaakt
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wordt door de relatieve snelheid van de radiozender ten opzichte van de ontvangers
van de grondstations. Vervolgens worden deze signalen met elkaar gecorreleerd met
behulp van de near-field Very Long Baseline Interferometry (VLBI) techniek in fase-
referentiemodus. Deze aangepaste versie van de traditionele VLBI techniek vereist
een speciaal near-field VLBI vertragingsmodel. Het near-field VLBI model is bedoeld
voor het berekenen van het a priori verschil in aankomsttijd van het gebogen golf-
front van het signaal bij elk ontvangerpaar, om zodoende een coherent signaal (de
zogenaamde ‘interferometrische fringes’) te verkrijgen door de signalen met elkaar
te vergelijken. Dit is in feite ook het fundamentele principe van radiointerferometrie
[16], met uitzondering van het uitgangspunt dat de bron van het radiosignaal (dat
wil zeggen, het ruimtevaartuig) zich op een eindige afstand bevindt van de ontvan-
gers. In het geval van VLBI bevinden de ontvangers zich op grote afstand van elkaar,
waardoor onafhankelijke tijdsbepalings- en signaalverwerkingssystemen vereist zijn.
Op basis van de informatie van de gemodelleerde near-field vertragingen en de fase
en frequentie van het resulterende fringe-patroon kan de hoekpositie van de radio
bron worden bepaald. Dit laatste wordt bewerkstelligd in de zogenaamde fasere-
ferentiemodus [[1, 16]. In deze modus worden andere radiosignalen die dichtbij de
doelbron staan (<2 deg) gebruikt om de fase van het signaal van het ruimtevaartuig
te kalibreren. Natuurlijk radiobronnen die op miljarden lichtjaren afstand staan, en
waarvan de positie zeer precies bekend is (tot op tientallen uas), worden over het
algemeen gekozen als kalibratiebron. Het bovenstaande vat de PRIDE methodiek,
waarmee de hoekpositie en radiale snelheid van het doelvaartuig worden bepaald,
kort samen. De radiale snelheid is een bijproduct van de VLBI technologie.

Om de techniek te vergelijken met het traditionele gebruik van deep space net-
works voor radio-wetenschappelijk onderzoek, wordt in dit proefschrift een ruisbud-
get gepresenteerd van de Dopplerdetecties die met PRIDE verkregen zijn [3]. Als
proef werd een volgexperiment gebruikt van de Europese Ruimtevaartorganisatie
(ESA) Mars Express (MEX), waarbij het ruimtevaartuig een fly-by maakte langs Pho-
bos in december 2013. In dit experiment namen 31 VLBI radiotelescopen gedurende
in totaal 26 uur deel aan het volgen van MEX. Om de kwaliteit van de PRIDE Dop-
plerdetecties te bepalen, werden de stochastische fouten geanalyseerd die geintro-
duceerd worden door de instrumenten en door de propagatie van het signaal in de
interplanetaire media. Met deze analyse kon het aandeel van de verschillende ruis-
bronnen in het totale Dopplerresidu worden gekwantificeerd. Deze informatie werd
vervolgens gebruikt om een ruisbudget van de observaties op te maken. Daarmee
werd aangetoond dat de frequenties in het residu verkregen met PRIDE Dopplerde-
tecties van vergelijkbaar ruisniveau zijn als die van standaard Dopplerdetectie met
NASA's en ESA's deep space network antennes (~2 mHz, het equivalent van ~ 35um/s
lineair voor drieweg Doppler in X-band).

Na de validatie van de PRIDE methodologie werden zijn toepasbaarheid en pres-
taties voor planetair atmosferisch onderzoek bestudeerd aan de hand van radio-
occultatie-experimenten [2]. Wanneer een ruimtevaartuig zich in een baan om een
planeet bevindt, kan het signaal van het vaartuig, vanaf de aarde gezien, bedekt
worden door het hemellichaam. Als de planeet een atmosfeer heeft, zal het sig-
naal vlak voor het volledig bedekt wordt, gebroken worden in die atmosfeer, en de
resulterende frequentieveranderingen in de draaggolf zullen worden gedetecteerd
door de ontvangende grondstations. Door een spectraalanalyse uit te voeren op het
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ontvangen signaal en met precieze informatie over de positie en snelheid van het
ruimtevaartuig, kunnen de fysische eigenschappen worden afgeleid van het deel van
de atmosfeer dat door het signaal is gemonsterd [bijvoorbeeld §, 811, 14, 17].

In dit werk is deze specifieke toepassing van PRIDE beoordeeld door ESA’s Venus
Express (VEX) te observeren tijdens meerdere occultaties door Venus [2]. Uit deze
observaties zijn de dichtheid, temperatuur en luchtdrukprofielen afgeleid van de neu-
trale atmosfeer van Venus. Met deze proef met VEX is aangetoond dat de PRIDE set-
up en verwerkingsprocedure zeer goed toegerust is voor radio-occultatieonderzoek
naar planetaire lichamen. Het ruisbudget van de metingen van de VLBI stations
toont aan dat de onzekerheid van dezelfde orde grootte is als metingen van NASA's
Deep Space Network (DSN) en ESA's ESA Tracking Network (Estrack). Ter illustra-
tie, een onzekerheid in de orde grootte van 2 mHz in het Dopplerresidu resulteert in
een onzekerheid van ~0.01 K in het temperatuurprofiel van de neutrale atmosfeer
van Venus. Deze resultaten komen overeen met de onzekerheden die gerapporteerd
worden in voorgaande radio-occultatie-experimenten, waarbij DSN stations werden
gebruikt (bijvoorbeeld Tellmann et al. [15]). Bovendien hebben we aangetoond dat
met PRIDE, gebruik makend van de open-loop Dopplermetingen, de VLBI stations
in staat waren diepere lagen van de dichte atmosfeer van Venus te bemonsteren
dan de closed-loop Dopplermetingen van Estracks New Norcia. Met de breedband
spectraalanalyse van PRIDE toonden we dat het zelfs mogelijk is om met kleine scho-
telantennes, zoals de 12-m Katherine van AuScope (Australia Northern Territory), het
signaal van het ruimtevaartuig te detecteren onder het wolkendek van Venus.

Radio-occultatie-experimenten die worden uitgevoerd met PRIDE kunnen ten vol-
ste gebruik maken van de toegang tot grote radiotelescopen in het wereldwijde VLBI
netwerk, zoals de 65-m Tianma (China), de 100-m Effelsberg (Duitsland) en de 305-m
Arecibo (Puerto Rico). Bovendien kan de set-up, door de brede dekking van de net-
werken, worden geoptimaliseerd voor detecties met een hoge signal-to-noise (SNR)
waarde. Sinds de oprichting zijn de hardware en gegevensverzamelingssoftware van
het DSN en VLBI netwerk in nauwe samenwerking ontwikkeld, waardoor vergelijk-
bare prestaties mogen worden verwacht. Tegelijkertijd is er, verspreid over de aarde,
een groter aantal VLBI radiotelescopen dan deep space network antennes. Dit stelt
ons in staat om slechts die telescopen te selecteren die de beste observatiecondities
hebben (met andere woorden, die met de hoogste elevatie), terwijl de deep space
faciliteiten beperkt zijn in dit soort operationele optimalisatie. De combinatie van ui-
terst gevoelige telescopen en een brede dekking biedt een geweldige kans, in het
bijzonder voor radio-occultatie-experimenten aan planeten of manen met een dichte
atmosfeer die worden gekenmerkt door lage SNR waarden.

Op basis van de resultaten in dit proefschrift is aangetoond dat de spectraalana-
lyse in PRIDE het mogelijk maakt Dopplermetingen af te leiden met een zeer hoge
spectraalresolutie. Bovendien voorziet de analyse in precieze Doppler fasecorrec-
ties die essentieel zijn voor het juist correleren van het bronsignaal van het ruim-
tevaartuig, waardoor correcties van de hoekpositie in zijn vooraf berekende baan
precies kunnen worden berekend. Door de prestaties van PRIDE te demonstreren en
een ruisbudget op te stellen voor zijn Dopplerdetecties, is aangetoond dat de PRIDE
techniek voldoet aan de eisen voor een volledig operationeel radio-wetenschappelijk
meetinstrument. Met de radio-occultatieproef met VEX werd specifiek aangetoond
dat de PRIDE methode geschikt is voor experimenten waarbij zorgvuldige detectie
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van zeer dynamische signalen is vereist. Er mag dan ook worden geconcludeerd
dat PRIDE, met zijn wijdverbreide netwerk van radiotelescopen over de hele we-
reld, een alternatief biedt voor de algemeen gebruikte deep space networks voor
radio-wetenschappelijke toepassingen. Dit geldt vooral als de aanvragen voor on-
dersteuning van meerdere deep space missies met elkaar conflicteren in het nomi-
nale volgschema van de ruimtevaartorganisaties, of als de systemen elkaar kunnen
aanvullen, door de wetenschappelijke output te verbeteren van overvluchten die in
eerste instantie niet voor radio-wetenschappelijke experimenten zijn bedoeld.

PRIDE is een van de elf experimenten die door ESA zijn geselecteerd voor de
L-klasse JUpiter ICy moons Explorer (JUICE) missie, waarvan de lancering staat ge-
pland voor 2022 [7]. Het werk in dit proefschrift zal gebruikt worden in de planning
en optimalisatie van de set-up van PRIDE voor radio-occultatieonderzoek naar de at-
mosfeer van Jupiter. Daarbij is PRIDE betrokken bij de ontwerpstudie ESA EnVision
M5 van een satellietmissie naar Venus [[18]. Het hoofddoel van PRIDE zal bestaan
uit radio-occultatieonderzoek naar de neutrale atmosfeer en ionosfeer van Venus. In
zijn huidige vorm is de PRIDE techniek, met de gegevensverwerking en -analyse zo-
als beschreven in dit proefschrift, geschikt om radio-occultatie-experimenten uit te
voeren voor zo goed als ieder planetair ruimtevaartuig.

De persoonlijke contributie van de promovendus is:

¢ De ontwikkeling van een gedetailleerd ruismodel voor de PRIDE open-loop Dop-
plermetingen.

e Het testen en verbeteren van de bestaande breedband spectraalanalyseme-
thode van PRIDE experimenten voor observaties met lage Signal-to-Noise Ratio
(SNR) en hoge signaaldynamica, zoals die verwacht mogen worden bij radio-
occultatiemetingen.

¢ De ontwikkeling van een ad-hoc softwareprogramma waarmee radio-occultatie-
metingen kunnen worden verwerkt die verkregen zijn met radiotelescopen met
VLBI meetsystemen. Dit programma heeft als input de detecties van het sig-
naal bij de verschillende VLBI stations om het frequentieresidu te berekenen.
Eerst worden open-loop Dopplermetingen afgeleid uit de ontvangen signalen,
en vervolgens van een Dopplervoorspelling afgetrokken die is afgeleid uit de
geschatte baan. Daarna worden de parameters van het stralingspad afgeleid
uit het Dopplerresidu met behulp van optische geometrie. De link tussen het
stralingspad en de fysische eigenschappen van het bemonsterde deel van de at-
mosfeer wordt gelegd met behulp van het zogenaamde inverse model, dat een
Abel inverse transformatie gebruikt. De software is gevalideerd met NASA’s Ma-
gellan data en ESA's VEX data. Daarom is de software in staat om verschillende
gegevensformaten te verwerken. In zijn huidige vorm is de software in staat
radio-occultatieobservaties te verwerken, met de aannames dat de atmosfeer
sferisch symmetrisch is en de neutrale atmosfeer een constante samenstelling
heeft.

¢ De ontwikkeling van een foutpropagatiemodule die de ruis van het Dopplerre-
sidu kan vinden, afgeleid uit de Dopplerdetecties en de Dopplervoorspellingen.
Vervolgens propageert het de onzekerheid in deze frequentieresiduen door de
verschillende stappen van het gegevensverwerkingsproces, om uiteindelijk de
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onzekerheid van de brekingsindex, dichtheid, temperatuur en luchtdrukprofie-
len.

De nieuwe resultaten in dit proefschrift zijn:

¢ Het karakteriseren van de prestaties van PRIDE en het opstellen van een fout-
budget van de open-loop Dopplermetingen. De onzekerheid die uit onze me-
tingen werd verkregen is vergeleken met die van ESA’s Estrack New Norcia
station en DSN’s Robledo en Goldstone, gedurende de zelfde meetsessie van
ESA’s MEX ruimtevaartuig, met consistente resultaten tot gevolg.

¢ De resultaten van het eerste radio-occultatie-experiment uitgevoerd met PRIDE,
uit een proef met ESA’s VEX ruimtevaartuig. Met deze experimenten werd be-
wezen dat de PRIDE techniek grote potentie heeft voor atmosferisch onderzoek
via radio-occultatiemetingen. De verkregen atmosferische profielen and de bij-
behorende foutpropagatieanalyse toonde de consistentie met de resultaten van
voorgaand radio-occultatieonderzoek naar Venus.

Alle resultaten zijn gepubliceerd in wetenschappelijke tijdschriften en gepresenteerd
in verscheidene internationale conferenties, met een leidende rol voor de promoven-
dus.
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CHAPTER 1

Introduction

Since 1957, following the launch of Sputnik, radio telescopes around the world have
been used to track spacecraft in their journeys throughout the Solar System. These
tracking efforts do not only enable navigation (determination and planning of the
spacecraft trajectory) and telemetry (acquisition and recording of the measurements
taken by the instruments onboard the spacecraft), but also can be used to conduct
scientific experiments using the carrier signal of the spacecraft.

In planetary exploration, the term ‘radio science’ is referred to the experiments
and science that can be derived from accurately knowing the position and velocity
of the spacecraft and from the interaction of the spacecraft signal with planetary
bodies, their gravitational and electromagnetic fields, planetary atmospheres and in-
terplanetary media. Through radio science investigations many planetary bodies in
the Solar System have been characterized, by determining their gravitational fields,
shapes, masses, ephemerides, magnetic fields, and atmospheric and ionospheric
structure [e.g. 12, 15, 16, 20, 23, 30, 39]. Additionally, other scientific applications
derived from the analysis of spacecraft signal are, for instance, studies of the inter-
planetary medium and solar plasma [e.g. 24, 25, 36, 37, 42], and contributions to
experimental relativity investigations, such as the determination of the
Post-Newtonian (PPN) parameters [11l, 35].

The radio science instrumentation consists of the telecommunications subsys-
tem on board the spacecraft (including dedicated Ultra-Stable Oscillator (USO) in
the case of one-way operations) and, conventionally, the deep space communica-
tion complexes of the major space agencies [27]. However, the main activities of
these deep space networks is to provide navigation data and receive telemetry for
the whole duration of the mission [26]. The Planetary Radio Interferometry and
Doppler Experiment (PRIDE) is an experimental setup that presents an alternative
(or additional option) to using the customary deep space networks for radio science
investigations, using a wide range of radio telescopes distributed around the globe.
The goal is to produce highly accurate radio science observables, which for the case

1
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of PRIDE are accurate Doppler and Mery Long Baseline Interferometry (VLBI) ob-
servables [4, 9, 10]. These observables are used to determine the radial velocity
and angular positioning of the spacecraft, and to examine the variation in the phase
and/or amplitude of the carrier signal for scientific purposes.

PRIDE is at is core a technique. The technique was conceived in the
1960s as a result of an urge to have higher angular resolutions in astronomy when
observing natural celestial sources in the radio domain. relies on the technique
of interferometry to, among other scientific objectives, precisely find the angular
position of radio sources in the plane of the sky. This capability was, from the very
onset of the technique, recognized for its potential for tracking and positioning of
spacecraft in the Solar System [28]. The idea behind using radio interferometry
for spacecraft orbit determination in the plane of the sky, resides in the difference
between arrival times at the different radio telescopes of the signal transmitted by the
spacecraft. This is due to the fact that the positions of the receiving stations on the
rotating Earth are different and change in time as the spacecraft signal is received.
The difference in arrival time at the telescopes due to the geometry of the tracking
array, also known as the geometrical delay, is the key to finding the angular position
of the radio source. The theory behind the VLBI technique and its application for
spacecraft tracking will be treated in Chapter B. The data processing and analysis
methodology explaining how the radial velocity and angular position are estimated
using PRIDE will be treated in Chapter B.

VLBI observations of spacecraft date back to Apollo 16 and 17 [34], Pioneer Venus
probes [6], Voyager [5] and the VEGA balloons [33], among others. The
technique, as it stands today, was conceived as part of the efforts to track the signal
of the European Siace Agency (ESA) Huygens Probe, during its descent into Saturn’s
moon Titan with VLBI radio telescopes in January 2005. The involvement of the VLBI
stations was not considered in the original mission design but only up to one and a
half years before the probe’s descent, as a backup of the Doppler Wind Experiment]
. The DWE was designed to make use of the radio link between Huygens and
Cassini spacecraft with the goal of determining the direction and strength of Titan’s
zonal winds from the probe’s horizontal motion while immersing into the moon’s
atmosphere. However, due to a malfunction of the receiver on the Cassini spacecraft,
the nominal implementation of the DWE was not possible. Instead, seventeen radio
telescopes from multiple VLBI networks around the world were set to receive and
record Huygens' signal. These observations achieved the DWE goal and contributed
into the derivation of the probe’s descent trajectory on the plane of the sky with a
linear accuracy in the order of 1km at 8 AU [40]. The success obtained with this
experiment prompted the further development of the methodology, software and
logistics that consolidated the technique.

Over the period from 2005 to 2019, the use of the PRIDE technique has been
demonstrated for multiple radio science applications. Among these, the tracking of
the controlled impact of the Smart-1 probe on the surface of the moon [32],
tracking of ESA’s Mars Express (MEX) during a close Phobos fly-by for its gravita-
tional field determination [[10], interplanetary plasma diagnostics and characterization
of coronal mass ejections by performing tracking campaigns of ESA's
and MEX[24, 25], sounding of Venus ionosphere and neutral atmosphere by
radio occultation experiments with [3], studies to improve the Jovian system
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ephemerides in the framework of the upcoming ESA JUpiter ICy moons Explorer
mission [I7, 8], and contributions to fundamental physics experiments [21].
PRIDE has also been involved in the orbit determination activities of the space ra-
dio telescope RadioAstron [[19]. RadioAstron’s space-ground observations have
enabled astronomical research with the highest angular resolutions to date [11], 22].

The performance of PRIDE and its capability for providing angular position and
radial velocity estimates for spacecraft orbit determination have been demonstrated
in Duev et al. [9], Duev et al. [10] and Bocanegra-Bahamon et al. [4]. In particular,
Bocanegra-Bahamén et al. [4] (presented in Chapter H of this thesis) give a noise
budget of PRIDE observations, showing that the spectral resolution to which the car-
rier tone of the spacecraft is detected corresponds to that reported by dedicated
deep space agencies [2, 17]. Given the performance and current state-of-the-art
of PRIDE, the work presented in this thesis focuses on determining the capability
of PRIDE for studying planetary atmospheres by means of radio occultation exper-
iments. Is the wideband spectral analysis carried out with PRIDE sensitive enough
to capture the high dynamics of the signal resulting from the planet’s atmospheric
refraction? Does the PRIDE experimental setup and processing methodology have
advantages compared to radio occultation investigations conducted with the deep
space complexes?

The radio occultation technique has been carried out by many planetary missions
to investigate planetary atmospheres and ionospheres [e.g. 13, 14, 18, 29, 31, 38,
41, A3]. Using this technique, the spacecraft carrier signal is detected by the ground
station(s) on Earth as it gets occulted by a planet or natural satellite. In this process,
the signal is successively refracted as it crosses deeper layers of the planet’s atmo-
sphere before being completely occulted by the center body. Therefore, the radio
link received on Earth is perturbed, among other contributions, by the presence of
the planet’'s atmosphere. After removing other sources of fluctuations, these per-
turbations in phase and amplitude can be accurately determined and converted into
refractivity profiles of the section of the atmosphere the signal has probed. With the
refractivity profile, information regarding the atmospheric properties with altitude can
be derived, such as the electron distribution in the ionosphere, the neutral nhumber
density in the neutral atmosphere and temperature-pressure profiles of both. Chap-
ter [ presents a test case scenario of multiple radio occultation observations of @
where the PRIDE capabilities are demonstrated.

1.1. Thesis goal and research questions

The main goal of this dissertation is to investigate the potential of the PRIDE tech-
nique for radio occultation experiments with planetary spacecraft. The definition
of the technical approach of this dissertation was based on the following research
questions:

1. Given its setup and processing methodology, how does the performance of
PRIDE Doppler observables compare to those of the deep space complexes?

e Conduct simultaneous spacecraft tracking experiments with VLBI radio
telescopes and the deep space complexes (e.g., DSN and/or Estrack).
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n « Provide a detailed noise model for the Doppler detections derived with
PRIDE tracking experiments and compare the results with the deep space
complexes’ counterpart.

2. Are there any improvements or new procedures to be included into PRIDE’s
processing pipeline to be able to successfully perform radio occultations exper-
iments?

¢ Determine whether the wideband spectral analysis carried out with PRIDE
is sensitive enough to capture the high dynamics of the spacecraft signal
during a radio occultation event. Implement the necessary improvements
into the processing methodology.

¢ Develop software capable of processing spacecraft signal detections of
radio telescopes that use VLBI data acquisition systems, to derive refrac-
tivity, density, temperature and density profiles of the target planet during
a radio occultation experiment.

¢ Test and validate the software with previous radio occultation experiments
performed with ground stations from the deep space complexes.

3. What is the effect of the residuals of PRIDE frequency detections on the target
planet’s atmospheric properties derived from radio occultation observations?

¢ Perform an error propagation analysis, starting from the frequency residual
uncertainties derived from the detections of the VLBI stations. Propagate
these errors through the multiple steps of data processing pipeline to de-
rive the uncertainties in the atmospheric properties of the target planet,
resulting from radio occultation observations with PRIDE.

4. What are the advantages of performing radio occultation experiments with
PRIDE compared to deep space complexes?

e Conduct radio occultation observations with ESA's Venus Express space-
craft with PRIDE.

¢ Process the observations with the ad-hoc developed software and derive
refractivity, density, temperature and pressure profiles of Venus' atmo-
sphere.

¢ Analyze and compare the results and its corresponding error propagation
analysis with those obtained with Estrack’s New Norcia station.

As a starting point, Chapter 2 gives an introduction to the theory behind VLBI
and an overview of the use of radio interferometry to perform spacecraft tracking.
Chapter B describes in detail the current status of the signal processing pipeline
and analysis methodology of the PRIDE technique. This chapter explains step by
step how standard PRIDE experiments are conducted. Chapter i addresses research

uestion 1. For this purpose as a test case an experiment conducted with ESA’s
@ spacecraft was used, where the spacecraft was tracked during a fly-by of Mars’
moon Phobos, with multiple VLBI stations alongside DSN and Estrack stations. This
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chapter provides the formulation of the observed and computed values of the open-
loop Doppler data retrieved with PRIDE, and provides a noise budget of the Doppler
detections based on the results of the tracking experiment. In order to be able
to process radio occultation observations and derive atmospheric properties of the
target planet (research question 2), the processing methodology of PRIDE had to
be adapted and extended. Section 5.3.1 describes the radio occultation processing
pipeline. In order to benchmark the performance of PRIDE for the purpose of radio
occultation experiments (research question 3) an error propagation procedure was
implemented through the data processing pipeline. Section 5.3.3 describes in detail
the implementation of the error propagation analysis. Chapter B presents the results
of multiple Venus radio occultation experiments performed with PRIDE, where the
performance of the technique for this particular application is analyzed (research
question 4). Finally, Chapter E gives the overall conclusions of this work, and presents
recommendations for the preparations of PRIDE as one of the instruments for the

upcoming mission.
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CHAPTER 2

Introduction to Radio Interferometric Techniques for
Spacecraft Tracking

Different radio tracking systems on Earth are used for generating radiometric data
of spacecraft. These data are used to determine the precise location of a spacecraft
along its trajectory throughout its operational life. A detected radio signal provides
information about the relative position and velocity of transmitters and receivers.
Therefore, if the coordinates of the tracking station are accurately known, the position
and velocity of the spacecraft can be inferred.

The communications between ground stations and spacecraft are made within the
internationally allocated frequency bands (Table R.1). Early capabilities for uplinks
and downlinks developed by all major space agencies were in the S-band. Gradually,
communications have shifted towards higher frequencies; spacecraft started to be
equipped with dual-frequency S/X downlinks, then the X-band uplink capability was
added to ground stations, and nowadays dual-frequency X/Ka downlinks are available
for spacecraft. Further use of the Ka band will continue to increase in the coming
decades. The reason to move to higher frequencies is driven by the urge of improving
the communications performance and the accuracy of radiometric measurements, by
using shorter wavelengths at which the propagation effects through the ionosphere
are reduced.

Table 2.1: Uplink and downlink frequencies for deep-space communications [35].

Band Uplink Frequency (MHz) Downlink Frequency (MHz)

S 2110-2120 2290-2300
X 7145-7190 8400-8450
Ka 34200-34700 31800-32300

The different types of radiometric data are the range, the Doppler and the inter-

9



2. Introduction to Radio Interferometric Techniques for
10 Spacecraft Tracking

ferometric data. Spacecraft range is a group delay measurement derived from the
round-trip transit time of a ranging signal that is generated from a transmitting sta-
tion. The transmitted carrier signal is received at the spacecraft, by a receiver that
locks and tracks the uplink carrier by means of a phase-locked loop. Subsequently,
the signal is phase modulated onto the downlink carrier coherently with the uplink
carrier but with a frequency offset (as shown in Table R.1). The received ranging
signal will be locked at the receiving station, and will produce a reference signal co-
herent to the downlink carrier. By measuring the phase offset between the reference
signal at the receiving station and the transmitted signal at the transmitting station,
the elapsed time between transmission and reception can be determined, and the
range p can be approximated to p = 1/2tc, where t is the measured round-trip light
time and ¢ the speed of light in vacuum.

Doppler shift is a phase delay measurement derived by comparing the frequency
of the received carrier signal fz with the frequency of the transmitted carrier signal f;.
Hence, for Doppler measurements the observable is not the absolute phase but rather
phase change over time. The Doppler shift Af can be approximated by Af = f; —fz =
0/ fr, where p is the spacecraft instantaneous range rate. Therefore, Doppler
measurements provide directly one component of the spacecraft state vector, the
line-of-sight radial velocity. The actual Doppler extraction process from the received
carrier signal as performed by PRIDE will be treated in Section B.4.

For both, ranging and Doppler, the setting that provides the measurements with
the highest accuracy is the so-called two-way mode. In this mode, the transmitting
and receiving stations are the same. Hence, the frequency standard used in the
phase-lock loops to generate the reference signals for both the uplink and downlink
is the same. Another mode is the so-called three-way mode, where the transmit-
ting ground station is different than the receiving ground station, therefore using
independent frequency references at each end. However, ground stations typically
use hydrogen masers as frequency standards, which provide a stability better than
4 < 107™ at ¢ = 10s [9]. Therefore, in a three-way mode the noise contribution
related to the frequency standard can be expected to be of the same order of mag-
nitude at the transmitting and the receiving station. To this day, the same cannot be
said of the so-called one-way mode. In the one-way mode, the spacecraft antenna
is the transmitter and the receiving antenna is at a ground station on Earth. In this
mode, the frequency reference used onboard the spacecraft is an USQ, typically with
a stability in the order of 10712 at T = 10 s [[1], one order of magnitude worse than the
hydrogen maser. However, with the Deep Space Atomic Clock (DSAC) mission, to be
launched in November 2018, an onboard mercury ion atomic clock with a frequency
stability in the same order as those obtained on the ground stations will be tested
[34]. Besides range and range rate, the spacecraft declination and right ascension
can be inferred from long and continuous range and/or Doppler tracking arcs[33].
This information can be derived from the amplitude and phase of the diurnal mod-
ulation of the range and Doppler signal. This modulation results from the ground
station rotation about the Earth’s spin axis.

Until the early 1980s, Doppler and range systems were the only techniques used
for interplanetary radio tracking. However, the determination of the spacecraft an-
gular position from long arcs of Doppler and range data can be largely degraded
by inaccurate modeling of the forces acting on the spacecraft. This is due to the
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fact that the spacecraft angular position is not directly measured by the observables,
but rather weakly determined from the diurnal signature of the data. Hence, when
estimating the angular positioning parameters, the effect of mismodeled forces that
affect the amplitude and/or phase of the data signature can be wrongly interpreted
as changes in declination and/or right ascension (refer to Taylor et al. [31] and Thorn-
ton & Border [33] pp.35 for examples of this effect). Because of the limitations of
Doppler and range tracking for determining the spacecraft angular position, the
technique was adopted in order to directly measure the spacecraft declination and
right ascension.

The idea behind the VLBI technique, is that by differencing the radio signal re-
ceived simultaneously at every two ground stations on Earth a measure of the angular
position of the radio source can be derived, as shown in Figure .2d. The adapta-
tion of this VLBI technigue for navigation was initially implemented by the
Aeronautics and Space Administration (NASA) Deep Space Network (DSN) and it was
called Differential One-way Ranging (DOR). The process conducted in order to de-
termine the difference between the time of arrival at the two stations, also known
as the total interferometric delay, will be discussed in Section B.2. As explained in
detail in Section B.2.6, the component of the total interferometric delay from which
the angular position of the spacecraft can be derived is the so-called geometrical de-
lay. However, this is not the sole component measured from differencing the arrival
time of the signals. Additionally, there are differences in the delays measured due
to Doppler, station clock offsets, ionosphere and troposphere propagation, antenna
position errors and instrumentation errors. This means that the accuracy to which
the spacecraft angular position can be derived, depends on the precision of the total
interferometric delay measurement and on the accuracy to which the other compo-
nents of the total delay, besides the geometrical delay, can be calibrated for. For
this end, the so-called phase-referencing technique is used, where a second mea-
surement of an angularly nearby source is introduced. This source is usually chosen
to be a natural radio source located at billions of light-years from Earth for which its
absolute position is known very accurately. By differencing the observations of the
spacecraft signal from those of the reference source, the antenna-dependent errors
will be substantially reduced. The remaining errors are related to the spacecraft and
reference source position, from which the relative angular position of the spacecraft
is derived. The VLBI method used for this is called differently depending of the type
of delay measured. The Delta Differential One-way Ranging (ADOR) method mea-
sures the differential group delay (phase gradient in a frequency range) and the VLBI
phase-referencing technique measures the phase delay (the resolution of the phase
cycles). Typically, the former is used for spacecraft navigation purposes and the latter
for radio science applications.

The use of VLBI observations of spacecraft, also commonly referred to as VLBI
tracking, was initially suggested by Ondrasik & Rourke [20] and has been demon-
strated on a wide range of deep space missions, such as Apollo 16 and Apollo 17 [27],
Pioneer Venus probes [5], Voyager [3], VEGA [24], Huygens Titan Probe [15, 22],
Cassini [13], SELENE [10], IKAROS [30], Chang’E [11], Venus Express [7], Mars
Express [8], among others.

In this work, the Planetary Radio Interferometry and Doppler Experiment (PRIDE)
technique is presented. This is a VLBI phase-referencing technique used for space-
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craft tracking that measures phase delay from which the angular position of the
spacecraft is derived. Additionally, precise Doppler observables are produced as a
by-product of the processing pipeline, from which the radial velocity of the space-
craft is derived. The details regarding the data processing and analysis methodology
specific to PRIDE will be treated in Chapter%m this chapter, a brief introduction to
the VLBI technique is presented in Section R.1], followed with a review of the use of
the VLBI technique for the purpose of spacecraft tracking in Section R.2.

2.1. Introduction to VLBI

is a technique that was originated in the field of radio astronomy. This field
is considered to be founded by Karl Jansky in 1933, when he published the first
detection of the galactic radio emission at a frequency of 20.5 MHz [12]. The discov-
eries that followed in radio astronomy were initially done with single-dish telescopes.
However, these single-dish radio observations are subject to strong diffraction ef-
fects, resulting in larger angular resolutions 6 than with an optical telescope of the
same aperture (following Rayleigh’s criterion 6 ~ A/D, where 1 is the wavelength
and D is the telescope’s diameter). Soon after Jansky’s discovery, it was recognized
that it would be prohibitively expensive and technically unfeasible to increase the
dish diameters to the sizes needed to improve the poor resolution obtained at radio
wavelengths. The solution was found using multiple telescopes, separated by a cer-
tain distance, all connected as an interferometer array [25, 26]. Figure ﬁ/shows
the comparison between the angular resolution of a single dish and a two-element
interferometer, while the former is proportional to 1/D the latter is proportional to
A/B, where B is the baseline (i.e., the projected distance between the elements, in
a plane perpendicular to the direction the antennas are pointing). In the late 1960s,
the conventional interferometer arrays had connected elements, physically limiting
the baseline to a maximum of 10 kilometers of length. With the advent of the dig-
ital revolution, in which the rapid improvement of the digital electronic equipments
benefited the capabilities of the radio interferometers, and the natural tendency of
thriving for better angular resolutions, the technigue was conceived. This tech-
nique introduced separated array elements, theoretically enabling the use of as large
baselines as needed. In practice, the set-up of the technique enables obser-
vations with different radio telescopes located around the world (B,,,4, ~10000 km),
angular resolutions better than 1 mas (~5nrad) can be achieved at centimeter and
shorter wavelengths. Dedicated VLBI satellites have also been developed to enable
a space-borne array element [28]. Such is the case of Roscosmos’ RadioAstron [14],
that with baselines of 350,000 km enables the longest radio interferometer arrays to
date, with angular resolutions in the level of pas. is currently the technique that
provides the highest angular resolution available when observing cosmic sources at
any waveband. Its adaptation for spacecraft tracking has been successfully adopted
by different space agencies for navigation and enhancement of other scientific ex-
periments that depend on precise orbit determination.

In Sections and the hardware and the mathematical treatment of radio
interferometry will be treated, respectively.
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Figure 2.1: Comparison between the resolution of a single dish and a two-element interferometer. The
Full Width Half Maximum (FWHM)] of the antenna response for the single dish antenna (a) is given by
1.221/D, where A is the wavelength and D is the dish diameter. The FWHM of the synthesized beam
response of a two-element interferometer (b) is given by 1.224/B where B is the baseline length.

2.1.1. Technical implementation of VLBI

Let us consider a generic interferometer consisting of two antenna dishes, separated
by a baseline length B, each with a receiving system, and a digital backend, as
shown in Figure R.2. The wavefront from a distance source arrives at each antenna,
a sensor known as the feed will convert the electric field detected at the focal point of
the antenna to an electrical voltage. Hence, the time-dependent voltage signal v(t)
generated at the feed will be linearly proportional to the electric field E(t) present at
the feed. The amplitude of the initial voltage signal is very small, as it is expected from
wavefront generated at a distant source. Therefore, the first step is to amplify the
signal while adding as little noise as possible. This is done using a Low Noise Amplifier
, that is kept along with the feed in a cooled chamber in order to minimize the
noise contribution from the thermal electron motion. In order to calibrate the received
power a thermally controlled resistive load with known properties is injected to the
receiving system prior to the observation, coupling it to the input of the LNA. The
resistive load is turned on and off during the observation. By measuring the increase
in power when it is on the total received power can be calculated.

Once the signal is amplified, it will be heterodyned to baseband. In other words,
this means that the signal will be downconverted from the sky frequency to a lower
frequency range starting at 0Hz (i.e., baseband) by a series of mixing and filter-
ing operations. The reference frequency used in the mixing operations comes from
the so-called local oscillator, which is based on an atomic oscillator with excellent
frequency stability (e.g., hydrogen).

When the signal is at baseband it is sampled, digitized and recorded (this last
step only for VLBI) in the digital backend. The digitized data coming from the dig-
ital backend of each station is input into the correlator. At the correlator is where
the interference fringes are formed. As shown in Figure .2, when performing an
observation, the incoming wavefront will arrive at one element at a time 7, before
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it reaches the second element of a baseline. As a consequence, the signal detected
by each antenna will have a phase difference with respect to the other antenna.
To compensate for the total signal delay, z(t), (including the geometrical delay, z,,
and other delays caused by Doppler, propagation and instrumentation effects) the
recorded signals are shifted stepwise one against the other and cross-multiplied, until
both signals are perfectly aligned. The result of the correlation will be an interference
fringe pattern of the radio source with maximum amplitude for signal alignment. In
Section the mathematical formulation of the correlation will be treated.

The main difference between the traditional interferometry, with connected ele-
ments, and lies in the local oscillator and the correlation procedure. In the case
of the connected-elements, there is one local oscillator whose signal is distributed
to all the antennas, and in the case of each antenna has an independent local
oscillator. As for the correlation, for the former case the correlation occurs directly
after the signal is digitized, while for the latter case the data are recorded in disks
and delivered to the data processing center where it will be correlated. However,
recent developments have allowed the transference of data through high bandwidth
fiber optics links from each station to the correlation center, enabling near real-time
VLBI correlation. This operational mode is known as eVLBI.

2.1.2. Mathematical treatment of VLBI

In this section an introduction to the theory of radio interferometry will be presented,
based on the explanation presented by Thompson et al. [32]. To understand the
underlying principle of radio interferometry, let us come back to the simplified two-
element interferometer illustrated in Figure P.2, assuming that the radio source is in
the far-field (i.e, the incoming wavefront is planar) and it is spatially incoherent. The
geometrical time delay 7, between the antennas is given by

1,(t) =b-k/c (2.1)

where b is the baseline vector and k is the direction of the incoming wavefront (i.e.,
the direction in which the antennas are pointing).

In the simplest case, assuming the incoming signal is a monochromatic wave
of frequency v, the correlator is a simple multiply and average function. In this
way, when considering that each single element has a response of the form vV =
v cos 2mvt, and neglecting any propagation and instrumentation effects, the corre-
lator output would be

= (V(®OV;(®)

= (v; cos(2mv(t — 74(1)))v; cos(2mvt))

= (vv;(cos?(2mvt) cos(2mvt,(t)) + sin(2mvt) cos(2mvt) sin(2mvT, (1))

= v;v; cos(2mvTy(t)) (2.2)

r(t)

For Earth-based interferometers, z, will slowly vary because of the Earth’s rotation.
This variation is several orders of magnitude smaller than the averaging timescales.
Hence, in Equation 2.2, for an averaging period T > 1/v the average value of
cos?(2mvt) = % and the average value of sin(2mvt) cos(2rnvt) = 0. Therefore,
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the resulting signal r(t) will have an oscillation induced by the variation of the term
4. This effect is known as the fringe pattern.

Since v; and v; are proportional to the electric field of the incident wave, the cor-
relator output r(t) is proportional to the received power. The received power from an
element of the source of solid angle d©, in the direction k is equal to A(k)I(k)AvdQ
where A(k) is the antenna effective area, I(k) is the source brightness distribution
and Av is the bandwidth of the receiving system. Hence, by integrating over the
whole sky (S = 4m) , the correlator output can be written as follows:

r(by k) = Av f A(k)I(Kk) cos (2mb; - k)dQ (2.3)
4T

where b, represents the baseline measured in wavelengths. The interferometric
image is formed within a small solid angle defined by the antenna primary beams.
Assuming the direction to the image center, also known as the phase tracking center,
is ko, then k = k, + &, where ¢ is a vector pointing to the source position from the
phase center on a plane perpendicular to k, (see Figure R.3). Substituting this into
Equation .3 yields:

r(by ko) = AVJ- A(0)I(0) cos (2nb; - (ko + 0))dQ
4m
= Avcos (2nb, - ky) | A(e)I(o) cos (2mb; - 6)dQ
41
— Avsin(2nb, - ky) | A(o)I(0) sin (2nb; - 6)dQ (2.4)
41
Let us introduce the term complex visibility V which gives a measure of the coher-
ence of the sky brightness distribution, as given by the antenna response, between
an antenna pair. It will be shown subsequently, that given certain assumptions the
complex visibility V and the source brightness (o) are Fourier transform pairs. The
complex visibility or simply the visibility is defined as,

V=|V|ei® = | A(o)l(6)e2™Proq( (2.5)
41
where A(o) = A(0)/A, is the normalized antenna reception pattern and 4, is the
response at the beam center. The modulus and phase of V are equal to the amplitude
and phase of the fringes, and V has the dimension of flux density given in Jansky
(Jy) where 1Jy= 10"2Wm~2Hz~1. Replacing the real and imaginary components of
Equation .5 in Equation 2.4, the output of the correlator can be rewritten as,

r = Avcos (2ntb; - Kg)Ay|V| cos (Py) + Avsin (2rb, - k)4, |V| sin (Py)
= AVA()lVl COoSs (zﬂbl . ko - (Dv) (2.6)
In order to understand the effect that the bandwidth of the receiving system has

on the interferometer response, let us consider the response with an infinitesimal
bandwidth dv:

1Because of the limitations of the primary beam of the antenna, A(k) will only be non-zero for a small
solid angle
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dr = Ay|V|cos (2nvry — ®y)dv (2.7)
Then, for a rectangular frequency band the output signal is:

Vo+Av/2
R = Ay|V| cos (2mvty — ®y)dv (2.8)
Vvo—Av/2

It can be proved that by replacing v = v, + Av, the evaluation of the integral in
equation P.d leads to the following result,

sin(mAvyty)

R = Ag|V|Av cos 2mvt, — ®y) (2.9)

nAvrg

Equation R.9 shows that if the signals received by the telescopes were to be di-
rectly correlated, the correlator would measure the visibility modulated by a fringe
pattern given by the cosine term, rising from the variation of 7, as the Earth rotates,
which in turn is weakened by a sinc envelope, also known as the bandwidth pattern,
due to the finite bandwidth of the receiving system. Therefore, to allow the mea-
surement of the actual visibility the effects of the fringe and bandwidth patterns, in
addition to frequency conversion, propagation and instrumental effects, have to be
accounted for during the correlation process.

Generally, when observing a source with a radio interferometer the desired result
is an image of the radio sky brightness distribution (o). In order to understand the
principle of synthesis imaging, in other words, how the sky brightness distribution im-
age is obtained from the corrected output of the correlator (i.e., the complex visibility
of the source), let us start by establishing a geometrical relationship between the ra-
dio source and the antenna pair. The coordinates for a complex visibility point will
be given in units of the observing wavelength 2, with respect to the orthogonal axes
(@, %, %), whose origin is one of the antennas, with directions towards the celestial
East, the celestial North and along the phase tracking center k,, respectively. The
baseline vector is then expressed as b; = uti+v¥+ww. The coordinates of a source
in the sky will be given with respect to the orthogonal axes (i, h, #t), with origin on
the phase tracking center position, as follows k = Ii + mrh + nf (the (I,m) plane is
parallel to the (u,v) plane). The synthesized image will represent the projection of
the celestial sphere onto the (I, m) plane. As shown in Figure 2.3, from the above
definitions the following relations can be established:

b, k=ul+vm+wn (2.10)

b, ky=w (2.11)
Since n = V1 — [2 — m? then,

4 ddm _ dldm 2.12)
TTn T Vice-me '
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Thus, substituting Equations to into Equation .5,

V(u,v,w) = J J A(l, m)I(l, m)el-2mul+vmiw(V1-12—m?-1))] —
(2.13)

where the integrand is equal to zero for 1% + m? > 1.

Figure 2.3: Geometry of the interferometer coordinate system (u, v, w) and the source coordinate system
(L, m,n).

In order to simplify the inversion of Equation R.13, it is desirable to reduce this
expression to a two-dimensional form. When the synthesized field is small (i.e., when
Q is a small solid angle), which is the case for VLBI, the term V1 — [2 — m? reduces to
1, Therefore by eliminating w from Equation 2.13, the relationship between the visi-
bility and the intensity distribution multiplied by the antenna power pattern reduces
to a 2D Fourier transform. Assuming, u and v are computed for the center frequency
Vor

V(u,v) = AI(l,m) (2.14)

Equation and the discussion presented in this section allows us to conclude
that the output of the correlator is the sampled visibility as a function of frequency
and time, which once calibrated, can be used to produce an image of the source,
yielding the original sky brightness. Throughout this section, multiple assumptions
have been made in order to be able to arrive to this conclusion. The limitations and
methods to approach the violation of the small synthesized field approximation are
treated in Thompson et al. [32]. At the beginning of this section, the incoming signal
was assumed to be monochromatic, the non-monochromatic case will be treated in
Section . The wavefront of the source signal has been assumed to be planar,
however following the criteria given by the Fraunhofer’s distance [4], for spacecraft
signals within the Solar System this assumption does not hold. The implication of
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this will be treated in Section B.2.6. With Equation 2.9 it was highlighted that several
signal effects have to be removed in order to enable the correct measurement of
the visibilities by the correlator. The mathematical interpretation of these corrections
and their practical implementation will be explained in Section . Finally, the details
concerning the imaging process will be given in Section B.3.

2.2. VLBI measurement techniques for spacecraft

tracking

In Section P.1 an introduction to the VLBI technique was given and its mathematical
background was treated in order to explain the response of an interferometer. How-
ever, in VLBI observations the data processing is not finished after the signals are
correlated. In fact, the data reduction actually starts after the signals are correlated,
and the procedure to follow strongly depends on what the scientific purpose of the
observations is. For the purpose of spacecraft tracking using VLBI, we borrow the
underlying theory of radio astrometry, which is to use the error of the true visibility
phase of the target source @, (the phase term of the correlator output as shown in
Equation P.6) to calculate the error in the assumed position of the radio source (i.e.,
corrections to the a priori right ascension and declination of the source).

Let us consider again Equation R.6. After the signals received by two telescopes
are cross-multiplied, the phase term of the response contains the true visibility phase
of the target source @, and the geometric phase ¢, = 2rb, - k. In theory, in order
to retrieve @, first the geometric delay is modeled (see Section B.2.6) and used
as input into the correlator to correct for the term 7, (i.e., a procedure also known
as geometrical delay compensation), before performing the actual cross-correlation
of the antenna signals. However, this correction depends on the knowledge of the
vectors b, and k,, which will inevitably translate in an error in the correlator output
phase. This visibility residual phase can be used to calculate the error in the assumed
angular position of the target source. is regularly used to perform this type of
astrometric measurements of natural radio sources across the sky [[16, 29], but it can
also be applied to other radio emitting sources, such as planetary spacecraft, with
the appropriate modifications that this requires. This procedure will be discussed in
detail in Chapter 3.

In practice, the input model to the correlator needs to correct for the total in-
terferometric delay .. Hence, the model does not only include corrections for the
geometric delay 7,4, but also delay corrections related to errors in the propagation
of the signal through the atmosphere and ionosphere, instrumental errors, and clock
and clock-rate offsets. Therefore, in Equation there are several error contribu-
tions to the phase of the interferometer response ¢, = 2nb, - k, = 2nvr,. By
differentiating this relation, it is obtained that the correlator delay errors result in
frequency and time dependent errors of the phase,

dd)t,v = an‘[t (2.15)

and using a first order expansion of Equation R.15, the interferometer phase error
can be written as,
310 ]

a¢
Ay = bo + |58V + ——At

- (2.16)
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where Z—‘f is the group delay, % is the delay rate and ¢, is the phase delay error.
After correlation, the procedure used to estimate the group delay and delay rate
residuals is known as fringe-fitting, and the procedure used to estimate the phase
delay is known as self-calibration. These procedures will be treated in Section B.3.
For the discussion in this section, it is sufficient to understand that while both, the
group delay and phase delay, are two independent measurables they give the same
phase solution but with different precision. The precision of the measurement of the

group delay and phase delay are proportional to [21],

0—(1—) ¢ (217)

1
SNR-av' P * SNRv,

where SNR is the signal-to-noise ratio of the fringe detection. This means that since
the spanned bandwidth, Av, will be considerably less than the reference frequency,
vy, the precision of phase delay measurements is much higher than the precision
of measurements of group delays. However, the phase delay measurement inherits
the problem of ambiguity in resolution because the phase of the cross correlation
function can only be determined within a multiple of 2,

P(t) = 2nvyT + 210 (2.18)

Different approaches can be used to resolve this 2z-ambiguity, one of which is dis-
cussed in Section B.6.2.

The methods of delay measurements for spacecraft tracking can be clas-
sified in two types: those that measure the group delay (phase gradients versus
frequency), and those that measure the phase delay (the resolution of the phase
cycles). In practice, these methods can be used together, depending on the observ-
ing strategy and data reduction being used. [6] is an example of a technique
that measures the differential group delay, and it is commonly used by various space
agencies to support the navigation of interplanetary missions. For navigation pur-
poses the precision given by group delay measurements is sufficient, however, for
conducting scientific experiments, such as gravity field determination or measuring
properties of planetary atmospheres, more accurate measurements might be desired.
The techniques that measure group delay are commonly known as wideband space-
craft interferometry. On the other hand, techniques that measure the phase
delay are known as narrowband spacecraft interferometry. An example of such tech-
nique is the Planetary Radio Interferometry and Doppler Experiment (PRIDE), the
technique treated and used throughout this thesis.

In conventional experiments, fringe-fitting and self-calibration are performed
on the target data itself, to estimate and remove the large phase errors, delays and
delay rates. However, when the target is a weak source, with inaccurate informa-
tion regarding its position and structure, the @ is typically low, therefore these
techniques, especially when estimating the phase errors, could lead to erroneous
solutions. To tackle this problem, a technique known as phase-referencing is used,
in which during an observation all participating antennas make their measurements
alternating between the target source (in our case the spacecraft) and an angularl
near-by bright calibrator source, with periods of a few minutes on each. This
mode is used to calibrate the main target signal for propagation effects and other
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effect inherent to each antenna. Typically, the reference sources, known as calibra-
tors, are extragalactic radio sources, such as quasars, whose absolute coordinates
are known to several tens of uas accuracy. By choosing a reference which is no more
than a few degrees away from the target signal this type of effects on both, the tar-
get and calibrator, can be closely matched. Hence, the fringe-fit and self-calibration
solutions of the calibrator can be used to greatly reduce the delay, delay rate and
phase errors from the spacecraft signals due to the propagation and antenna-based
effects, leaving as the main source of error the measured spacecraft position with
respect to its a priori position. This is in a nutshell, the principle behind the
phase-referencing technique for spacecraft tracking.

2.2.1. Involvement of the VLBI networks in spacecraft track-
ing

The main purpose of the tracking activities of the deep space networks, such as
NASA's ﬁ and ESA's Estrack, is for spacecraft navigation, and telemetry trans-
mission and reception. From the techniques used for navigation, ADOR is the VLBI
technique used by the deep space networks to provide the angular positioning of
spacecraft. With ADOR the difference in group delay is measured using specific
tones (known as DOR tones) that are modulated onto the downlink carrier signal.
Using the bandwidth synthesis technique [6], ADOR can achieve 0.2 mas (1 nrad) of
angular accuracy, which at 1 AU corresponds to ~150m in the plane of the sky. The
processing scheme of ADOR has been optimized to meet the timeliness requirements
by the users of navigation data.

There are other networks of radio telescopes around the world that make use of
the VLBI technique, observing mainly natural radio sources for scientific purposes.
Among these are the European VLBI Network (EVN) and Mery Long Baseline Array
[VLBA) networks. These networks are routinely used for astrometry, where the car-
rier phase difference between of the antennas is measured. Because of the wide
range of baselines that can be formed with the antennas of these networks, the car-
rier phase delays ambiguities can be resolved as part of the data reduction process
that is routinely performed in VLBI imaging (this process will be discussed in detail in
Section B.6). Angular accuracies in the order of tens of uas can be achieved by mea-
suring the carrier phase delays [8], thus ~5-10 times better than with group delay
measurements. These higher accuracies can enable the use of the spacecraft radio
signal for scientific experiments, where the burden of having more complex obser-
vations, involving more stations, and a non-standardized and more time-consuming
data reduction, is not a limiting factor.

The EVN is a consortium of radio astronomy institutes, formed in 1980 and initially
composed of five European institutes. Nowadays, the EVN consortium includes 14
institutes, not only in Europe, but also in Asia and South Africa. With its current 21
radio telescopes the EVN is the largest and most sensitive VLBI array in the world (re-
fer to Figure b] and Table R.2). In an observation, each observing station processes
and records the received signal, and then sends the recorded data for correlation to
the [oint Institute for VLBI ERIC (JIVE) located in Dwingeloo, the Netherlands.

The is an interferometer consisting of 10 identical antennas distributed
throughout the USA, with transcontinental baselines of ~8000 km between Mauna
Kea, Hawaii to St. Croix, Virgin Islands (refer to Figure R.5 and Table R.3). The
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Table 2.2: Status tables of EVN antennas regularly used in PRIDE experiments.

EVN Observatories Country Telescope SEFD* Recording e-VLBI
Code Diameter (m) at X-band format capability

Medicina Italy Mc 32 320 Mark-5A Yes
Noto Italy Nt 32 770r Mark-5B Yes
Matera** Italy Ma 20 3000 Mark-3A No
Onsala Sweden On-85 25 1000 Mark-5B Yes
On-60 20 1000 Mark-5B Yes

Sheshan (Shanghai) China Sh 25 800 Mark-5B Yes
Tianma China Tm65 (T6) 65 48 Mark-5B Yes
Nanshan (Urumaqi) China Ur 25 350 Mark-5B No
Kunming China Km 40 480 Mark-5B Yes
Metsahovi Finland Mh 14 3200r Mark-5B Yes
Yebes Spain Ys 40 200 Mark-5B Yes
Arecibo USA Ar 305 6 Mark-5A Yes
Hartebeesthoek South Africa Hh 26 630 Mark-5B Yes
Ht 15 1400 Mark-5B Yes

Wettzell Germany Wz 20 750r Mark-5A No
Svetloe Russia Sv 32 200 Mark-5B Yes
Zelenchukskaya Russia Zc 32 200 Mark-5B Yes
Badary Russia Bd 32 200 Mark-5B Yes

* System Equivalent Flux Density (SEFD), commonly used a measurement of the system’s performance. The lower the
SEFD is the better the performance.

** Not part of EVN.

r = RHC polarization only.
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Figure 2.4: The European VLBI Network (EVN). Credit: EVN.

is controlled remotely from the Science Operations Center in New Mexico, USA.
Each station consists of a 25 m antenna and a respective control building. The
received signals are amplified, digitized, and recorded at each station, and then are
sent to the correlator in New Mexico.

e =
St Crod. Virgin Islands

Figure 2.5: The Very Long Baseline Array (VLBA). Credit: NRAO.

The and activities are primarily related to astronomy research beyond
our Solar System and beyond our galaxy. However, the use of the VLBI technique
for scientific research where the spacecraft signal is the target radio source has been
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Table 2.3: Status tables of the VLBA stations.

VLBA Observatories Location Telescope
code
Saint Croix Virgin Islands Sc
Hancock NH, USA Hn
New Liberty IA, USA NI
Fort Davis TX, USA Fd Diameter: 25m
Los Alamos NM, USA La SEFD* at X-band: 327
Pie Town NM,USA Pt Recording format: Mark-5C
Kitt Peak AZ, USA Kp e-VLBI capability: No
Owens Valley CA, USA Ov
Brewster WA, USA Br
Mauna Kea HI, USA Mk

*System Equivalent Flux Density (SEFD), commonly used a measurement of the system’s performance.

recognized in the last decades. The advantages of using these VLBI networks for
narrowband spacecraft interferometry resides mainly in the number of stations that
can be used for the observations, and the type of analysis that this feature enables.
While the DSN and Estrack use a maximum of 3 stations to produce ADOR measure-
ments, with the EVN and/or VLBA the maximum of stations to be used is limited by the
visibility of the radio signal from the stations’ topocentric position. As an indication,
in their current status, ~15 stations of these networks can be used simultaneously
while tracking a spacecraft at ~1 AU, and a minimum of 4 stations is required in order
to be able to correctly perform amplitude calibration [32]. While the key enabling
technology of ADOR is the DOR tones [£], in the case of the narrowband spacecraft
interferometry is the use of multiple baselines that allow the phase ambiguity res-
olution [8]. This results in a higher angular resolution for the latter (tens of uas,
as reported by Duev et al. [8], versus hundreds of uas, as reported by Curkendall
& Border [6]). Additionally, the multiple baselines and wide band onto which the
signals are recorded allow the detection of much weaker quasars to be used as cali-
brator sources. This means that calibrators angularly closer to the spacecraft can be
used, which will reduce the propagation errors introduced by the difference in the
line-of-sight between the spacecraft and the quasar observations.

The advantage of ADOR is however, that due to its limited number of simulta-
neously operating stations and limited bandwidth, the recording and transference of
data between ground stations and processing centers is faster. This enables the near
real-time derivation of ADOR observables which is a key requirement for navigation.
It is however important to mention, that while ADOR requires DOR tones to oper-
ate, narrowband spacecraft interferometry does not require DOR tones and can be
conducted while telemetry is being transmitted.

After their consolidation as VLBI networks, the EVN and VLBA have participated
in several radio science experiments performing global near-field VLBI tracking of
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spacecraft. Among these, the tracking of the descent of ESA’'s Huygens probe in
Titan’s atmosphere [36], the impact of ESA's Smart-1 probe on the Moon's surface
[23], the tracking of Mars Exploration Rover B (MER-B) spacecraft during the final
days before landing on Mars [17], the ephemerides determination of Saturn tracking
NASA's Cassini orbiter [[13], the tracking of a close fly-by of ESA's MEX by Phobos for
gravimetry studies [8], radio occultation observations of ESA's VEX for atmospheric
characterization of Venus [2], and the observing campaigns of VEX and MEX for
interplanetary plasma and coronal mass ejections studies [18, 19]. In Chapter [ the
technique, which regularly uses EVN radio telescopes, will be introduced and
a detailed description of its data processing methodology will be given.
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CHAPTER 3

Description of the PRIDE technique: signal processing
pipeline and analysis methodology

In Chapter P the VLBI technique was introduced and its application for spacecraft
tracking. In this chapter, current status of the signal processing pipeline and analysis
methodology of the Planetary Radio Interferometry and Doppler Experiment (PRIDE)
technique will be presented. PRIDE can be defined as an experimental setup which
utilizes a wide range of Earth-based radio telescopes and their respective facilities
to perform spacecraft tracking observations, and several ad hoc signal processing
software to provide precise estimates of the spacecraft state vector. This is achieved
using a narrowband spacecraft interferometry approach, were the differenced car-
rier phase delay and Doppler carrier phase corrections are determined to estimate
the spacecraft angular position and radial velocity. Combined with the analysis of
the changes in phase and amplitude that the spacecraft carrier signal undergoes as
it interacts with the planetary bodies and the interplanetary media, PRIDE can be
used in multiple radio science experiments, such as Solar corona and Solar wind re-
search, determination of gravitational properties of planets, planetary atmospheric
studies, planetary rings characterization, determination of planetary ephemerides,
among others. In this work, the particular application for planetary atmospheric
characterization via radio occultation experiments will be treated in Chapter B.

is a technique based on the phase-referencing principle, that has
been adapted to observe planetary spacecraft as its main target. Because PRIDE
applies phase-referencing, all telescopes participating in the experiment will make
their observation measurements alternating between the spacecraft and an angularly
nearby background source, with periods of a few minutes on each. Unless, the
separation of the target and calibrator sources is sufficiently small. In this case,
the calibrator is also detected within the antenna primary beam when pointing at
the target source, which means that all the observing time is spent on the target.
This mode is known as in-beam phase-referencing. In order to be able to use the
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reference source signal as a calibrator, the coherency of phases between the two
signals - spacecraft and reference source - must be ensured. Therefore, it is essential
that both signals are recorded onto the same standard VLBI recording medium (e.g.,
Mark-5 disk packs).

By maximizing the cross-correlation of the signals between every two antennas
in the observing array, the interferometer measures the geometric delay. With this
information and with the phase and frequency of the resulting interference fringe
pattern, the parameters of both the baseline (i.e., the projected distance between
two antennas, in a plane perpendicular to the direction the antennas are pointing)
and the source position, can be determined. The procedure used to solve for the
baseline and source position vectors is a common practice in radio astrometry with
VLBI systems. In VLBI position measurements, the method that delivers the highest
accuracy is called phase referencing. This approach consists of finding the relative
position of the main radio source with respect to an angularly near-by source, for
which its absolute position its known to high degree of accuracy (~0.1 mas). For the
PRIDE technique, we borrow the underlying theory behind radio astrometry using the
phase referencing method and apply it for spacecraft positioning, with the appropriate
modifications that this requires.

The first step in the PRIDE technique is to perform precise Doppler tracking of
the spacecraft carrier signal on every antenna involved in the tracking session. As
PRIDE uses the phase referencing method, in the nominal setup of the technique we
observe two types of sources, the spacecraft signal and a (multiple) closely spaced
natural radio source(s) [10]. The latter are known as phase calibrator sources, which
are usually sources used to define the [nternational Celestial Reference Frame (ICRF).
Because of the nature of the radio sources, i.e., @ weaker natural radio source that
emits broadband electromagnetic radiation covering ranges in the order of gigahertz
in the frequency domain, and a stronger artificial radio signal that spans only a frac-
tion of a millihertz, we perform wideband spectral analysis to filter out the space-
craft carrier signal from the several MHz of bandwidth on which both signals are
recorded. With this procedure, the topocentric Doppler shift of the carrier signal can
be extracted for every station. This is the first product of the PRIDE technique, the
open-loop Doppler detections.

In order to find the angular position of the spacecraft with respect to the phase
calibrator, the received signals of both sources have to be correlated separately. To
proceed with the correlation two delay models are used, one for the background
calibrator source and one for the spacecraft signal. This is due to the fact that the
background sources are usually quasars located at billions of light-years away from
the Earth, for which their wavefront can be assumed to be planar as it approaches
the ground stations. In this case, a far-field model can be used for the geometric
delay compensation of the different antennas of the interferometric array. If the
distance to the source is R < D?/A from the telescope’s aperture, where D is the
characteristic aperture size and 1 the radio wavelength, this assumption does not
hold. Using this so-called Fraunhofer criterion [4], all the radio signals transmitted
within our Solar system at Ka-, X- and S-bands cannot be treated as planar wave-

1The concept of open-loop will be properly introduced in Chapter H. At this point, it is sufficient to know
that this name is used to describe the PRIDE Doppler products because a wideband spectral analysis
approach is used to derive them.
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fronts. For this reason, when processing spacecraft signals, a near-field delay model
should be used to correct for the curvature of the wavefront as it approaches the
receivers on Earth. For the correlation the data processing pipeline is split in three
branches: broadband correlation of the background source with the far-field delay
model, broadband correlation of the spacecraft broadband data with the near-field
delay model and narrowband correlation of the spacecraft carrier tone with the near-
field delay model. Figure B.1 shows the overall data processing block diagram.
In this chapter the experiment design and logistics will be discussed in Section B.1.
In Section the practical implementation of the correlation procedure will be de-
scribed. Section B.3 describes the output of the correlation and post-processing of
the broadband reference source data. Sections El] and @ described the narrow-
band and broadband spacecraft signal processing, respectively. Finally, Section B.6
describes the application of phase-referencing and the estimation of the spacecraft
angular position corrections.

3.1. Experiment design, data acquisition and lo-
gistics

PRIDE observations are usually conducted on the basis of peer-reviewed proposals
(open sky policy), for the and other VLBI networks, to request the observation
time for the telescopes participating in the experiment. Once the scientific proposal
is approved, the telescopes need to be scheduled. Within the VLBI community it is
customary to define any wideband experiment by means of the VLBI experiment
file. The program that allows to create such files is called SCHED ¥, which is
currently the standard program used to schedule any EVN, VLBA, Mery Large Array
and Global observations.

SCHED uses as input a text file that describes the experiment schedule. The pro-
gram has at its disposal accurate information regarding station locations and equip-
ment, radio source positions and frequency setups from a wide number of catalogs.
After running SCHED on the input file, it generates different output files; one of these
is the file. This file format contains a complete description of the VLBI exper-
iment to be carried out, including scheduling, data acquisition and correlation. In

order to create the SCHED input text file that describes the experiment schedule the
following information needs to be determined:

Spacecraft position The a priori spacecraft position is obtained using the
sion Laboratory (JPL) SPICE software [1]. SPICE is an information system de-
veloped by NASA's Navigation and Ancillary Information Facility (NAIF) widely
used by different space agencies to plan, model and execute different activi-
ties related to planetary missions. The principal system components of SPICE
are the so-called kernels, which are data files containing ancillary data, and
the SPICE toolkit, which is the software package itself (consisting of a sub-
routine/function library and a number of programs). The SPICE kernels are
developed by the mission operations center of the target spacecraft and are
usually available for public use. However, if for the target of interest there are

2http://www.aoc.nrao.edu/software/sched/
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no SPICE kernels available these have to be generated, using as input a list of
discrete state vector estimates of the spacecraft.

Additionally, other kernels need to be generated: an spk-file containing the lo-
cations of the stations, and their corresponding topocentric frame kernels
(fk-file) with respect to the Earth body-fixed frame (e.g., ITRF2000). Currently,
the reference used for the planetary ephemeris is the DE430 series [16], and,
for the Earth’s orientation was the high accuracy EOP-based kernel, which are
updated on a weekly basis by NAIF. Once all these kernels are created, the
spacecraft state vectors with respect to each station are evaluated using built-
in SPICE routines, in [Terrestrial Dynamical Time (TDT) time system and ref-
erence frame J2000, corrected for one-way light time and stellar aberration.
Then, the obtained state vectors in rectangular coordinates are converted to
right ascension and declination coordinates, to serve as input for the antenna
pointing.

The advantage of using SPICE for this purpose is that the ephemerides of the
spacecraft, of the ground stations and of any collection of solar system bodies
can be generated and used under a common file format, which can be easily
accessed by a common set of functions. Additionally, SPICE allows the calcu-
lation of the antenna elevation during the observation in order to select the
best configuration. In the case of radio occultation investigations, SPICE easily
allows the identification of the occultation periods of the spacecraft signal by
any celestial body.

Participating stations Once the observation proposal is accepted, it is known which
stations will take part on the observation. The locations of the stations are sup-
plied by the locations catalog which is available within the SCHED program.

Observation band The observation band (S,X or Ka) for the experiment is chosen
depending on the communications architecture of the target spacecraft. Natu-
rally, the band availability on the antennas has to be considered when preparing
the experiment.

Frequency setups The Radio Fre%uencx (RF) range to be covered, the local oscil-
lator and polarization of each [ntermediate Frequency (IF) have to be specified
in the so-called frequency catalog file. A set of channels for the observation
band needs to be defined. In order to get high precision measurements, the
channel frequencies span should be wide, since the two outermost channels

determine its precision.

Calibrators and fringe finders Strong background radio sources are selected to
be used as fringe finder and as phase reference calibrator from the calibrators
list published by Petrov [30]. Usually, as fringe finder (which is used to find
interferometric fringes, for clock search and bandpass correction) the strongest
compact source angularly in the vicinity of the spacecraft (<10deg) is chosen,
and as phase-reference calibrator, a rather strong compact source but as angu-
larly close to the spacecraft as possible, should be chosen. Preferably, within
~2deg from the spacecraft. These calibrators are chosen using a nearest-
neighbor algorithm that fits the calibrators’ positions to the spacecraft position
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on the sky during the observation. The best case scenario would be to have
both the spacecraft and phase-referencing source within the antenna beam.
This modality is known as in-beam VLBI phase-referencing. This mode has two
advantages: firstly, all observing time is spent pointing at the target and ob-
serving both sources, and secondly, because the observations are simultaneous
and covering the same patch of the sky the phase calibration will cancel out
the same propagation and antenna-based phase errors, including the phase
variability in short timescales.

Nodding cycle The nodding cycle specifies the amount of time that will be spent
observing the spacecraft and the calibrator, and the time needed to re-point
the antennas between the two sources. Because of the random nature of the
varying atmospheric and ionospheric phase errors, the duration of the switch-
ing time 7, between sources has to ensure that the path length change due
to these phase errors is < A/4, where 1 is the signal wavelength [2]. If this
condition is not met, there can be ambiguities introduced when connecting
the phase between the spacecraft and calibrator observations (i.e., extra 2
turns of the phase between observations). As explained by Beasley & Con-
way [2], using this requirement the critical switching time t; can be derived:
7,(max in minutes) = 251%/5 cos¥/5 (2)C;®/*v=1, where z is the zenith an-
gle, ¢, is the tropospheric refractive density in units of 10~7m~%/3 and v is
the turbulence screen velocity. Generally, in PRIDE experiments two modes
of nodding cycle are used. The VLBI mode with a short nodding cycle, for in-
stance of 5 minutes, of which 2 minutes are spent observing the calibrator, 2
minutes on the spacecraft and 1 minute of switching time. The Doppler mode
has a longer nodding cycle, for instance of 20 minutes, of which 2 minutes are
used to observed the calibrator, 17 minutes the spacecraft and 1 minute for
re-pointing. This nodding cycle chosen is then repeated for the length of the
observation. Each time slot when the antenna is observing a specific target,
whether it is the spacecraft or target, is called a scan. In the optimal case of
in-beam VLBI phase-referencing, the whole observing time is spent pointed at
the target, picking up simultaneously both the spacecraft and calibrator signals.

Once this file is sent to each participating station, its parameters are read by
the Personal Computer Field System (PCFS) which uses the DRUDG program [42] to
translate them into the necessary antenna pointing to conduct the experiment. Dur-
ing the experiment, the incoming radio signal, whether it is coming from the calibrator
or the spacecraft, is captured by each antenna participating in the observation, as ex-
plained in Section R.1.1. Subsequently, at each receiver, the signal is amplified by a
cryogenically-cooled LNA and downconverted from the R signal to an [F. The signal
is forwarded to the VLBI Data Acquisition System (DAS) where the baseband con-
verters mix the IFs with a local oscillator derived from the station frequency standard
using the single-sideband mixing technique. This results in two filtered baseband
channels corresponding to the upper and lower sidebands centered about the local
oscillator frequency. The outputs of the baseband converters are routed to the Mark-
5 formatter where they are digitized using 2-bit digitization, placed into recording
frames and sent to a disk array. The recorded data is then transferred to the correla-
tion center in IVE, either in real-time in the e-VLBI mode or after the experiment is
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completed, where it will be processed and analyzed. In Chapter 2, Figure .2 shows
a basic schematic diagram of the typical VLBI station equipment.

3.2. Correlation

In Section a mathematical description of the correlation was given, showing
that the correlator is considered to be the ‘lens’ of a VLBI telescope array, since
it is at the correlator where the interference fringes are formed, and the complex
visibility is measured. In this section, the practical implementation of the correlation
process in experiments will be treated (the mathematical description is based
on Thompson et al. [41]). As shown in Figure B.1, bare in mind that the
processing pipeline deals with the correlation of two different streams of data: the
raw broadband spacecraft data and the raw broadband calibrator data.

3.2.1. Correlation of quasi-monochromatic electromagnetic

radiation

The mathematical treatment given in Section assumes the unrealistic case of
an incoming wave from the source that is monochromatic of frequency v. In reality,
the electric field detected will produce a band-limited signal, centered at a frequency
vy. Therefore, it is convenient to represent the electromagnetic radiation from the
source as a quasi-monochromatic plane with an electric field component given by the
real part of

E(t+Tgei) = A(t + T4c,)e ™0 EHTged) (3.1)

where A(t + 74;) is @ complex, band-limited process, centered at v,, which is
covariance-stationary, ergodic and stochastic, and z,; is the signal delay between
the station i and geocenter.

The spectral representation of A(t + 74.;), as a band-limited process, can be
written as follows,

At +Tgey) = J s(v)e 2™ t+igei) gy (3.2)
where s(v) = 0 for |v| < B, where B is the bandwidth.
As explained in Section P.1.2, an interferometer measures the expectation of the

cross-correlation of the signal received at two stations. For the case of a band-limited
quasi-monochromatic signal this results in:

() = (EiCt + Tge DB (¢ + Tg0,)
- <Ei(t + Tg)E;(t)>
- <A(t + 1A (t)> ei2mvoTg
= y;j(1)e'*™0% (3.3)

and, since A(t) is ergodic, the expectation, denoted by the angle brackets, can be
approximated by averaging with respect to t. In this equation the term 7, is the
geometrical time delay, as defined in Equation .1, between stations i and j. Since
the angle between the baseline vector b and the source unit vector k changes as
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the Earth rotates, z, will change throughout the observation giving rise to the fringe
pattern of the interferometric signal. The term y;; is the covariance function of the
stochastic process A(t), which as shown in Section R.1.2, is the unmodulated correla-
tion between the electric fields detected at each of the two stations, i.e., the visibility.
This term, y;;, is modulated by the fringe signal given by the phasor in z,.

Using the spectral representation of A(t) given in Equation B.2, y; j can be written
as,

7@ = (At + 7)40)
= <f°° f°° si(v)s}f(v’)eiZ”[(V_V,)””g]dvdv’
- | " sy we™iady (3.4)
where S;;(v) is the cross-power spectrum of A(t),

5500 = 55500 = [ py@e e (3.5)

Equation B.5 shows that the term we want to obtain S; (v), which is the visibility, is
simply the Fourier transform of the covariance function y;;(z). Therefore in practice,
a correlator must convert the time domain signal into the frequency domain and
compensate for the phasor term e27o% shown in Equation B.3. This compensation
also includes the effects of frequency conversion and digital sampling of the signal,
and the fractional sample error remaining after the geometrical delay is corrected for.
steps necessary to correct for these effects will be treated in Sections and
‘ 4

3.2.2. Baseband conversion and sampling

Let us consider the frequency conversion that occurs at the station when ob-
serving a source. The received field at the station i, which is given by Equation .1,
is converted to baseband by a real single sideband mixer with Local Oscillator (LO)
frequency vy:

2TV Ty i + ei2nv0 (2t+7gc,i)

2

e
Vi(t+ Tgcli) =E;(t+ ‘rgm-) X cos 2mvyt = A(t + ‘L'gc,l-) (

(3.6)
The output of the down-conversion is the real part of Equation B.6. For the sake of
simplicity, the mathematical treatment here assumes only a single conversion step to
baseband, while in reality this is usually a multi-stage process including broad front-
end filters, a couple of [F filters and sometimes digital filtering after sampling. Ap-
plying a low-pass filter after the conversion to baseband removes the high-frequency
term from Equation B.6. At this point, the frequency and phase offsets between the
LOs of the different stations are ignored. This is accounted for at a later stage during
the fringe-rotation and fractional sample error corrections, as explained in Section
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After the frequency conversion, the baseband signal V; is sampled with a sampling
interval no longer than At = 1/2B, in order to avoid aliasing, through a non-linear
sampling function f[]:

Ri(m) = fV(t = nAt)] (3.7)

Once the signal is sampled, the operations of the signals are conducted on discrete
digital samples. However, the continuous notation is generally preferred in literature
when explaining the following steps for the sake of clarity. The digital samples are
recorded on disk packs.

3.2.3. Geometrical delay compensation and fractional delay

error correction
In order to be able to correctly correlate the antenna signals, the correlator has to
account for the changing geometric delay 7,. As shown in Figure B.2, this is done
by delaying the sampled signal R;(n) by N integer samples, where N is the rounded
number of t,.;/At and At is the sampling interval:

B(t) = Vi(t + Tgc; — NAt) = A(t + Tyc; — NAt)e 2 ™oTget (3.8)
The remaining error due to the integer sample shift, known as the fractional delay

error, is equal to ¢; = 7,.; — NAt. A phase rotation, also known as fringe rotation,

Sampled

Sampling
voltages time
R,(n) < At
h
‘ t I ‘ T ‘ Sample
| \ | A 1 —* number
0 1 2 3 4 5 6 7 8 i3 10 1 (n)

Geometric delay

4, Fractional sample
Error ¢,= 1, - 9At

Figure 3.2: Delay compensation. Credit: Deller et al. [S]

must also be applied in order to stop the fringe signal. This is done by applying
the phase rotation 6; = 2mv,t,.; as a complex mixer, which conceptually speaking

means performing a complex multiplication to P by a function e~ This procedure
yields a shifted, fringe-rotated baseband signal, whose output is the real part of:

Xi(t) = P(t)e ¥ = A(t + ¢) (3.9)
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The last step is to remove the fractional delay error, for which the the signal that
has been shifted and fringe-rotated into the frequency domain:

F{A(t + €p)} = 5,26 (3.10)

and the resulting spectrum is multiplied by e~??srac, where the phase Ofrac = 2mVe;.
In practice, this correction is implemented by dividing the data into segments of N
samples, to which a Fast Fourier Transform (FFT) is applied. The selection of the
number of samples N and windowing function to which the segments are multiplied
is discussed in [21]. With this final step, the exact spectral representation of the
original signal s(v) is recovered.

3.2.4. Cross-correlation and normalization

After the previous steps (delay compensation, fringe rotation and fractional-sample
error correction) have been applied to all the signals coming from each station, the
cross-correlations (along with the auto-correlations for each station) are computed
for all possible baselines (for an array of K elements there are K(K —1)/2 baselines):

Sij(v) = si(v)s;(v) (3.11)

where i and j are the two radio elements forming a baseline. The cross correlation
results are integrated for a user-specified time interval (usually 1 second). After
integration, the visibility data are normalized - using the total power information of
the signal per telescope derived from the auto-correlations - and stored in a disk.

3.2.5. JIVE’s software correlator SFXC

For experiments the broadband and narrowband correlation is carried out with
the Software FX Correlator (SFXC), developed and operated at [21]. The
is based on the original design developed for VLB] tracking of the Huygens
probe as it entered the atmosphere of Saturn’s largest moon Titan [18]. As indicated
by its name, the is a correlator of the FX type [B2], and its correlation algorithm
is implemented by a software designed to run on a standard Linux cluster. As dis-
cussed in the previous section, the visibility output of the correlator can be formed by
Fourier (F) transforming the corrected station data and then cross-multiplying (X) it,
hence the name of FX-style correlator (Fig. B.3). The opposite procedure can be also
implemented - convoluting the times series for each baseline and then Fourier trans-
form the result - which is known as the XF-style correlators. For more details on the
XF correlators and the functional differences between these two types of correlators
refer to Romney [32].

In its current status, the operates as a general purpose VLBI correlator for
astronomy and space science, which accepts Mark-4, VLBA and Mark-5A/B/C input
data, and is capable of supporting both far field and near field delay models, which
is essential for experiments. The default far-field delay model used in BFXQ
is the CALC 10 software # developed at the Goddard Space Flight Center, but SFXC
allows the input of other models supplied by the user. The output of the correlation
is provided in so-called aips + + measurement sets. Subsequently, the measurement

3http://gemini.gsfc.nasa.gov/solve/
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sets are transformed into FITSA files, for further standard post-processing and
analysis with different software packages.

Recorded Recorded Recorded
data data data
station 1 station 2 station M
Delay Delay  Joceeeieieanns] Delay
compensation| compensation compensation|
A Y Y
Windowing Windowing frosesmermmereeeees Windowing
) 4 h 4 Y
FFT o B FFT

Cross-correlation

Figure 3.3: SFXC correlator data flow. Credit: Keimpema et al. [21]

3.2.6. Delay models

As explained in Sections and B.2.1, it is essential for the correlator to use an
appropriate total delay model in order to remove the effects of all the different delay
contributions present in the signal. Besides the geometrical delay, there are other
delays present in the recorded signals, due to the propagation through the ionosphere
and atmosphere, the antenna geometry and deformation, and through the electronics
at each receiving system. The antenna related contributions due to axis offsets, and
thermal and gravitation deformations, are modeled as explained by Nothnagel [28],
Sarti et al. [3B3] and Clark & Thomsen [6]. The delay introduced by the electronics of
the system is calibrated after correlation during the broadband data post-processing,
as explained in Section B.3. The models used to calculate the geometrical delays and
delays due to propagation effects will be presented in this section. These models
have been implemented in the software package pypride (PYthon tools for PRIDE)
developed at JIVE.

Geometric delay

The far field model, also known as the consensus model [14], is used to determine
the time difference in signal arrival between two ground stations for an emitting
radio source located at an infinite distance from Earth (for instance, quasars, which
are extragalactic sources, can be assumed to be at an infinite distance). In this case,
the wave front arriving at the telescopes can be assumed to be planar. However,

4FITS is a binary format standard for astronomical data
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this assumption does not hold when observing radio sources at finite distances. As
explained by Born & Wolf [4], following Fraunhofer’s criterion, an incoming radio
wave is considered to be in the near field if the distance to the source is R < D?/1
from the telescope’s aperture, where D is the characteristic aperture size and 2 the
radio wavelength. Therefore, even when choosing short baselines, (e.g., a VLBI array
with a synthesized aperture of 1000 km), an incoming wave front from a spacecraft
transmitting at X-band should be considered to be curved, since for this case R <
200 AU. If a near field model is not used for these cases, this will amount for a delay
error in the order of microseconds.

The VLBI delay model is formulated in the Barycentric Celestial Reference System
[BCRS)(a space—fixed system, whose origin is the center of the mass of the Solar
system, and its inclination is equatorial), therefore, there are a number of time-scale
and station coordinates transformations required in order to derive this model. In
VLBI observations the recorded signals are measured in proper time by the station
clocks, which are synchronized to the Coordinated Universal Time (UTC). The coor-
dinates of the calibrator sources are given by the catalog which are defined
in BCRS. The spacecraft ephemerides are obtained from SPICE kernels, for which
a realization of the BCRS is adopted to output the spacecraft coordinates. On the
other hand, the VLBI antennas’ coordinates are defined in the [nternational Terres
trial Reference System (ITRS) (an Earth—fixed system, whose origin is the center of
the mass of the Earth). Therefore, in order to derive the delay model, for both,
the far- and the near-field case, the station coordinates should be transformed from
[TRS to BCRY, and the measurement timing at each station should be transformed
from UTQ to Barycentric Dynamical Time (TDB). [TDB is the time-scale used in the
ephemerides of planetary spacecraft and Solar System bodies. It is a scaled version
of the Barycentric Coordinate Time (TCB), which is the time coordinate of the
space-time metric. All the above mentioned transformations should be carried out
according to the latest recommendations of the [nternational Earth Rotation Service

(IERS) [29].

¢ Plane wave approximation

In the BCRY, the vacuum geometric delay according to the consensus model is
given by,

A

k
T —T; = -7 (R;(Tj) — Ry(Ty)) + ATgray (3.12)

where T; and T; are the reception times in [TDH at the stations i and j, respec-
tively, R; and R; are the position vectors of stations i and j with respect to
the Solar System Barycenter (SSB) in BCRS, respectively, k is the unit vector
from the to the radio source (in absence of gravitational or aberrational
bending) and AT, is the general relativistic delay.

Then, the total barycentric vacuum delay given in Equation is converted to
geocentric delay, applying the Lorentz transformations as explained by Sovers
& Jacobs [38]:
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A 2 & . .
ATgrav - _;b : [1 - —(1+3/2)UE - ZVCEZ - VEC‘Z‘J'gC] - V;:Z_b : (1 + —kz‘iE)
ti—t; = (3.13)
J ‘ 1 4+ (VE+ gc)

c

where t; and t; are the reception times in Geocentric Coordinate Time (TCG)
at stations i and j, respectively, b = r;(¢t;) — r;(¢;) is the baseline vector in
Eeocentrlc Celestial Reference Sistem (GCRS) at t; with respect to geocenter,
f; .. is the velocity vector in m of station j with respect to geocenter, Vy is
the Earth velocity vector in BCRS with respect to 5SH, y is the PPN parameter

(equal to 1 in general reIativity) and Ug is the summation of the Newtonian

potentials of all major bodies of the Solar system excluding the Earth evaluated

at geocenter: Ug = ¥ — GM” The total gravitational delay ATy, is obtained
P*q

summing the individual contrlbutlons of the major bodies in the Solar System,

including the Earth,

ATgrav = Z ATgrav,N (314)
N
where ATy, v is the general relativistic delay due to the presence of the Ny,
body:
GMy Ry + k- Ry
ATyraun = 2 In 3.15
grav,N c3 RJN + k R ( )
where,
Riy = Ry (t;) = Ri(t;) — Ry (tin)
and,

Vi .
Rjy =Rjy(t;) =R;(t) — T(k ‘b) — Ry (tin)

where t; is the moment of closest approach of the photon to the gravitating

body N in TCG.
e Curved wave front

Different approaches have been use to develop near-field delay models,
among them are Klioner, S. A. [23], Fukushima [17], Sovers et al. [39], Moyer
[27] and Sekido & Fukushima [37]. For experiments a near-field model
has been developed [[10, 12], which allows a simple integration of the near field
delay model into the operational environment.

Figure B.4 shows the geometry of VLBI observations of a spacecraft in the
Barycentric Celestial Reference Frame (BCRF). As shown in this figure, the signal
delay is given by the difference between the lig ht-tlmes LT; and LT;, from the
source to the stations i and j, respectively, in [TDB. The signal reception time T;

is known, therefore the spacecraft transmission tlme Ty, is to be estimated by
iteratively solving the light-time equation,

R
LT, = ﬂ + RLTy; (3.16)
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Figure 3.4: Geometry of VLBI observations of spacecraft in the BCRF. Credit: Dmitry Duev.

where Ry; = R;(T}) — Ry (Ty), where R, is the spacecraft position vector with
respect to in BCRS, and RLTy; is the relativistic term, accounting for both
the special and the general relativity effects, as derived in Moyer [27](Equation
8.55), retaining the terms in each component of the n-body metric tensor to
order 1/c? only:

_(1+y)-GMg .lnR§+RiS+R§‘L-+(1+VC)#

RLTy; c3 Rg n Ris — Rgi n (1+yC)Z-GMS

10
+Z (1+y)-GMp  R§ +RP + R,

N R RERE (3.17)

where the subscript S denotes the Sun and the subscript B denotes a specific
body in Solar System, the summation includes the planets, Pluto and the Moon,
and R = R(To) —~ Re(To), RY = Ri(T) — Rq(T), and R, = RY () — RE(Ty)
fora =S,B.

At each iteration step, the correction AT, to the estimate of T, is given by,
T; —To — Ro; — RLTy;

AT, =
0~ 1 —poi/c

(3.18)

where,

Po1 = R Ry (To) (3.19)
0i

The procedure described above is repeated to solve for LT;.
The difference T; — T; = LT; — LT; is the VLBI signal delay in [TDB. In order to
obtain this VLBI near-field delay in the geocentric [Terrestrial Time (TT) frame,
the following conversion is applied:

Tj—T; 1 (Vi Vi'b
_ 1]—L(; . [1 P ( 2E + UE)] - CEZ (3.20)

14 e
c2
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where L, = 1.48082686741 x 1078 [20] is the general relativistic scale factor
of the Earth. Equation is the equivalent of Equation for the case of a
curved wave front.

Delay due to propagation effects

The transmitted signal from the source propagates through different media before it is
received at the Earth-based antennas: the interplanetary plasma, and the ionosphere
and troposphere of the Earth. Therefore, the impact that the radio waves propagation
has on the signal delay has to be modeled.

¢ Propagation through the interplanetary medium

The variations in the flux density of a radio wave being propagated across the
Solar System are dominated by the [nterplanetary Scintillation (IPS) present
in the Solar wind. The scintillations are due to the electron density variations
of the Solar wind, which is an ionized plasma. The turbulence generated as
the Solar wind expands radially outwards in the heliosphere can be modeled
as a hydrodynamic turbulence as described by Kolmogorov [24]. In Molera-
Calvés et al. [26], it was demonstrated that using the narrowband processing
of the spacecraft signal (see Section B.4), the phase scintillation can be di-
rectly derived from the phase fluctuations of the spacecraft signal. To estimate
the variance of the phase fluctuations, the spectral power density for each of
the scans is computed, and then averaged over an entire observing session.
Subsequently, the spectral index m - the slope of the averaged spectral power
density - is determined. Then, the phase scintillation index, o, is determined
as follows:

b [_D(fo) 'fo]T (3.21)

m+1

where D(f,) is the spectral power density, f; = 1/7 is the cut-off frequency of
the spectrum, with 7 being the length of the phase referencing nodding cycle.
The phase scintillation index is defined as the standard deviation of the phase
fluctuations caused by the interplanetary plasma within the scintillation band.
When using the phase-referencing technique the shorter the nodding cycle is,
the better the target phase can be calibrated.

¢ Propagation through the Earth’s ionosphere

The signal delay due to the Earth’s ionosphere is derived using the ionosphere
maps, given in an Earth-fixed reference frame, provided by the International
GNSS Service (IGS)[15]. The \ertical Total Electrical Content (VTEC) maps,
are “snapshots” of the ionosphere produced every 2 hours on a daily basis
on a global grid, using raw Global Navi%ation Satellite System (GNSS) data
measurements. For details on how these maps are generated and how the
data is formatted refer to Hernandez-Pajares et al. [19] and Schaer et al. [34].
As shown in Figure B.5 the map is generated approximating the ionosphere
to a single thin layer at a given height H. When calculating the delay, the
needs to be mapped onto the direction of the target to properly get the
electron content integrated along the slant path of the signal from the target to
the receiver. By calculating the corresponding pierce point in the model’s thin
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ionosphere layer and applying the necessary grid interpolations (in latitude,
longitude and time) of the concerning map, the WEpa value for each time
step during the observation can be derived. The glant Total Electrical Content
is then derived using the following relation,

vTEC
STEC = —, (3.22)
COoSs Z
where z' is the angle between the zenith and the target as seen from the
B model’s ionospheric layer:
. R .
z' = arcsin 5 " sinz, (3.23)

where R is the mean radius of the Earth, H is the height of the ionospheric layer
and z is the angle between the zenith and the target as seen from the receiver,
assuming a vacuum condition.

The ionospheric delay, for each station at each time step, can be then computed
as,
e? -sTEC

8cmeqm? - f2’

Tiono = (324)
where f is the observational frequency, c is the speed of light in vacuum, m,, is
the electron mass, ¢, is the permittivity of free space and e is the elementary
charge.
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Figure 3.5: Thin layer model of the ionosphere to calculate the ionospheric delay. Credit: Duev et al. [12]

¢ Propagation through the troposphere

The propagation of the signal in the neutral atmosphere is dependent of the
medium’s refractivity dependence on height and geographical coordinates. There-
fore, the tropospheric path delay is computed numerically using empirical data
regarding the global partial refractivity distribution. The tropospheric delay,
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which is dependent on the antenna pointing’s azimuth and elevation, is usually
described as the sum of two terms, the hydrostatic or ‘dry’ slant delay compo-
nent 7,, and the non-hydrostatic or ‘wet’ slant delay component 7,, [8]:

Ter = Tp + Tg (3.25)

Furthermore, in the modeling of the tropospheric delay a difference is made be-
tween the azimuthally symmetric delay and the azimuthally asymmetric delay,
where the later is determined by modeling the horizontal tropospheric gradient
[35].

Ttr = Th,symm + Th,asymm + Tw,symm + Tw,asymm
= 1imfy(e) + mfazn(e)(Gypcosa+ Ggpsina)
+ t5,mfy,(e) + mfaz,(e)(Gyw cos a + Gg,, Sina)
= timfy(e) + t5,mf,, (e) + mfaz(e)(Gy cos a + G sin a) (3.26)

where 7, is the hydrostatic zenith delay, tZ is the wet zenith delay, mf,; is
the mapping function, where e is the elevation above the horizon and « is the
azimuth of the source, and G, and G are the gradients in the North and East
direction, respectively. In order to calculate .., the goal is then to properly de-
rive the zenith delay and the mapping function. One approach is to make use of
the empirical Vienna Mapping Functions (VMF1) data [3] produced by the
Geodetic Observing System (GGOS) Atmosphere project, where the hydrostatic
and wet zenith delays, and the coefficients of the mapping function - needed
to map the delays from the local zenith onto the direction of the source - are
provided on a global grid every 6 hours. The derivation of the mapping func-
tion coefficients relies on the method of ray-tracing through Numerical Weathe
Models %NMW] of the European Centre for Medium-Range Weather Forecasts
ECMWF). The practical implementation of the gridded VMF1| data in order to
derive the tropospheric delay is explained in detail in Kouba [25].

3.3. Broadband reference source signal processing

The goal of the calibrator broadband data processing and analysis for exper-
iments, is to derive the delay residuals, delay rate and phase corrections for each
telescope of the reference natural source data, and use them to calibrate the space-
craft visibility data. To apply this so-called phase-referencing technique, it is desir-
able to use calibrator sources that are compact (i.e., point-like) extragalactic sources,
such asEquasars, whose absolute coordinates are accurately known to the level of ~
0.1 masH.

The processing pipeline starts with the broadband raw data correlation of the
calibrator source, implemented with the SFXC correlator, using the far-field model
described in Section B.2.6. The inputs to the correlation step are the a priori 12000
coordinates of the reference source, the modeled VLBI delay for the far field observa-
tions and the formatted raw data of the calibrator scans. The delay model used

5Suitable calibrators can be chosen from the latest VLBI calibrators’ catalog available at
http://astrogeo.org/calib/search.html
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by the correlator will inevitably contain some residual phase error. This phase error
will be a summation of different sources of errors, such as errors in the position of the
target and the antenna, errors in the Earth model, instrumental errors, atmospheric
and ionospheric errors, and errors in the clock epoch and clock rate at each antenna.

In conventional imaging the estimation and removal of the effects of delays
and delay-rates errors is done using the process known as fringe fitting. After these
effects are removed, the phase estimation is improved using a well-documented it-
erative process of self-calibration and imaging [5, /7, 31, 40]. However, with this
procedure, where the target source itself is used to estimate the phase errors, the
information regarding the absolute position of the source is lost given the fact that
the above-mentioned parameters are estimated assuming they are antenna-based
€errors.

Therefore, an angularly nearby source to the main target is used instead to cal-
ibrate the phase data. The delay, delay-rate and phase errors from the reference
source observations are estimated by fringe-fitting, self-calibration and imaging. In
this case, the loss of the position-related information is irrelevant, due to the a priori
precise knowledge of the calibrator’s absolute coordinates. The retrieved corrections
are then applied to the target visibility data, and since both, the target and calibrator,
are “angularly close” to each other, the phase errors common to both observations
will be (ideally) removed. In this way, the only phase error remaining in the target
data is due to the difference between the measured spacecraft angular position and
the predicted position, derived with the a priori spacecraft orbit used for the near-field
delay model. This last step will be described in Section B.6. The description on how
the calibration phase parameters, per antenna-basis, are derived from the reference
source’s raw data is described in this section.

In the interferometer receiving system the input signal is related to the output
signal through a transfer function, which includes all the effects the receiving system
imposes on the true incoming signal. Hence, the process of calibration basically
consists in the proper calculation of transfer function parameters, so that the true
input values can be estimated from the observed data. The visibilities V measured
with the interferometer on the baseline i — j can be expressed as the product of true
visibilities V and antenna complex gains g of each element i and j,

Vv, t) = g;(v, ) g; (v, OOV;; (v, t) (3.27)

Consequently, in order to obtain the true visibilities, the amplitude and phase terms of
the antenna complex gains have to be properly estimated. The complex gains g(v, t)
can be split in two terms, the bandpass characteristic and frequency dependent terms
B(v), and the time dependent term G (t), as follows:

gv,t) = B(v) - G(t)

Section describes how these terms, B(v) and G(t), are estimated in order to
retrieve the true visibilities V;; (v, t).
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3.3.1. Data Processing Path in AIPS
The results of the broadband data correlation with SFXJ are written in FITS files
which are then imported into Astronomical Image Processing System (AIPSE. This
section summarizes the necessary steps to be taken to generate the calibration phase
parameters from the point-like continuum source data.

provides a cluster of programs for data reduction that are known as ‘tasks’.
The tasks will produce different tables, among which, the solution tables which con-
tain the gain solutions (B(v) or G(t)) from specific calibration routines. Using the task
‘FITLD’ multiple disk files in FITS format can be imported to start the data processing.

« Examining data: The imported data has to be examined to identify corrupted
data due to possible problems during the observation, for instance,
guency Interference (RFI), instrumental failure or serious propagation effects.
The incorrect visibilities that cannot be calibrated should be removed, with a
process known as flagging. The flagging procedure can be automated or per-
formed manually following certain criteria, as explained in Ekers [13].

o Calibration of Instrumental Delays: When the uncalibrated cross-power
spectra are plotted for each individual [F channel, the phase offsets and phase
gradient against frequency will not agree between the channels. These offsets
are caused by the passage of the signal through the electronics of the baseband
converters. Usually a narrowband signal with well-known characteristics is in-
jected at each antenna, and recorded along with the observation data. These
so called ‘phase-cals’ measurements, are subsequently used to determine and
remove the IF channel phase offsets, and single-band instrumental delay, in-
duced by the electronics. The phase-cals measurements are incorporated in a
solution table with the task ‘PCCOR.

¢ Amplitude Calibration:

The calibration of the interferometer output amplitude, to obtain the true visi-
bility amplitude, requires the conversion of the output data from the correlator
(cross-power spectrum S;;) into the source flux density (in Jy units) by using
the system noise temperature (Ts,s) and the antenna gain information. The
relation between the visibility amplitude an the cross correlation coefficient can

be written as follows,
Tsys L'Tsysj
Vii| = | 2kp |2258) g (3.28)
ij B Ae,iAe,j ij

where kg is the Boltzmann constant, Ty, is the system noise temperature and
A, is the antenna effective aperture area. The factor by which S;; is multiplied
within Equation is the square root of the System Equivalent Flux Density
of each antenna i, which is used as measure of the antenna’s system
performance,

6AIPS is a software package developed by the National Radio Astronomy Observatory (NRAO] (Virginia,
USA) for interactive calibration and editing of radio interferometric data, and construction and analysis of
images from those data using Fourier synthesis methods. URL: http://www.aips.nrao.edu/.
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2kBTsys,i

SEFD; =
Ae,i

(3.29)

The amplitude calibration is then performed calculating the values for
each antenna based on the so-called ANTAB (ANtenna TABIe) file, provided by
each station operator, which contains the system temperature and gain curve
of each antenna throughout the observation. This procedure is carried out in
RIPY, with the tasks ‘ANTAB’ and ‘APCAL, the former will import the system
temperature and gain curve of each antenna, and the latter will apply them
and generate a solution table.

Bandpass calibration: The effect of the bandpass filter on the cross cor-
relation amplitude is calibrated using the task ‘BPASS’. Even if the data being
reduced is that of a continuum source, by applying the bandpass calibration the
dynamic range of the observations can be improved.

Phase Calibration: Fringe Fitting

The phases of the visibilities reflect the positions of radio sources, therefore, it
is important that the visibility phases are properly calibrated in order to allow
the correct estimation of position and structure of the source. The visibility
phases should be almost constant to be able to integrate visibilities coherently
- which is necessary to improve the ENR - but if time variations are present in
the visibilities, the amplitude of the visibilities decreases because of coherence
loss. For instance, if the visibility phases are shifted by ¢ with respect to the true
values, the effective visibility value would be V cos ¢. In this case, assuming
that the probability density distribution of phases p(¢) is a Gaussian distribution
with standard deviation o, the visibility amplitude would result in,

1 _¢* _o?
e 2s2do =Ve 2

(3.30)

(V)=f V cos ¢pp(d)do =f_ Vcos¢

_ oV2m

This means that, for example, a standard deviation of ~ 1 rad will account for a
40% of amplitude decrease. The operation that flattens out the visibility phases
by calibrating delay residuals and time residuals of delay residuals is known as
fringe fitting.
At this point, after removing the instrumental delays, the remaining delays
residuals after the correlation process are caused by clock offsets at antennas,
station positioning errors and atmosphere effects. The phase shift is a function
of these delay residuals At,

® = 2mvAT (3.31)

which is in turn a function of time and can be expressed as,
AT = ATO + AT(t - to) (3.32)

where At is the time derivative of delay residuals. Thus, the phase becomes,
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To calibrate the delay residuals and the corresponding time derivatives, the
integration of visibilities in the (At,, A7) domain is evaluated and the values
of (At,, At) for which the visibility amplitudes are maximized are determined.
This process is called fringe search. In , the data is fringe-fitted using a
global fringe search method [B36]. provides the task ‘FRING’ which applies
the global fringe search method. The estimated delay residuals and their time
derivatives are stored in a solution table, which will be used at a later step for
the phase-referencing procedure of the spacecraft signal. After fringe fitting,
the visibilities can be integrated coherently. The calibrated spectrum should be
plotted to check whether the phases have been correctly calibrated.

¢ Frequency integration: Once the results of the above-mentioned cali-
bration steps are satisfactory, the gains stored in the solution tables are applied
to the data with the task *CLCAL". At this point, all the spectral channels and IFs
can be averaged to produce a data set with one channel per polarization. In
this process, the calibration table produced by the application of all the solution
tables to the original data is used. The visibilities are then integrated in the
frequency direction, and the output are the calibrated visibilities, which can be
used to produce an image of the source.

e Imaging

In Section it was shown that an image of the source observed with an in-
terferometer could be produced by simply applying the Fourier transform on the
measured visibilities. At this point the visibilities have been calibrated, however,
a real interferometer samples the visibilities in an irregular and incomplete fash-
ion, as shown in Figure B.6. For this reason, a technique called hybrid mapping
is used [/, 31]. Hybrid mapping is an imaging method which solves simulta-
neously for both the radio source image and the calibration parameters of the
antennas. The procedure consists in first assuming some calibration parame-
ters to produce a deconvolved image, and then to use the image to improve
the calibration parameters.

As shown in Equation an interferometer measures the visibility function,

V(u,v) = J’fc/l(x,y)](x,y)e[‘zm(u“vy)] (3.34)

where A (x, y) is the normalized antenna power pattern and I(x, y) is the source
intensity distribution. The imaging process consists of retrieving the intensity
distribution I(x,y) in the best way possible. Since equation @ is a convolu-
tion, the imaging process needs to use deconvolution techniques. Let us define

I, (x,y) as,

I,(x,y) = fJ-S(u, VW (u, v)V (u, v) el @+l dy dy (3.35)

where S(u, v) is the spectral sensitivity function containing information on the
relative weights of each visibility (derived from system temperature, antenna
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Figure 3.6: Example of the uv-coverage of observations with the EVN plus VLBA [IL1]. The plot shows the
so-called uv-coverage (the axes u and v are defined in Section R.1.2) which indicates the spatial sampling
of the source brightness distribution given by the interferometric baselines. As the signal is recorded, the
baselines rotate with respect to the sky as a function of time, “filling in” the image. The more baselines
and the longer duration of the observations the better the coverage. The uv-coverage can be understood
as a mask on the Fourier transform of the image, showing where on the Fourier plane the image has been
sampled.
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efficiency, integration time and bandwidth) and W (u, v) is a weighting function
(natural or uniform weighting function). Taking into account that the Fourier
transform of a product of two functions is the convolution of the Fourier trans-
form of the functions, I,,(x,y) can be expressed as,

Ly (x,y) = (AC, Y)I(x,¥)) * =Dy (x,¥)) (3.36)

where the double asterisk indicates two-dimensional convolution, and,

D, (x,y) = JfS(u, VW (u, v)el2m@x+vlgydy = SW (3.37) a

where D, (x,y) is known as the dirty beam, and I,,(x,y) is known as the dirty
image.

In brief, these equations show the mechanism behind the imaging process;
a Fourier transform is required to derive the I, from the measured visibilities
and spectral sensitivity function, and deconvolution is needed to retrieve the
source intensity distribution I from I,,. As previously mentioned, the hybrid
mapping is an iterative procedure that alternates between self-calibration and
image deconvolution. In this process, an image is produced in by sub-
tracting CLEAN components from the dirty image. The imaging procedure can
be summarized as follows:

1. Generate a starting model

The imaging process starts by applying a primary self-calibration to the
input (u, v) data (with the task ‘CALIB’), correcting only for the antenna
phases. Then, the input model is chosen to be a point-like source model,
from which an initial dirty map is generated, with the task TMAGR'.

2. Running the CLEAN algorithm

The CLEAN deconvolution algorithm [5] is shown the block diagram in
Figure B.7.

In the CLEAN operation is carried out with the task IMAGR’. Among
the parameters to define are: the maximum number of CLEAN iterations,
the CLEAN loop gain, which sets the fraction of the peak (absolute) residual
that is subtracted on each CLEAN iteration (usually is assigned between 0
to 1), and the cutoff value (in Jy), with respect to which the CLEANing will
stop if the maximum absolute residual falls to this value or lower. After
each CLEAN iteration, the total flux ‘cleaned’ will corresponds to the sum
of the flux densities of all CLEANed components up to the current step.
The CLEANing procedure should in principle continue until the total flux
cleaned becomes the total flux density of the observed sources.

As for the data weighting for each visibility point, there are two options:
to choose for natural weighting, where all visibilities have equal weight, or
to choose for uniform weighting, where the density weight on the (u,v)
coverage is inversely proportional to the density of sample points. For
VLBI, there is often a wide range of antenna sensitivities (due to the wide
range of antenna sizes and receivers quality), which in turn, leads to a wide
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(a) Schematic diagram of the CLEAN algo-
rithm.

Visibility set Ffu,v) Weighting function Wu,v)

FT FT

Dirty image Jufv.) Synthesized beam B(x.y}

Residual image /r(x, )

S CLEAN

AN

A

(b) Diagram of objects generated during the hybrid
mapping process, where the products of steps 1 and
2 of the CLEAN algorithm are shown.

Figure 3.7
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range of weights available for the individual data points. Usually, during
the first couple of iterations, when the calibration is poor, it is best to have
nearly equal weights on all baselines. In this way, the best advantage
is taken from the (u,v) coverage, allowing weak baselines to help the
process converge. When the calibration improves, the weights can be
adjusted according to the antennas sensitivities. Otherwise, if the natural
weights are kept the noise limit will be determined by the weak baselines,
possibly limiting the quality of the final image.

After a number of CLEAN iterations the procedure will stop having visible
improvements on the output image. At this point, the dynamic range of
the map should be improved with self-calibration.

3. Self-calibration of phase and amplitude

The method of self-calibration is used to calibrate the remaining errors of
the amplitude and phase components of the antenna gain. The idea be-
hind the self-calibration algorithm is to minimize the differences between
the observed visibilities and the model visibilities, which are theoretically
calculated. The residual is minimized by adjusting the antenna gain val-
ues in the model visibilities in an iterative process. The solution of the
self-calibration will be the set of antenna gains that lead to the minimum
residuals of the difference of the models. Subsequently, the imaging pro-
cedure can start again, this time using the new solution given by the self-
calibration. By alternating between CLEAN and self-calibration for a certain
number of times, the obtained solution should converge to the true bright-
ness distribution.

The self-calibration operation can solve amplitude components and phase
components either separately or simultaneously. Usually, the phase com-
ponents are calibrated first, and then both the phase and amplitude com-
ponents simultaneously.

When the process converges, the final map (CLEANed map) is obtained.

The final map of the calibrator sources should be examined to corroborate
whether the amplitude and phase calibration solutions have been correctly de-
termined; by obtaining a point-like source image and by comparing it with the
images presented in VLBI calibrator catalogs (for instance, the VLBA calibra-
tor list). Values such as peak brightness should be comparable to the catalog
images, taking into account the size of the synthesized beam.

The output of the broadband processing of the calibrator data, within the
pipeline, are the delay and phase corrections derived in the process of obtaining the
calibrator image: the group delay and delay-rate residuals estimated by means of
the fringe-fitting technique, and the phase errors extracted from the self-calibration
process.

3.4. Narrowband spacecraft signal processing

The first step in the narrowband data processing part of the pipeline is to retrieve
the topocentric Doppler detections from the single dish open-loop data collected by



3. Description of the PRIDE technique: signal processing pipeline and
352 analysis methodology

each of the participating stations. The software used to process these data is the
SWSpec/SCtracker/DPLL package, developed between Metsihovi Radio Observatory
and JIVE.

3.4.1. Software spectrometer (SWSpec)

In PRIDE experiments, multiple wide sub-bands (typically 8 or 16 MHz) are necessary
for a successful detection of the phase-referencing background radio source calibra-
tors, while the spacecraft signal itself can be represented in a band of several kHz
(taking into account the range of possible Doppler shifts). Therefore, the initial step
for the spacecraft signal processing is to extract from the Mark-5 data the channel
corresponding to the sub-band containing the spacecraft signal. Since the nominal
frequency of the spacecraft is known, the channel where the spacecraft carrier signal
is expected to have been recorded is known. Subsequently, a Window-OverLappe
Discrete Fourier Transform (DTF) is applied on the data extracted and a
time integration over the obtained spectra is performed. This procedure is carried out
using the high resolution software spectrometer SWSpec [43], which allows the initial
detection of the spacecraft carrier and sub-ranging tones, and the temporal evolution
of their frequencies throughout the scans. This software, which was developed at
MRQ, supports different input formats; from raw data to formatted data like Mark-
5A/B/C (developed by Haystack/MIT), PC-EVN (developed by Metsdhovi/Aalto) or the
VLBI Data Interchange Format (VDIF) (developed by a collaboration of international
institutes).

Figure @ shows a typical spacecraft signal spectrum, consisting of a carrier line
with the highest spectral density power, sub-carriers, usually separated by 100 -
200 kHz from the carrier, data band with effective width of 200-500 kHz, and several
ranging tones separated by ~ 1 MHz from the carrier and spread over 5-10 MHz, with
a power decreasing with the harmonic number.

Carrier
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Figure 3.8: Example of the spectrum of a spacecraft signal. This is the power spectrum of ESA's Mars
Express spacecraft signal (X-band), obtained during the experiment GR035 (treated in Chapter 4).
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Figure B.9 shows an example of the resulting spectrum after the raw spacecraft
signal has been processed with Software Spectrometer (SWSpec).
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Figure 3.9: Left panel: SWSpec detection 10 Hz resolution over an 8 MHz bandwidth, 19 minutes averaged
spectrum. Right panel: temporal evolution of the carrier line spectrum. Both figures correspond to
detections with Wettzell station of the Venus Express.

3.4.2. Phase-stop polynomaial fit

Using as an input the time-integrated spectra generated by SWSpec, the goal of this
step is to determine the frequency drift of the spacecraft detections along the series
of spectra. For this purpose, a polynomial fit is used to model the moving phase of the
spacecraft carrier tone frequencies (Fig. B.9, right panel) along the time-integrated
spectra per scan. The M-order phase polynomial is estimated using the following
relation (in practice, M = 6 is usually used):

P(©) =0+ Cpp(1) -t + Cpp(2) - 2 + e+ Cpp(M — 1) - tM71 (3.38)

where P(t) is the phase polynomial function, C,, are the phase polynomial coeffi-
cients to be estimated and ¢ is the elapsed time of the scan. The phase polynomial fit

is conducted using the Weighted Least Mean Sguare (WLMS) method, in which the

weights assigned depend on the detection’s and the nearby characteristics:

(TT"WsnrT)Cpp = TT WenrF (3.39)

where the T is the time matrix, F is the frequency matrix and Wsy is the weighted
BNR matrix, all representing the data along the entire integrated spectra. The output
of this step are the estimates of the phase-stopping polynomial coefficients, C,,,.
They will be used as input to the next processing step: phase stopping and narrow
band tone filtering and extraction.

3.4.3. Spacecraft multi-tone tracking

In order to stop the moving phase of the carrier signal and retrieve the Doppler fre-
quency detections of the spacecraft signal the spacecraft multi-tone detection and
tracking software (SCtracker) is used. As shown in Figure @, the carrier tone fre-
guency shifts in time as the observation progresses. This Doppler shift is the instanta-
neous Doppler observable to be retrieved. For this purpose, it is necessary to stop the
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moving phase of the carrier tone, and accumulate the corrections (Doppler shift cor-
rections) until the spectral resolution of the carrier tone is within the desired (~mHz)
level. The algorithm implemented in SCtracker applies the double-precision polyno-
mial coefficients obtained in the previous step to the baseband sample sequence x[n]
in order to stop the carrier tone phase, by means of the following relation:

#[n] = x[n]e(* k=t ConC-Ta)) (3.40)

where the %[n] are the new samples, the x[n] is the original raw samples and the
T, is the time samples of the spectrum. The resulting time-integrated spectrum
is thus corrected for an initial Doppler shift approximation along the corresponding
scan, given by the polynomial fit. Subsequently, a narrow band is selected around
the spacecraft carrier tone. The selected narrow band is extracted from the stopped
baseband signal and then filtered and downconverted, using a 2*¢ order WOLA
Fourier Transform (DFT)-based algorithm of the Hilbert transform approximation. The
output of this step is the Doppler-corrected (initial fit) carrier signal in a narrow band
of 2kHz bandwidth (in contrast to the initial 8/16 MHz bandwidth of the channel
where it was recorded). The extracted complex time-domain signal is written with
complex floating-point precision in an output file.

3.4.4. Digital Phase-Locked Loop

Having extracted the narrow band containing the carrier tone, the remaining residuals
resulting from the initial polynomial fit will be corrected for with the
Locked-Loop (DPLL) software, which allows to track the carrier tone at a higher pre-
cision along the scan. The will run high precision iterations from equation @
to on the filtered signal. At each iteration, the PLL first calculates a new time-
integrated overlapped spectra, then it estimates a new set of phase polynomial fit,
and finally it performs the phase stopping of the time-integrated spectra. After each
iteration, the output of the is a new filtered and down-converted signal, with its
corresponding residual frequency and phase. The number of iterations is dependent
on the desired frequency precision, which is usually in the order of mHz. The output
of the is the filtered down-converted signal and the accumulated residual fre-
quency in the stopped band. The bandwidth of the output detections is 20 Hz with
a frequency spectral resolution of 2mHz. As an indication, when running the
using 20000 FFT points and 10s integration time on a three-way Doppler detection,
a Doppler noise of 2mHz, at X-band, translates into a range rate random error of
~ 30 um/s . This is the total Doppler noise derived from the data reduction following
the PRIDE approach, and gives the uncertainty to which the spacecraft carrier tone
frequency is estimated at every sampled point.

3.4.5. Phase delay of the carrier line

After running the DPLL, the topocentric Doppler detections f,. can be obtained by
adding the base frequency of the selected channel to the obtained time averaged car-
rier tone frequencies. Then, each of the topocentric Doppler detections are reduced
to geocenter using the following relation:

fgc,i = ftc,i(t - Tgc) -(1- i-gc) (3.41)
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where f,; is the geocenter frequency detection at the station i, the time ¢ is given
in UTd, and 7, and 1, are the total near-field signal delay and delay rate with
respect to the geocenter, respectively.

The geocentric phases ¢, per station are derived by averaging and integrating
the geocentric frequencies for each station. Subsequently, the differential phases per
baseline i — j are formed,

(Pij = ¢gc,j - (pgc,i (3.42)

The differenced phases are converted to phase delay using the relation 7,,, =
¢/fo, where f, is the observational frequency. This relation can be used provided
that the 2m-ambiguity of the phases is resolved. As it will be explained in Section
B.6.2, the group delays derived from the broadband processing of the spacecraft
signal are used to resolve this ambiguity.

When forming the cross-correlation spectrum from the spacecraft signals, a fre-
guency smearing effect is present in the spectrum if the difference in the Doppler
phase of each of the topocentric detections are not accounted for. For this reason,
the previously reduced geocentric phases ¢, are used as input for the broadband
spacecraft correlation.

3.5. Broadband correlation of the spacecraft sig-

nal: group delay estimation

The correlation of spacecraft data is implemented with the correlator, using the
near field model described in Section B.2.6. The inputs to the correlation step are
the a priori J2000 spacecraft state vectors with respect to in TDB, the modeled
VLBI delay for the near field observations (i.e., the uvw—projections of the baselines
as explained in Duev et al. [10]) the broadband spacecraft raw data and the Doppler
phase corrections derived from the narrowband processing of the spacecraft data.

The broadband correlation of the spacecraft signal allows the derivation of the
group delay 7,4, which will be used to solve the 2m-ambiguity of the phase delay.
As shown in Figure B.§, usually ranging tones (spread around the carrier signal over
~ 5 —10MHz) are also transmitted along with the spacecraft carrier signal. These
tones, whose phases are directly related to the carrier’s phase as they are both
generated using the same transmission reference signal, are used to estimate the
group delay. After the Doppler phase corrections are applied to the spacecraft data,
the correlation is conducted at a very high spectral resolution, due to the fact that
these sub-carrier lines are intrinsically narrow. The different spectrum filtration and
compression procedures [11] needed to correlate the broadband spacecraft signal
have been added to the standard source code, allowing the user specification
of spectral and window filters.

Once the complex cross-correlation functions are obtained, they are corrected for
clock and clock-rate offsets, and subsequently smoothed in the frequency domain.
For each averaged spectrum, the phase is extracted and fitted by a linear function.
The group delay 4, is derived from the slope of the fitted function:

_ 4%yit
Tgr = af

(3.43)
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evaluated at the center of the averaging interval. The cross-correlation spectra are
saved in FITS files.

3.6. Phase-referencing and estimation of the space-

craft angular position corrections

In Section B.3 it is explained the process of the calibrator data reduction in AIPS. The
output of this procedure is the CLEANed self-calibrated map of the calibrator source
and the corresponding delay, delay-rate and phase corrections that were derived from
fringe-fitting and self-calibration of the calibrator’s data. To apply phase-referencing,
the calibrator residual delays are interpolated and smoothened in time. From this
solution estimates of the spacecraft delays are derived, allowing the integration of
the spacecraft data over frequency without loss of coherence. For this reason, the
observations are done alternating between the calibrator and the target. Once, all the
spectral channels and IFs are averaged to a data set per source with one channel, the
calibrator phases are interpolated in time. The solution of the interpolation is used
to estimate the calibrator phases ¢,,; for the times t corresponding to the spacecraft
scans. These interpolated calibrator phases can be written as follows,

Pear(t) = PSEuc () + PELL () + PSEL(E) + PGRL(D) + P5tho () + PEL (D) (3.44)

and differencing the spacecraft phases and the interpolated calibrator phases,

7 S/C 7 S/C 7 S/C g
¢s/c —car = (¢st/ruc - ¢§grluc) + (¢ir{st - ggét) + (‘pP{JS - ¢zc7%£‘
S/C _ zcal S/C _ 1cal S/C _ zcal 3.45
+ (¢ant ¢ant) + (¢atmo ¢atmo) + (¢iono ¢iono ( ' )

where the contributions of the phase errors are due to the source structure ¢z, the
instrumental errors ¢;,, the source position errors ¢,,, the antenna position and
deformation errors ¢,,,;, and propagation through atmosphere ¢,;,, and ionosphere
®d;ono- The superscripts indicate the source to which the phase error correspond, the
spacecraft or the calibrator. If during the observation the separation between the
spacecraft and calibrator lies within ~ 2 deg, it can be assumed that both sources are
within isoplanatic patch. Therefore, the phase errors due to the propagation through
the atmosphere and ionosphere are approximately the same along both lines of sight,
hence ¢31%, ~ ¢, and ¢5/¢ ~ el . The same holds for the antenna related
errors, therefore, qbi{f‘; ~ L. As explained in Section B.3, after fringe-fitting the
calibrator data is self-calibrated to correct for the source structure phase, so it can be
assumed that <&, = 0. Hence, the remaining information in the phase-referenced
difference phase are related to the spacecraft source structure, and the errors of
the measured positions of the spacecraft and calibrator with respect to the a priori

positions.
s/C s/c

bs/c — Pear = Pstruc + (Ppos — ¢§%Is) + Eine (3.46)
where ¢;,,; are the interpolation residuals errors.

As shown in Section B.3, the fringe-fitting and self-calibration techniques were
used on the calibrator data to determine and remove the delay, delay-rate and phase
errors. This same procedure can be conducted with the spacecraft data, with the
advantage that since phase-referencing was previously applied the parameters to be
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estimated are reduced to only the phase errors (Equation ). When applying the
phase-referencing, the spacecraft data is coherently averaged over frequency, and,
the residual phase variations in time become negligible, thus removing the delay
and delay-rate parameters from the search space, respectively. Once the space-
craft is self-calibrated, the spacecraft source structure error qbft/fuc will be corrected
for. Hence, the remaining phase error is due to the relative separation between the
spacecraft and calibrator.

In order to retrieve the relative spacecraft position two approaches are consid-
ered: 1) imaging the spacecraft visibilities and 2) solving the astrometric measure-
ment equation.

3.6.1. Imaging

When an image of the spacecraft is produced, the self-calibration process sets the
center of the map to the a priori spacecraft position. The position of the spacecraft in
the image will have an offset with respect to the map’s center. This shift represents
the error in the a priori spacecraft ephemeris. By determining the position offset
and using the a priori spacecraft position and the calibrator position (whose absolute
position with respect to is usually known with an accuracy better than 0.1 mas),
then the relative position of the spacecraft is determined. In AIPS, the spacecraft
position offset per solution interval is found with the task ‘JMFIT’, which fits a 2D
Gaussian to the peak of the CLEANed map, as explained in Duev et al. [11]. The
procedure carried out in was automated with a ParselTongue script [22].

3.6.2. Solving the fundamental astrometric equation
As explained in Duev et al. [[10], the fundamental astrometric equation, for the case
when the target is in the near field, can be written as,

H)) |t = (]l] ’ E) |t" (3'47)

where the vector A¢ contains the differential phases of all baselines as in Equation
B.42, and the vector Aa = (Ag, AB) are the spacecraft angular position corrections
with respect to the a priori positions, and the matrix J contains the partial deriva-
tives of the predicted geocentric differential delays z;; with respect to the geocentric
spherical angular coordinates of the source, ¢ and 6, along the line of sight,

9710 0712 0(11-73) 9(t1-732)
L) 20 a9 20
_ OTiN TN _ 9(11-TN) 9(t1-TN)
]|t = £ 20 = o0 a0 , (3.48)
0ty-1,N  O0TN-1N O(tN-1-TN) O(TN-1—TN)
dg a6 L) a6

where N is the number of participating stations.

The phases A¢ are subject to a 2z-ambiguity. This uncertainty corresponds to a
bias in the phase delays 7,, = ¢/2nf,, where f; is the transmitting frequency, of ~
120 ps for observations at X-band. In order to resolve this ambiguity, an optimal fit
of the phase delays z,,, (obtained from the narrowband processing of the spacecraft
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data) to the group delays (obtained from the broadband processing of the spacecraft
data) can be found by minimizing the squared error,

ZnZi ((tpnli] + 2n) — 74[i])? , forn €N (3.49)

For more details in the practical implementation of the 2r—ambiguity resolution
and how to deal with the problems arising from the observation gaps in the spacecraft
data due to phase-referencing refer to Duev et al. [11].

Once the unambiguous phases are retrieved, the least-squares solution of Equa-
tion for each epoch ¢ is given by,

Ba| =(U"-nJT-28) | (3.50)

The resulting angular corrections Aa are the angular displacements in the plane
defined by the vector from geocenter to the target at a given epoch.
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CHAPTER 4

On the performance of the Doppler component of PRIDE

In Chapter B a description of the signal processing and analysis methodology used by
PRIDE is given. The purpose of Chapter [ is to explain how from the carrier signal re-
ceived at multiple telescopes the angular position and radial velocity of the spacecraft
can be derived. In this chapter, we will focus on the radial velocity observable, which
is derived from the Doppler phase corrections of the spacecraft carrier tone. The
purpose of this chapter is to, firstly, give the complete formulation of the observed
measurements as obtained with PRIDE and the corresponding computed values, and
secondly, to characterize the remaining Doppler noise of the measurements. The
latter with the goal of providing an error budget for the Doppler component of the
PRIDE technique to be able to benchmark its performance. This chapter addresses
research question 1.

61






Planetary Radio Interferometry and Doppler
Experiment (PRIDE) technique: A test case of
the Mars Express Phobos Flyby

2. Doppler tracking: Formulation of observed and computed values,
and noise budget.

T. M. Bocanegra-Bahamén'?3, G. Molera Calvés'*, L.I. Gurvits“?, D.A. DueV®,
S.V. Pogrebenko!, G. Cimo“®, D. Dirkx?, P. Rosenblatt’

Published in Astronomy & Astrophysics, Vol. 609, A59, 2018

Abstract

Context. Closed-loop Doppler data obtained by deep space tracking networks,
such as the NASA Deep Space Network (DSN) and the ESA tracking station network
(Estrack), are routinely used for navigation and science applications. By shadow
tracking the spacecraft signal, Earth-based radio telescopes involved in Planetary Ra-
dio Interferometry and Doppler Experiment (PRIDE) can provide open-loop Doppler
tracking data when the dedicated deep space tracking facilities are operating in
closed-loop mode only.
Aims. We explain the data processing pipeline in detail and discuss the capabilities
of the technique and its potential applications in planetary science.
Methods. We provide the formulation of the observed and computed values of the
Doppler data in PRIDE tracking of spacecraft and demonstrate the quality of the re-
sults using an experiment with the ESA Mars Express spacecraft as a test case.
Results. We find that the Doppler residuals and the corresponding noise budget of
the open-loop Doppler detections obtained with the PRIDE stations compare to the
closed-loop Doppler detections obtained with dedicated deep space tracking facilities.

1. Introduction

The Planetary Radio Interferometry and Doppler Experiment (PRIDE) technique ex-
ploits the radio (re-)transmitting capabilities of spacecraft from the most modern
space science missions [10]. A very high sensitivity of Earth-based radio telescopes
involved in astronomical and geodetic Very Long Baseline Interferometry (VLBI) ob-
servations and an outstanding signal stability of the radio systems allow PRIDE to
conduct precise tracking of planetary spacecraft. The data from individual telescopes
are processed both separately and jointly to provide Doppler and VLBI observables,
respectively. Although the main product of the PRIDE technique is the VLBI ob-
servables (Duev et al. [11], paper 1 of this series), the accurate examination of the
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changes in phase of the radio signal propagating from the spacecraft to each of the
ground radio telescopes on Earth make the open-loop Doppler observables derived
from each telescope very useful for different fields of planetary research.

Dedicated deep space tracking systems, for example, NASA's Deep Space Net-
work (DSN) and ESA’s tracking station network (Estrack), provide data to determine
the precise state vector of a spacecraft, based on the spacecraft signal detected at
the ground-based receivers. To this end, the tracking systems can provide a variety
of radiometric data (e.g., Doppler, range and interferometry data) under different op-
erational schemes [48]. The type of tracking data needed for a particular spacecraft
depends on the mission stage of the spacecraft and for which means these data will
be used. However, this does not imply that several tracking data types cannot be
used for the same purpose. In fact, the use of different precise and reliable tracking
techniques not only enables a more challenging navigation performance, but could
enhance various scientific experiment carried out during the mission [19, 31, 32].

The Doppler effect due to the relative motion of the radio elements can be re-
trieved from the signal received at the ground station in different ways. One way
is to measure the changes in light travel time of the received spacecraft signal with
a closed-loop mechanism [22]. In this tracking scheme, the received signal at the
station is mixed with a local oscillator signal. Once the carrier frequency is found at
the receiving station, a numerically controlled oscillator is set at the same value of
the detected frequency and the carrier loop is closed [[14, 45]. The bandwidth of the
loop is gradually reduced to a preset operational value using its feedback mechanism.
Once the ‘phase-lock’ is acquired, the resulting Doppler shifted beat frequency is in-
put into a Doppler cycle counter. The cycle counter measures the total phase change
of the Doppler beat over a count interval, thus yielding the change in range over the
count interval. The output, i.e., the Doppler cycle count, consists of an integer num-
ber from the Doppler counter itself and a fractional term from a Doppler resolver
and is used to reconstruct the received spacecraft frequencies, also known as sky
frequencies [36, 37]. The precision at which these measurements can be obtained,
is limited by the way the time is tagged (i.e., the quality of the timing standards)
and the signal-to-noise ratio (S/N) of the measurements. Because of the mechanism
used, the data derived is commonly known as Doppler closed-loop data.

The straightforwardness of this technique and the real-time availability of the data
make closed-loop Doppler tracking the preferred tracking scheme when performing
navigation and telemetry measurements with the DSN and Estrack networks. How-
ever, for radio science applications this is not necessarily the case. The term ‘radio
science’ includes all the scientific information that can be derived from the interac-
tion of the spacecraft signal with planetary bodies and interplanetary media as it
propagates from the spacecraft to Earth [16—18, 23, 39, 51]. In some scenarios, for
instance planetary atmospheric occultation [20, 46, 47] and ring occultation [29], the
received signal can present abrupt changes in frequency and amplitude, yielding a
loss-of-lock in a closed-loop tracking scheme. For such cases, an open-loop receiver
is preferable. In this case, no real-time signal detection mechanism is present, but in-
stead the frequency spectrum of the detected signal is downconverted, digitized, and
recorded with a sufficiently wide bandwidth to be able to capture the high dynamics
of the signal [25]. The data processing is performed at a later stage with a digital
phase-lock loop (PLL), which simulates the real-time PLL-controlled system used in
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the closed-loop receivers, and a fast Fourier transform (FFT) that estimates the fre-
guency and amplitude of the received signal. The difference resides in the ability of
the digital PLL of starting new locking processes once the system is considered out of
lock, and the direct estimation of the frequency of the carrier tone at each sampling
time. This mechanism allows an observer to directly reconstruct the sky frequency
of parts of the detected signal that would be otherwise considered lost. For the post-
processing of the open-loop Doppler, although it relies on the same main detection
methods (PLL and FFT), there are various spectral analyses approaches that can be
used [21), 28, 38, 50]1.

We present our approach for deriving Doppler open-loop data with the PRIDE
technique, using a set of radio telescopes from the European VLBI Network (EVN)
and the Very Large Baseline Array (VLBA). Although these telescopes are typically
used for observations of natural cosmic radio sources, ranging from nearby stars to
distant quasars, we demonstrated in the past that our approach, based on precision
wideband spectral analysis, is capable of tracking planetary spacecraft signals [10,
11|, 35, 53]. Since their conception, the equipment and data acquisition software of
the DSN and VLBI networks have been developed in close collaboration between the
two scientific communities. For this reason, the characteristics and capabilities of
the VLBI network receivers and the DSN/Estrack open-loop receivers, also known as
radio science receivers, are very similar. The post-processing techniques, however,
may differ even between radio science teams using the same network because once
the data are recorded the tracking center delivers these data to the science teams,
who use their own software for data processing and analysis.

For these reasons, the two goals of this paper are as follows. First, we seek to
present our processing technique to derive the open-loop Doppler data, and provide
a clear formulation of the observed and computed Doppler observables and a noise
budget of the derived tracking data. In this way we analyze the quality of open-
loop Doppler data derived with VLBI telescopes through the PRIDE technique and
compare it to the standards of the closed-loop Doppler data provided by the deep
space networks. Second, since PRIDE uses another network of ground stations,
this technique allows for the possibility of acquiring precise Doppler open-loop data
independently from the tracking networks of the space agencies. For instance, one
potential application is to use PRIDE, with the EVN and VLBA networks, to track
spacecraft for navigation and telemetry purposes only when there are closed-loop
tracking passes scheduled by the tracking facilities of the corresponding agency. In
this way, PRIDE could allow radio science activities to be conducted in parallel by
performing shadow tracking on the spacecraft signal. These goals are addressed in
this paper in the framework of the PRIDE tracking of the ESA Mars Express (MEX)
spacecraft during its flyby of Phobos in December 2013.

The MEX orbiter was launched in June 2, 2003 and has been orbiting the red planet
since December 2003 in a highly elliptical polar orbit, with 86° inclination, periaerion
of ~ 300 km, apoaerion of ~ 10100 km, and an orbital period of 6.7 h. Owing to its
highly valuable science return the mission has been extended six times beyond its
nominal mission duration [9]. The MEX telemetry, tracking, and command (TT&C)
subsystem operates in a two-way mode, receives the transmitted uplink signal in X
band (7.1 GHz), and provides coherent dual-frequency carrier downlinks at X band
(8.4GHz) and S band (2.3 GHz) via the spacecraft’s 1.8 m high gain antenna (HGA)
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for all radio science operations of the Mars Express Radio Science Experiment (MaRS)
team [39]. On the ground MaRS activities are supported by the 35 m ESA Estrack
New Norcia (NNO) station and the 70 m NASA Deep Space Network (DSN) stations,
which are all equipped with hydrogen masers as part of the frequency and timing
systems. On December 29, 2013, MEX performed a Phobos fly-by at a distance of
~ 45km from its surface. Under the European Satellite Partnership for Computing
Ephemerides (ESPaCE) consortium an opportunity was offered to track the spacecraft
with the PRIDE technique using VLBI stations alongside the customary Estrack and
DSN stations. The tracking session lasted for 25 hours around the flyby event, using
31 VLBI stations around the world, which are also equipped with hydrogen masers as
frequency standards, observing at X-band (channel starting at 8412 MHz, recording
bandwidth of 16 MHz) in a three-way mode. The PRIDE setup for this particular
tracking experiment is described in detail in Duev et al. [11] (paper 1).

The paper is organized as follows. In Section P, the processing pipeline to ex-
tract the Doppler detections from the raw open-loop data is explained along with
the formulation of the observed and computed values of the instantaneous Doppler
observables. In Section [, the observations and the open-loop Doppler detections
obtained from the ESA MEX spacecraft in December 2013 are discussed. The quality
of the PRIDE Doppler detections is assessed by comparing the Doppler noise ob-
tained by the multiple VLBI stations involved in the experiment with the noise of the
Estrack and DSN stations during the same tracking session. The main contributing
noise sources are quantitatively discussed. Section B summarizes the results and
discusses how the findings can improve the planning and enhance the science return
of future radio science experiments with PRIDE.

2. PRIDE Doppler observables

In the nominal MEX gravimetry experiments, the orbit perturbations caused by the
gravitational fields of Mars and, in this particular case, of Phobos were determined
via precise two-way radio Doppler tracking of MEX with dual-frequency downlink
during pericenter passes with the Estrack and DSN stations [15]. However, for the
MEX Phobos flyby on December 29, 2013, the PRIDE joined the tracking effort in
a three-way mode to assess the performance of the technique; in the three-way
mode, the signal received was re-transmitted by the spacecraft with a network of
radio telescopes none of which is the initial transmitting ground station, also known
as shadow tracking.

2.1. Observed values of the Doppler observables

The transmitting/receiving systems at DSN and Estrack stations used for spacecraft
radiometric tracking can operate in a closed- or open-loop manner. Inthese networks,
the primary receiver is the closed-loop receiver, which uses a mechanism to phase lock
onto the received carrier signal. In this setup, the receiver passband is continuously
aligned to the peak of the carrier tone and its bandwidth is gradually narrowed,
allowing the retrieval of real-time tracking data and telemetry [22]. The open-loop
receivers, on the other hand, do not have such a feedback mechanism [25], hence
the bandwidth of the receiver passband is predefined and remains fixed during each
observation. For this reason, the carrier signal filtering and tracking is performed at a
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later stage using the accurately timed detection of the signal recorded at the ground
station. The radio telescopes used in PRIDE only operate in the open-loop mode.
At each station, the received signals are amplified, heterodyned to the baseband,
digitized, time-tagged, and recorded onto disks via the standard VLBI data acquisition
systems with Mark5 A/B or FlexBuff recording systems [27]. For the data processing,
the disks can be shipped or the data are transferred directly via high-speed networks
to the VLBI data processing center at the Joint Institute for VLBI ERIC (JIVE) in the
Netherlands.

The Doppler detections are extracted from the raw open-loop data via the PRIDE
spacecraft tracking software, consisting of three packages sSWsSpec, SCtracker,
and dPLL [35] In the nominal PRIDE setup we observe two sources, the spacecraft
signal and natural radio sources, which are used as calibrators. A large number of
the natural sources observed with radio telescopes emit broadband electromagnetic
radiation spanning many gigahertz in the frequency domain, however the signal is
typically weak. It is therefore desirable to use as wide a frequency band as possible
in order to detect the signal. The open-loop receiver systems of the VLBI stations are
typically set up to record 4, 8, 16, or 32 frequency channels with 4, 8, 16, or 32 MHz
bandwidth per sub-band. However, the spacecraft signal spectrum takes up only a
fraction of the sub-band (see Figure [lla). For this reason, the first processing step
is to extract the narrowband containing the spacecraft signal carrier and/or tones
present in the spectrum. The swspec extracts the data from the channel where the
spacecraft signal is located, and subsequently performs a window-overlapped add
(WOLA) direct Fourier transform (DFT), followed by a time integration over the ob-
tained spectra. The result is an initial estimate of the spacecraft carrier tone along the
observation scan (Figure fib). As shown in Figure [ib, the detected carrier tone has a
moving phase throughout the scan, which is caused by the change in relative velocity
between the spacecraft and the receiver. The goal is to extract the Doppler shift, first
by fitting the changing frequency of the carrier tone by a n-order polynomial, and
then using the fit to stop the moving phase of the tone. The latter step is performed
with the sctracker software, which subsequently allows the tracking, filtering, and
extraction of the tone in a narrowband. Figure fllc shows the narrowband output sig-
nal of the sCtracker. At this point, the spacecraft signal is in a band of a few kHz
bandwidth, in contrast to the initial 4 — 32 MHz bandwidth sub-band. The final step
is conducted by the digital phase-locked-loop (dP1.1), which performs high-precision
reiterations of the previous steps — time-integration of the overlapped spectra, phase
polynomial fitting, and phase-stopping correction — on the narrowband signal. After
the phase-stopping correction, the power spectrum is accumulated for a selectable
averaging interval. Using a frequency window around the tone, the maximum value
of the accumulated spectrum is determined. The corresponding frequency of the
peak of the spectrum is stored, using as the time tag the middle of the averaging
interval. This procedure is conducted throughout the whole range of spectra. The
output of the dpLL is the filtered down-converted signal (Figure [ld) and the final
residual phase in the stopped band with respect to the initial phase polynomial fit.
The bandwidth of the output detections is typically about 20 Hz with a frequency
spectral resolution of ~ 2 mHz [33].

The PRIDE post-processing pipeline allows us to determine the instantaneous

8https://bitbucket.org/spacevibi/
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Doppler shift of the recorded tracking data, which is different from the integrated
Doppler observables that are derived from closed-loop tracking data. For the pur-
poses of orbit determination and the estimation of physical parameters of a celestial
body using the Doppler data, it is important that this difference is taken into account
when defining the observed and computed values of the Doppler observable. In the
closed-loop case, the Doppler observables are derived by computing the change in
the accumulated Doppler cycle counts from the spacecraft carrier phase measure-
ments over a time interval at the receiver, as explained in detail in Section 13.3 of
Moyer [37]. The corresponding modeled values are obtained by taking the differ-
ence in range at the beginning and end of the time interval. In the open-loop case,
performed by PRIDE as explained in the previous paragraph, the observed values of
the instantaneous Doppler observable (for one-way or three-way mode) are derived
directly from an estimate of the carrier tone frequency of the spacecraft spectrum.
Therefore, the observables are simply retrieved by adding the base frequency f; ..
éwhich for the experiment analyzed in this paper was 8412 MHz, as shown in Figure

@) of the channel containing the spacecraft signal and the obtained time averaged
tone frequencies f;,,. at each sampled time ¢;,

fr(ti) = foase + frone(ti), (1)

where f; is the received frequency.

The integration time is defined by the number of FFT points used at the dpPLL
on the ~2 kHz bandwidth signal (Figure [ﬂc). For the gravity field determination ex-
periments, the desired integration time is ~10s, hence 20,000 FFT points are used
in dPLL. The uncertainty of each tone frequency estimate is derived from the final
residual phase of the dpPLL output.

2.2. Computed values of the Doppler observables

To process the Doppler data obtained with PRIDE, a model is required that provides
the instantaneous Doppler shift f /fr, where f; and f; denote the observed frequency
of the received and transmitted electromagnetic signal, respectively. Fundamentally,
this frequency ratio is obtained from

fr dip <d‘r) dtr (dt) @)
fr dtg dt ) dtg \dt R'
where 7 and t denote proper time of the observer and coordinate time, respectively.

The R and T subscripts denote properties of receiver and transmitter. The coordinate
times of transmission and reception are related via the light-time equation

1
tp—tr = - |xR(tR) - Xt(tT)| + A(tg, tr), (3)

where x,(t) and x;(t) are the barycentric positions of the receiver and transmitter,
A(tg, t) the relativistic correction to the light travel times and c is the speed of light.

The main complication in obtaining an explicit expression from Equation E is to
compute the terms dA(tg, t7)/dtg and dA(tg, t;)/dty. To expand these equations,
we use the formalism of Kopeikin & Schafer [24], where it is assumed that
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Figure 1: Example of Doppler data processing pipeline using observations of MEX during Phobos flyby by
Hartebeesthoek (see Section E). Panel (a) is the typical resulting average power spectrum of a scan after
running the sWspec software. In the 16 MHz pre-defined sub-band starting at 8412 MHz, the spacecraft
signal is found in the spectrum. A narrowband containing the moving phase of the spacecraft carrier/tone
is selected (in this case of 50 kHz bandwidth) to model the Doppler shift using an n-order polynomial
frequency fit. Panel (b) shows a zoom of the spectrum inside the selected narrowband window to perform
the fit. Here the moving phase of the carrier tone is visible along the duration of the scan. After the fit is
performed, sCtracker applies the polynomial coefficients after converting the sample to the baseband
sample to stop the moving phase of the tone. In this way, SCtracker extracts an initial fit of the
Doppler shift. Panel (c) shows the output of the sctracker, which is a phase-stopped filtered out
signal in a 2kHz narrowband in baseband. Finally, the dpLL performs high-precision iterations of the
time integration of the overlapped spectra, phase polynomial fitting, conversion to baseband, and phase-
stopping corrections, using narrowband windows around the carrier tone. The iterations stop when the
window bandwidth reaches 20 Hz, as shown in (d), allowing the extraction of the frequency and phase
residuals of the spacecraft carrier tone with a 2 mHz frequency spectral resolution.
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* The metric g,z can be expanded to post-Minkowskian order, so that g,z (x,t) =
Nap + hap (X t), Where 1,4 is the Minkowski metric and the metric perturbation
hap = 0(G).

o All bodies with gravity fields that perturb the null geodesic of the electromag-
netic signal can be modeled as point masses.

o All bodies with gravity fields that perturb the null geodesic of the electromag-
netic signal have a constant barycentric velocity over the relevant time interval
of a single measurement.

Under these assumptions, A(tg, t7) reduces to (neglecting second order terms in v/c)
the static case of which is also known as the Shapiro effect [43]:

1q(tr, sp) — k- x4 (tr, 1)

N
2G 1,(tr,sp) — k- r (tp,s
A(thtT):_C_gzma(ln a(tr, SR) a(tr, SR)

a=1

- <k ' m> In (14 (tg, Sg) — K - 14 (t, Sg))
+ <k- ‘@) In (ra (tr, sr) — K- 1a(tr, sﬂ)) 4)

where G is the universal gravitational constant, m, is the mass of the ath body, k is
the direction of propagation of the radio wave (defined in Equation B), r,(tz, sz) =
% (tg) — x,(sg) where x,(sg) is the barycentric position of the ath body at sy,
r,(tr, st) = Xp(tr) — X, (sp) where x, (s7) is the barycentric position of the ath body
at sy, v, (tg, sr) = Vg (tr) — v, (sg) Where v, (sg) is the barycentric velocity of the ath
body at sg, and v, (tr, sp) = v (t7) — v, (sr) where v, (sr) is the barycentric velocity
of the ath body at s;. In the above, the parameter s denotes the retarded time of
body a w.r.t. either the signal transmission or signal reception for T and R subscripts,
respectively. This time parameter is obtained from the light-time equation of Equa-
tion B, only now by considering the perturbing body a as the transmitting body, so
that

1

tp —Sgp = - |XR(tR) - xa(SR)| (5)
1

tr —sp = - |xT(tT) —Xq(s7) |- (6)

Physically, these times represent the time at which the gravitational signal from
body a must be evaluated for its effect on the transmitter at t; and the receiver at
tr to be modeled, implicitly assuming c to be the speed of gravity. Although we omit
any a sub/superscript of the times s, we stress that these times are different for each
perturbing body a.

Under these above assumptions, as shown by Kopeikin & Schafer [24], Equation

B can be written as
1 - k * VR/C
fr = meR(vR'vatR' tr), (7)
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where v and v; are the barycentric velocity vectors of the receiving station at recep-
tion time t; and at transmission time t;, respectively. The term R denotes a set of
(special and general) relativistic corrections. The unit vector k is the direction along
which the radio wave propagates at past null infinity (i.e., when following the signal
back along the null geodesic to t —» —), which can be expressed as

k = —K — B(tg,sg) + B(tr,sr), (8)
where K is the geometric direction of the propagation of the electromagnetic wave
in a flat space-time, and B(tg, sg) and B(tr,sr) are the relativistic corrections as a
function of the states of body a at the retarded times of reception and transmission
of the electromagnetic signal, respectively. These vectors are defined as follows,

_ _ErTXr
K= |%p — %7 | ©)

1—k-v,(s)/cri(t,s) — ki(k-r,(t, s))]

N
, 26
ﬁ(t'”:‘m;malw GOSN

46w m
T Z I Ty e~k @ v ()/0]In (a(ts) — k-
(10)
The relativistic term R in Equation | can be decomposed as follows:
1= @/ a7 bita)
R vr b tr) = [1 = (vR/c)Z] [a(tR)] ber)’ (11)

where the first term accounts for the special relativistic Doppler shift, the second term
accounts for the general relativistic corrections due to the dz/dt terms in Equation P,
and the final term is (along with the terms g given above) a result of expanding dA/dt
when inserting Equation J into the middle term on the right-hand side of Equation .
The terms a and b are given by

N / 2 2
_1+E mgy1—va(s)/c
= —

“© 2, 7(69) —va®) TG /e

4G i mg (1= v() - Va(s)/cH)? 1)

¢ —v? eVl Ve (8)?/c? 1a(t,s) = Va(s) - rq(t,s)/c
N

26 mg 1-k-v,(s)/c

o=l ; JI=2(5)/c 1a(t,) = Va(s) - Ta(t,5)/c
(1— k- va(s)/€) (k X ¥(8)/€) - (K X To(t,5))
[ 1,(t,s) —k-r,(t,s)
XV ()/0) (X Ea(65) o] 13

1,(t,s) —k-r,(t,s)
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Evaluating this algorithm for the one-way Doppler case requires 2N + 1 solutions
of light-time equations, once for Equation § and N for both Equations B and f, with
N the number of bodies perturbing the path of the signal. These equations are
implicit and must be solved iteratively. For Equation B, we must compute ¢t from
a given tp. We initialize tr;y = tg and iterate to find tr,.q) from trq,) using the
Newton-Raphson method as follows:

B tr — trm) — lxR;XTl = Ay (try tr(m)) 14
trin+1) = trm) — xpxg Vil _ g . (14)
[%p—x7| c

The iterative procedure converges when [trg41) — trem| < € for some predefined
small e. For the evaluation of the term 4,,, the unit vector k is also updated iteratively
using Equations B, 8, and [Ld, initially assuming k;) = —K.

After the convergence of t;, the values for k, t,(tr, st), v, (t7), x(t7), and v(tr)
are computed and the values for the general relativistic corrections a(tr), a(tg),
b(t;), and b(tg) are determined. Finally, the instantaneous one-way Doppler fre-
quency at reception time ¢ can be determined from Equation P.

The explicit formula for the two- and three-way observables for the propagation
of the radio signal emitted from the ground station on Earth, with position x¢ and
velocity v at tr, then received and transponded back to Earth by a spacecraft with
position xg and velocity vg at tg, where the superscripts *+" and -’ denote received
on uplink and transponded on downlink, and finally received at a ground station on
Earth, with position xg and velocity vg at tg, is written as

-kt . v 1-k v
fr =M <T+_‘;R(UT' vs, tr, t;r)) ﬁR(US_'URI ts,tr), (15)
where again all the positions and velocities are given with respect to the solar system
barycenter.

The solution to Equation [L5 (the three-way Doppler predictions) is found in a simi-
lar manner as for Equation P (the one-way predictions) by first solving the expression
for the uplink (in parenthesis in Equation [15), this time estimating the signal recep-
tion time at the spacecraft t{ and subsequently determining all the uplink parameters
corresponding to ¢t with the same iteration procedure as explained above. Once the
expression in the parenthesis is solved, the downlink part is found as for Equation
[L5, estimating the signal transmission time at the spacecraft ts and determining the
corresponding downlink parameters. In Equation [L5, f; is the frequency transmitted
by the ground station at time t; and M is the corresponding spacecraft turnaround
ratio. The terms R* and R~ are the relativistic corrections on uplink and downlink,
respectively.

In a practical implementation of this algorithm, it is important to explicitly recom-
pute all state vectors at each step, as any expansion quickly becomes inaccurate on
typical deep-space craft light travel times.

3. MEX Phobos Flyby: GR035 experiment

The global VLBI experiment was designed to track MEX 14 hours prior to and 11
hours after its closest-ever Phobos fly-by at approximately 7:21 (UTC) on December
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29, 2013. At the time of the experiment, Mars was at a distance of ~ 1.4 AU from
the Earth with a solar elongation of ~ 87 degrees. During the 25 hours, MEX was
tracked by the Estrack New Norcia (NNO; western Australia) station, DSN DSS-63
(Robledo, Spain) and DSS-14 (Goldstone, California, USA) stations, and 31 VLBI radio
telescopes around the world. The latter were organized through the global VLBI
experiment GR035. The experimental setup of GR0O35 was presented in Duev et al.
[11]. During the first nine hours, NNO was the transmission station, followed by eight
hours of tracking with DSS-63, and finally eight hours with DSS-14. The distribution of
the telescopes over the duration of the experiment is presented in Figure 2, 3, and 7 in
Duev et al. [11]. The spacecraft operated in the two-way mode with an X-band uplink
(7.1 GHz) and dual simultaneous S/X-band downlink (2.3/8.4 GHz) transponded by
the high gain antenna (HGA) pointing toward the Earth. The Estrack and DSN stations
produced two-way S- and X-band Doppler closed-loop data products. From the 31
VLBI stations involved in the experiment, only the detections of 25 stations were
used for the analysis presented in this paper, as listed in Table [l, owing to different
technical problems with the remaining six stations during the observation.

We formed the Doppler residuals by differencing the Doppler detections, obtained
as explained in Section .1, with the predicted Doppler, derived as explained in Sec-
tion é via the latest MEX navigation post-fit orbit of December 2013 provided by
the European Space Operations Centre (ESOC)E. In order to correctly determine the
Doppler noise of the residuals, we flagged some data out. In particular, the data
obtained during occultations and the flyby event were discarded. Additionally, we
discarded a number of scans that presented systematic outliers, for instance, when
the transmission mode at the ground station changed. We found that the Doppler
residuals obtained with the VLBI stations are in agreement with the DSN and Estrack
residuals. Figure P shows as an example the frequency residuals found with the 25 m
antenna of the Very Long Baseline Array (VLBA) at Kitt Peak (designation Kp) and the
residuals of the 70 m DSS-63 and DSS-14 antennas. In this case, the median value
of the difference between the fit of Kp and the fit of DSS-63 and DSS-14, respec-
tively, remains below 1 mHz for an integration time of 10s. For other VLBI stations,
the median (after flagging) of the Doppler residuals was found to be approximately
2 mHz.

In order to determine the quality of the PRIDE Doppler detections of the different
VLBI stations involved in this experiment, first we had to identify the different sources
that contribute to the overall noise of the Doppler residuals. The signal received at
the ground stations have random errors introduced by the instrumentation on board
the spacecraft and at the receiving system, and the random errors introduced by the
propagation of the signal through the different media along the line of sight of the
ground station. Additionally, systematic errors can also be introduced, for instance,
when calibrating the signal or in the models used to generate the predicted Doppler
signature. The calibration of the Doppler observables in relation to the signal delays
induced by the ionosphere of the Earth are performed using the total vertical electron
content (VTEC) maps available from the International GNSS Service (IGS) on a daily
basis with a two-hour temporal resolution on a global grid [13]. The calibration of
the tropospheric signal delays is applied via the Vienna Mapping Functions VMF1 [7]
or ray-tracing through the Numerical Weather Models (NWM) [12], depending on the

9ftp://ssolsO1.esac.esa.int/pub/data/ESOC/MEX/ORMM_FDLMMA_ DA_131201000000_01033.MEX
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antenna elevation. The systematic errors due to the model and orbit used to derive
the Doppler residuals and the residual systematic noise resulting from the ionospheric
and tropospheric delay calibration, are not characterized in this paper.

The random errors introduced by the instrumentation are analyzed in Section
B.1], and the random errors introduced by the propagation of the signal through the
interplanetary media are treated in Section B.2. Finally, in Section the summary
of the noise budget is given.

Station

» DSS-14
» DSS-63
® VLBA-Kp

Residual Frequency (Hz)

10.0 125 150 175
Hours from 2013-12-29T00:00:00 (UTC)

Figure 2: Comparison of the Doppler residuals obtained with VLBA-Kp (in black), DSS-63 (in blue), and
DSS-14 (in red). The median value of the difference between the fit of VLBA-Kp and the fit of DSS-63 and
DSS-14, respectively, remains below 1 mHz, for an integration time of 10s.

3.1. Instrumental noise

The noise budget of the two-way Estrack/DSN Doppler detections and the three-way
PRIDE Doppler detections include instrumental noises introduced at the transmit-
ting ground station (electronics, frequency standard, and antenna mechanical noise)
and at the spacecraft (electronics), which are common to both observables [5, 19].
Hence, regarding instrumental noises, the difference between these noise budgets
resides at the receiving stations: the thermal noise, induced by the ground station
receiver system and the limited received downlink power, the frequency and timing
systems’ noise, and the antenna mechanical noise. In this paper, only the first two
sources of noise are treated since the antenna mechanical noise of the VLBI stations
has not yet been characterized for the time intervals relevant to this study.

The thermal noise of the ground station is characterized by the RMS of the random
fluctuations of the total system power at the ground station. The one-sided phase
noise spectral density S, of the received signal gives the relative noise power to the
carrier tone, contained in a 1Hz bandwidth chosen to be centered at a frequency
with a large offset Af from the carrier frequency f,qrrier [52],

Psideband (fcarrier + Af)

Pcarrier

where P.,ier IS the power of the carrier tone and P;;4cpana iS the power of the 1 Hz
bandwidth band.

The S/N is then approximated by 1/5,. As explained in [6, 40], the Allan deviation
of white phase noise can be estimated by
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2nfyt
where f; is the nominal frequency of the Doppler link.
Using Equations L7 and [L6, and since S/N(z,B) = S/N(1s,1 Hz)\/%, the Allan de-

viation for the S/N detections of the different telescopes were determined, as shown
in Table [ll. During the Phobos flyby science operations conducted with MEX, the two-
way closed-loop Doppler data was obtained using a carrier loop bandwidth of 30 Hz
at the ground stations with 10s integration time [15]. For the VLBI telescopes, the
three-way open-loop Doppler data was initially recorded in a 16 MHz wide band and
then processed with the software described in Section P.1, for a final phase detec-
tion of 20 Hz bandwidth, with 10 s integration time. During the MEX orbits, for which
NNO and DSS-14 were the transmitting stations, the telemetry was being transmit-
ted except during MEX’s nominal observation phase around the pericenter passage.
However, during the orbit where DSS-63 was the transmitting station, in which the
Phobos flyby occurred, the telemetry was turned off throughout the whole orbit. For
the Doppler error budget, only the time slots planned as radio science passes are
taken into account, since the average S/N calculated with Equation [L§ drops when
the telemetry is on. In Table [l we also give the values of the sensitivity of each tele-
scope, which for single-dish radio telescopes is defined as the system equivalent flux
density (SEFD) 4, This value is useful when comparing the performance between
ground stations, since it comprises information about the total noise of the system
and the collecting area of the antenna. Also when planning an experiment, it is im-
portant to know the nominal SEFD of a station at given frequency, since it can be
used to compute the expected S/N of a detection.

The 65 m dish Tianma & has the highest S/N detections with a downlink power
at reception 15dB higher than for the smallest stations, i.e., the 12 m Yarragadee,
Katherine, Hobart, and Warkworth, as expected because of their smaller collecting
area, at elevations higher than 30 degrees. At t = 10s the corresponding Allan
deviation is 4.6 x 10715, Table [f] uses the average S/N values over the whole coverage
of each telescope. However, because of the large variation of the elevation of the
antennas during the several hours-long tracking sessions, there are periods of time
for which smaller antennas achieve similar S/N levels as larger antennas. Figure
B shows such an example in which for 3 hours the 15 m Hartbeesthoek achieves
better S/N levels than the 25 m Urumugi and similar S/N levels than the 25 m Onsala
because of a more favorable antenna elevation (at elevations < 20 degrees, several
noise contributions at the antenna rapidly increase, such as the atmospheric and
spillover noise).

Regarding the noise induced by the frequency and timing systems, the Estrack,
DSN, VLBA, and EVN stations are all equipped with hydrogen masers frequency stan-

oy (1) =

10SEFD is equal to 2kTsys/Ae, Where A, is the effective collecting area of the antenna, Ty, is the total
system noise temperature, and k is the Boltzmann constant. The SEFD is a measurement of the per-
formance of the antenna and receiving equipment since it gives the flux density (in Jy) produced by an
amount of power equal to the off-source noise in an observation.

Hwith exception of Tianma, the VLBI stations involved in the experiment have much smaller collecting
areas than the 70 m DSS-14 and DSS-63. However, there are several VLBI stations whose diameters
are close to that of NNO (e.g., Ys, Sv, Zc, Bd, and Km).
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dards, which provide a stability better than 4 < 107'* at r = 10s (< 107'° at
T = 10005s). Hence the noise contributions related to the frequency standard should
be on the same order of magnitude for the different networks.
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Figure 3: Signal-to-noise ratio and elevation angle comparison between 25 m Ur, 25 m On, and 15 m Ht
radio telescopes from 4:00 - 7:30 UTC on December 29, 2013 (TX: DSS-63). The left panel shows that
although Ht (in pink) has a lower collecting area, it achieves higher S/N levels than Ur (in blue) and similar
S/N levels than On (in green). The right panel shows the elevation angle of each antenna during the same
time period from which the correlation with the S/N levels of each station is evident.

3.2. Medium propagation noise

The precision of the Doppler detections is also affected by the noise introduced by the
propagation of the radio signal through the interplanetary medium, ionosphere, and
troposphere. The effects of ionospheric and interplanetary scintillation can be studied
using the differenced phases of the signals received in S band, ¢, and X band, ¢,,
da(t) = ps— %qu [26]. By subtracting the phases, the contribution of the dispersive
plasma scintillations can be isolated. The Allan variance of the differenced phases is
related to its two-sided phase power spectrum S (f) [3, 6] by

i £2 sin*(nzf)
2(r) = S = ———=2df. 18
) = | Se () o (18)
As explained in Armstrong et al. [3], when the phase spectrum can be approxi-
mated to S, (f) = Af ™™, Equation [Lg can be rewritten as

At [® sin* (nz2)
o3(1) = n2f0213f0 P dz. (19)

A first-order approximation of the phase spectrum on a logarithmic scale is per-
formed as explained in [B5], from which the slope m and the constant A are deter-
mined using only the Doppler-mode@ observations, where the length of the scan is

121n the Doppler mode the telescopes observe in a dual S/X-band (2/8.4 GHz) frequency setup, pointing
iteratively at the spacecraft for 20 minutes and then 2 minutes at the calibrator, as explained in Duev

etal. [11].
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Table 1: Thermal noise of X-band Doppler detections of the VLBI stations during the GR035 experiment.

Observatories Location Telescope Average T,  SEFD  Allan Deviation
Code Diameter (m) (K) Jy at10s

DSN Goldstone USA DSS-14 70 20.6%* 20%* 6.5 X 107 15%*x

DSN Robledo Spain DSS-63 70 20.6%* 20** 6.5 X 10715 %**

Estrack New Norcia Australia NNO 35 60.8%* 40** 6.5 X 10715 %kk
Yebes Spain Ys 40 41 200 5.6 X 10715
Onsala Sweden On-60 20 62 1240 9.5 x 10715
Svetloe Russia Sv 32 58* 200%* 1.1x 107
Zelenchukskaya Russia Zc 32 30%* 200%* 5.8 x 10715
Badary Russia Bd 32 27* 200* 8.2 X 10715
Hartebeesthoek South Africa Hh 26 70 875 8.3 x 10715
Ht 15 44 1260 1.0 x 107
Tianma China Tm65 (T6) 65 26 48* 4.6 x 10718
Urumugqi China Ur 25 86 350%* 1.2x 107
Sheshan China Sh 25 32 800* 8.6 X 10715
Yamaguchi Japan Ym 32 50% 106* 8.9 x 10715
Hobart Australia Ho 26 68 2500 1.1x 107
Hb 12 87 3500 1.5 x 10714
Ceduna Australia Cd 30 85* 600* 8.1x 10715
Yarragadee Australia Yg 12 96 3500 1.6 X 1071
Katherine Australia Ke 12 112 3500 1.5x 1071
Warkworth New Zealand Ww 12 94 3500 1.6 x 1071
VLBA Owens Valley USA Ov 25 35 300 8.5 x 1071°
VLBA Kitt Peak USA Kp 25 36 310 6.2 X 10715
VLBA Hancock USA Hn 25 49 419 7.0 X 10715
VLBA Brewster USA Br 25 41 352 2.5x 107
VLBA Mauna Kea USA Mk 25 43 368 9.9 x 10715
VLBA St Croix USA Sc 25 39 330 9.4 x 10715
VLBA Pie Town USA Pt 25 27 313 7.1%x 1071
VLBA Fort Davis USA Fd 25 36 309 6.2 X 10715

*Nominal values taken from the EVN status table II [].
** Nominal values taken from Stelzried et al. [#4] and Martin & Warhaut [Bd].

*** Assuming a nominal value of the suppressed modulation carrier-to-noise ratio (CNR) of 67 dBHz.
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typically > 10 minutes. For instance, considering the Doppler-mode observations of
Hartebeesthoek 15 m antenna, the plasma phase scintillation noise can be charac-
terized. Figures H and B show the spectral power density of the phase fluctuations
of MEX signal in S and X band, respectively. The lower and upper limits of the
scintillation band are determined by visual inspection, taking into account the cutoff
frequency defined to perform the polynomial fit and amount of fluctuation due to
the receiver system noise. The phase scintillation indices obtained with the S- and
X-band signal, 0.070rad and 0.073rad, correspond to the results for Mars-to-Earth
total electron content (TEC) along the line of sight found by Molera-Calvés et al.
[34], where the dependence of the interplanetary phase scintillation on elongation
was studied using various MEX observations. When comparing Figures § and §, it is
noticeable that in the spectral power, the noise band in the S band is much higher
than in the X band. This is due to the higher thermal noise of the receiver and larger
presence of RFI in this band.

102 w *’!lhf"knﬂ
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Figure 4: Spectral power density of MEX signal in S band measured by Hartebeesthoek. The scintillation
band extends from 8 mHz to 0.1 Hz, obtaining a value for the slope of -2.471, which is coherent with the
spectral index values found by [54]. The mean phase scintillation index of the signal received from 3h56m
to 09h12m (UTC) on 2013-12-29, is 0.070 rad, at an elongation of ~ 87° and distance of ~ 1.4 AU.

Figure H shows the spectral power density of ¢, for Ht. The slope found for the
scintillation band that extends from 8 mHz to 0.1 Hz is -2.372 with a mean scintillation
index of 0.069 rad. These results are in agreement with Molera-Calvés et al. [35].
As the phase power spectrum can be described in the form Sy (f) = Af™™, following
Equation [Ld the Allan variance of the plasma phase scintillation is 2.46 x 10~15 at
7 =1000s at ~ 87° elongation ( 4.44 x 10~'* at t =105s).

More information regarding the origin of the phase fluctuations can be derived
by analyzing the spatial statistics of the phase scintillation in multiple stations during
the same tracking session. If the ¢, phase data of a few pairs of widely spaced
stations are cross-correlated, as suggested in Armstrong [[1], it could be determined
whether the main contributor to the phase fluctuations is the interplanetary medium
or the local impact of the ionosphere at each station. Unfortunately, in the GR035
experiment this analysis could not be performed, since although the three stations
operating in Doppler mode are widely spaced (South Africa, Finland, and China), the
differential phase ¢, could not be successfully retrieved because of the high RFI on
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Figure 5: Spectral power density of MEX signal in X band measured by Hartebeesthoek. The scintillation
band extends from 8 mHz to 0.45 Hz, obtaining a value for the slope of -2.469. The mean phase scintillation
index of the signal received from 3h56m to 09h12m (UTC) on 2013-12-29 is 0.073 rad at an elongation
of ~ 87° and distance of ~ 1.4 AU.
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Figure 6: Spectral power density of the differential phases ¢, measured by Hartebeesthoek. The scin-
tillation band extends from 8 mHz to 0.1 Hz, obtaining a value for the slope of -2.372. The mean phase
scintillation index of the signal received from 3h56m to 09h12m (UTC) on 2013-12-29 is 0.069 rad at an
elongation of ~ 87° and distance of ~ 1.4 AU.
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the S band of Sh and technical problems with the X-band receiver of Mh (for this
reason the values for Mh are not shown in Table [il).

3.3. Noise budget for the Doppler detections of GR035
Table B summarizes the Allan deviations found for the different noise sources de-
scribed in Sections B.1 and B.2. The Allan deviations from the thermal noise of the
ground station for the VLBI stations vary from 0.46 x10~'4 to 1.60x10~* att = 10s.
Despite the differences of the thermal noise o, between the VLBI stations and the
DSN and NNO stations E, the thermal noise of the stations does not dominate the
error budget of the observations in this experiment, as shown in Table B. Because
of the long tracking sessions of the antennas during this experiment, the antenna
elevations have a higher impact in the S/N of the detections than the collecting area
of the antennas. This issue is usually ignored in shorter tracking sessions, since only
stations with elevations ~> 20 deg are selected to participate in an observation.
The plasma scintillation noise was estimated for Ht, which was one of the stations
observing both in S and X band. The plasma scintillation noise is more dominant for Ht
than its thermal noise (o, = 4.44x107'* against o), = 1.0x107'* for r = 10s). Owing
to problems with the receivers, this analysis could not be performed for the other
two stations receiving the dual-band link. In future experiments, the contributions
of the ionosphere and interplanetary medium could be discerned from one another
by correlating the power spectra of the differential phases between every pair of
stations.

Table 2: Noise budget for PRIDE GR035 experiment.

Noise source Allan deviation Comments
at7=10s
Ground station thermal noise 0.5-1.5x 10"  For various sizes of antenna dishes (see Table [f).
Ground frequency reference source <50x10714 Tjoelker [49]
Plasma phase scintillation 4,44 x 10714 For Ht, at a solar elongation of 87°.
Antenna mechanical noise - Has not been determined in this experiment.

Armstrong et al. [2] reported that for the DSN stations, when the propagation
noises are properly calibrated, the antenna mechanical noise was the leading noise
of their noise budget. Regarding the VLBI stations, Sarti et al. [41, 42] have reported
one-way path delay variations caused by antenna mechanical noise, however these
were computed for VLBI geodetic and astrometric studies, for which the delay stability
is evaluated in annual timescales, which is much larger than the integration times
relevant for the study at hand. Nonetheless, owing to their size [4], the expected
mechanical noise of the VLBI antennas (except for Tm65) will be considerably less
than the 70 m DSN antennas. In fact, simultaneous observations between PRIDE and
DSN stations could help improve the sensitivity of the 70 m DSN antennas. Following
the approach presented in Armstrong et al. [2] in future experiments, stations of the

13The Allan deviations for the DSN and NNO stations were calculated assuming an expected CNR sup-
pressed modulation of 67 dB/Hz, as given in the level 1 data.
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global VLBI network close to the deep space tracking complexes could be used to
remove the antenna mechanical noise of the larger antennas during simultaneous
two- and three-way Doppler passes, for instance, the 2 -m VLBA-Ov close the DSS-
14, the 14 m Ys close to the DSS-63, the 12 m Ye telescope close to NNO, and the
12 m Atacama Pathfinder Experiment (APEX) telescope close to Estrack’s Malargiie
station.

4. Conclusions

With the PRIDE setup, Doppler tracking of the spacecraft carrier signal with several
Earth-based radio telescopes is performed, subsequently correlating the signals com-
ing from the different telescopes in a VLBI-style. Although the main output of this
technique are VLBI observables, we demonstrated that the residual frequencies ob-
tained from the open-loop Doppler observables—which are inherently derived in the
data processing pipeline to retrieve the VLBI observables—are comparable to those
obtained with the closed-loop Doppler data from NNO, DSS-63, and DSS-14 stations
(see Figure B). Figure @ shows the best case found, where the median value of the
residuals fit achieved with VLBI station Kp remains within 1 mHz of the residuals fit
obtained with DSS-63 and DSS-14. The median of the Doppler residuals for all the
detections with the VLBI stations was found to be ~ 2mHz (which translates into
0.5 - ¢ - (fresiquais/fo) = 36um/s in linear measure for the three-way Doppler in
X-band).

The fact that this experiment involved long tracking sessions makes the variability
of the elevation angle of the antennas a factor in the characterization of the noise
that cannot be ignored. At elevations < 20 degrees, noise contributions due to larger
tropospheric path delays and larger spillover noise have a larger impact on the total
system temperature compared to those of the receiver temperature. For this reason,
there are cases for which antennas with smaller collecting areas reach similar S/N
levels as larger antenna dishes, as shown in Figure B, due to a more favorable antenna
elevation. The derived Allan deviations due to thermal noise at the VLBI stations vary
between 0.46 x 10~1* to 1.60 x 10~ '* at T = 10s. For this particular experiment, at
the DSN stations the expected o, (7) from thermal noise was 6.5 x 10~ **at 7=10s.
Although only four of the VLBI stations have comparable Allan deviations (Table [ll) to
those of the DSN stations, the thermal noise is not the most dominant contribution
to the overall noise budget of this experiment.

Although they were not included in this particular experiment (other than the 65
m Tianma station), PRIDE has access through the EVN to multiple radio telescopes
that are similiar in size or larger than the DSN antennas; these include the 64 m
Sardinia, 100 m Effelsberg, and 305 m Arecibo, which can be scheduled for radio
science experiments. The use of these large antennas can result in an advantage
when conducting experiments with limited S/N, such as radio occultation experiments
of planets and moons with thick atmospheres.

Open-loop Doppler data, such as those collected with PRIDE experiments, present
advantages for certain radio science applications compared to closed-loop data. How-
ever, closed-loop Doppler tracking is routinely performed in the framework of navi-
gation tracking and does not require post-processing to retrieve the Doppler observ-
ables. Although the Estrack/DSN complexes have the capability of simultaneously
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gathering closed-loop and open-loop Doppler data, this is not an operational mode
required for navigation nor telemetry passes, which generally operate in closed-loop
mode only. In this sense, PRIDE Doppler data could complement the closed-loop
tracking data and enhance the science return of tracking passes that are not initially
designed for radio science experiments.
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CHAPTER B

Radio occultation experiments with PRIDE

In Chapter H the performance of the Doppler component of the PRIDE technique
was evaluated. It was demonstrated that PRIDE can provide open-loop Doppler
observables with similar spectral resolutions (~2mHz at 10s integration time) as
for the closed-loop Doppler observables obtained with the DSN and Estrack tracking
stations. In this chapter, we will evaluate the performance of the Doppler component
of PRIDE for extreme scenarios of very low SNR and high dynamics of the carrier
signal. Such scenario is the one encountered in a radio occultation experiment. In
this case, the spacecraft carrier signal will be refracted through the target planet’s
atmosphere, as the spacecraft gets occulted by the planet with respect to the line-
of-sight of the receiving antennas. This technique has been widely used in multiple
space missions in order to characterize planetary atmospheres. In this chapter we
discuss the implementation of the processing methodology to be able to process
radio occultation observations with PRIDE. We will demonstrate that, in its current
state, the PRIDE technique can be used to probe thick planetary atmospheres. For
this purpose we performed multiple radio occultation observations of ESA's Venus
Express (VEX) orbiter. The derived atmospheric profiles and their corresponding error
propagation analysis show high level of consistency with the results obtained with
ESA’s Estrack New Norcia station. This chapter addresses research questions 2, 3
and 4.
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Abstract

Context. Radio occultation is a technique used to study planetary atmospheres
by means of the refraction and absorption of a spacecraft carrier signal through the
atmosphere of the celestial body of interest, as detected from a ground station on
Earth. This technique is usually employed by the deep space tracking and commu-
nication facilities (e.g., NASA's Deep Space Network (DSN), ESA's Estrack). Aims.
We want to characterize the capabilities of the Planetary Radio Interferometry and
Doppler Experiment (PRIDE) technique for radio occultation experiments, using radio
telescopes equipped with Very Long Baseline Interferometry (VLBI) instrumentation.
Methods. We conducted a test with ESA's Venus Express (VEX), to evaluate the per-
formance of the PRIDE technique for this particular application. We explain in detail
the data processing pipeline of radio occultation experiments with PRIDE, based on
the collection of so-called open-loop Doppler data with VLBI stations, and perform
an error propagation analysis of the technique. Results. With the VEX test case
and the corresponding error analysis, we demonstrated that the PRIDE setup and
processing pipeline is suited for radio occultation experiments of planetary bodies.
The noise budget of the open-loop Doppler data collected with PRIDE indicated that
the uncertainties in the derived density and temperature profiles remain within the
range of uncertainties reported in previous Venus’ studies. Open-loop Doppler data
can probe deeper layers of thick atmospheres, such as that of Venus, compared to
closed-loop Doppler data. Furthermore, PRIDE through the VLBI networks around
the world, provides a wide coverage and range of large antenna dishes, that can be
used for this type of experiments.
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1. Introduction

The Planetary Radio Interferometry and Doppler Experiment (PRIDE) is a technique
based on the adaptation of the traditional far-field Very Long Baseline Interferome-
try (VLBI) astrometric technique applied to near-field targets - spacecraft inside the
Solar System - with the main objective of providing precise estimates of the space-
craft state vectors. This is achieved by performing precise Doppler tracking of the
spacecraft carrier signal and near-field VLBI observations in phase-referencing mode
[6, 13, 14]. PRIDE is suitable for various applications in planetary and space science,
such as determination of planetary ephemerides [[12], characterization of the inter-
planetary plasma [46] and detection of [nterplanetary Coronal Mass Ejection (ICME)
[45]. In this work we present another application: the characterization of planetary
atmospheres and/or ionospheres by means of radio occultation observations.

The implementation and application of radio occultation experiments to planetary
science has been widely discussed in literature [e.g. 16, 17, 30, 47, 50, 55, 60, 62]. A
planetary radio occultation experiment involves a ‘central’ body (a planet or a natural
satellite), the atmosphere (or ionosphere) of which is to be studied, and two radio
elements: a transmitter onboard a spacecraft orbiting (or performing a flyby about)
the central body and, one or multiple ground stations on Earth. At certain geome-
tries, the spacecraft gets occulted by the central body with respect to the line of sight
of the receiving ground station. As the spacecraft gets gradually occulted by the cen-
tral body, the spacecraft carrier signal cuts through successively deeper layers of the
planet’s atmosphere, experiencing changes in its frequency and amplitude before be-
ing completely blocked by the body. This phase is known as ingress. Then the same
phenomena is observed as the signal emerges from behind the body. This phase
is known as egress. The refraction that the signal undergoes due to the presence
of the atmosphere can be determined from the frequency shift observed throughout
the occultation event. In addition to this, accurate estimates of the spacecraft state
vector are needed to obtain the refractivity as a function of the radius from the occul-
tation geometry. In the case of PRIDE, the receiving element is not a single station
but a network of Earth-based radio telescopes. PRIDE provides multiple single-dish
Doppler observables that are utilized to derive the residual frequencies of the space-
craft carrier signal, and additionally interferometry observables that are used, along
with the Doppler observables, as input to determine the spacecraft state vector. The
final product of this experiment is the derivation of vertical density, pressure and
temperature profiles of the central body’s atmosphere.

The purpose of this paper is to evaluate the performance of the PRIDE setup for
radio occultation experiments of planetary atmospheres. We note that the radio oc-
cultation technique can be productive for studies of atmosphereless celestial bodies
as well (e.g., the Moon, Saturn’s rings), enabling the characterization of the shape of
the occulting body. However, we do not discuss this application here. As a test case,
we analyze several observations of ESA's Venus Express (VEX) spacecraft using mul-
tiple radio telescopes from the European VLBI Network (EVN), AuScope VLBI array
(Australia) and NICT (Japan), during April 2012, May 2012 and March 2014. The VEX
orbiter was launched in 2005.11.09, arriving at Venus in April 2006 and remained in
orbit around the planet until end of 2014. The operational orbit of the spacecraft
was a highly elliptical (e = 0.99), quasi-polar orbit (i =~90°) with a ~24-hour orbital
period and a pericenter altitude of 250 km. The radio science operations and analy-
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sis were led by the Venus Express radio science team (VeRa) [22]. The spacecraft,
equipped with an onboard ultra-stable oscillator (USO) as frequency reference, con-
ducted all radio occultation experiments in a one-way mode, transmitting coherent
dual-frequency carrier downlinks at X-band (8.4 GHz) and S-band (2.3 GHz) with the
main 1.3 m high gain antenna (HGA1). The nominal mission receiving ground station
during radio occultation observations was the 35-m Estrack New Norcia (NNO) station
located in Western Australia.

Besides VEX, Venus’ atmosphere and ionosphere has been studied with ground-
and space-based telescopes, and multiple spacecraft using a variety of techniques
[S, 18, 42]. Using the planetary radio occultation technique, Venus’ atmospheric and
ionospheric density profiles have been derived from observations of NASA's Mariner 5
[17, 33, 44], Mariner 10 [28], Venera 9 and 10 [39, 58], Venera 15 and 16 [21, 61],
Pioneer Venus Orbiter (PVO) [34-38], Magellan [27, 30, 53], ESA's VEX [20, 47—
49, 54, 55] and recently with JAXA's Akatsuki [2, 29]. The composition of Venus’
ionosphere is primarily OF and smaller amounts of COZ, O* and other trace species
[20]. Although radio occultation experiments cannot be used to determine the spe-
cific composition of the ionosphere, the radio waves are sensitive to the electron
distribution and therefore density profiles of the ionospheric plasma can be derived
down to ~100 km. Similarly, for Venus' neutral atmosphere density and temperature
profiles can be derived assuming the composition of the atmosphere (96.5% CO,,
3.5% N,) [B5, 52]. In the case of Venus' atmosphere, radio occultation data pro-
vide a vertical coverage of ~40-100 km in altitude. This technique is the only remote
sensing method that can probe Venus’ atmosphere at altitudes below ~65km [42].

In this paper we present the results of VEX occultation observations obtained with
radio telescopes equipped with VLBI data acquisition instrumentation. We explain the
processing pipeline carried out with the PRIDE setup and present the corresponding
error propagation analysis. Sections .1 and .2 present the theoretical background
of the radio occultation method and the approximations taken into account when for-
mulating the observation model. Section shows the theoretical derivation of the
atmospheric profiles from the carrier signal frequency residuals. Sectioﬁ presents
the overall description of the experiment and the results found. Section describes
the setup of the experiment, describing the observations used and the data process-
ing pipeline. Section B.2 present the resulting Venus’ atmospheric profiles using the
PRIDE setup. Section @ppresents the error propagation analysis, through the pro-
cessing pipeline, from the Doppler observables to the derived atmospheric properties.
Section 4 presents the conclusions of this technology demonstration.

2. The radio occultation experiment

In a radio occultation experiment, the carrier signal of the spacecraft experiences
refraction, absorption and scattering as it passes behind the visible limb of the plan-
etary body due to its propagation through the planet’s atmosphere on its way to the
receiving ground station on Earth. The physical properties of the planetary atmo-
sphere can be inferred by analyzing the changes in frequency and amplitude of the
received carrier signal.
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2.1. Theoretical background and approximations

During the occultation event, the spacecraft carrier signal propagates through the at-
mosphere of the celestial body, experiencing a modulation of phase and a decrease
in amplitude. The variation in phase is proportional to the real part of the medium’s
complex refractive index and the decrease in amplitude is proportional to the imagi-
nary part of the medium’s complex refractive index, also known as absorption factor
[15]. These refractive and absorptive radio effects are caused by the presence of
neutral gases and plasma in the atmosphere and ionosphere. In the study at hand,
only the frequency changes in the carrier signal are analyzed. Therefore, the ampli-
tude data from which absorptivity profiles are derived, are not treated in this paper.

As the spacecraft signal gets refracted crossing the different layers of the planet’s
atmosphere, the variation of the real part of complex refractive index (treated simply
as the refractive index in the remainder of this paper) as a function of altitude can
be determined, for a particular cross section of the atmosphere. Before establishing
the relation between the frequency changes of the received carrier signal and the
planet’s atmospheric refractive index as a function of altitude, let us consider some
approximations that simplify the models used to relate these quantities.

As for most planets, the variations in the electrical properties of Venus’ atmo-
sphere occur at scales much larger than the spacecraft signal wavelength [17].
Hence, the radio wave can be treated as a light ray and its trajectory can be de-
termined by geometric optics. As in previous radio occultation experiments of Venus,
such as Fjeldbo et al. [17], Jenkins et al. [30], Tellmann et al. [54], we assume the
planet’s atmosphere can be modeled as a spherically symmetric medium, made of
concentric shells, each of them with a constant refractive index. From geometric op-
tics the propagation path of the signal can be described as a ray r(s) parameterized
by an arclength s that satisfies the following differential equation [8],

d ary v 1

ds nds v 1)
where n(r) is the refractive index, which for the case of spherical symmetry is a
function of radial distance only. Hence, the ray trajectory, as it bends through the
medium, can be traced given the medium refractive index as a function of the radius.
This is known as the forward problem. However, we are interested in the inverse
problem, where based on the ray path parameters, -the bending angle and the impact
parameter-, the refractivity of profile of the atmosphere is retrieved.

2.2. Observation model

In the radio domain the bending that the signal undergoes as it crosses the planet’s
ionosphere and neutral atmosphere cannot be measured directly. However, it can be
retrieved from the frequency shift experienced by the received signal at the ground
stations. In this section, we will first introduce the relation between the frequency
shift and the ray parameters of the received signal, to then establish the relation
between ray parameters and refractive index as a function of radius.

Observation geometry
The geometry of the occultation is determined by the occultation plane (i.e., the
plane defined by the center of the target planet, the position of tracking station and
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the position of the spacecraft, each with respect to the target planet) as shown in
Figure [l. The reference frame used has its origin at the center of mass of the target
planet, with the negative z-axis pointing to the position of the tracking station at
reception time, the n-axis parallel to the normal of the occultation plane and the
r-axis perpendicular to both the z- and n- axis. In this scenario, the target body is
assumed to have a spherically symmetric and stationary atmosphere and the ray path
refraction occurs on the occultation plane, reducing it to a two-dimensional problem
as shown in Figure B. The bending of the refracted ray path is then parameterized
with respect to the free-space ray path by means of the angles §,. and B,.. The angle
8, is defined between the position vector of the spacecraft at transmission time with
respect to the tracking station at reception time and the ray path asymptote in the
direction the radio wave is received at the tracking station at reception time. The
angle B, is defined between the position vector of the tracking station at reception
time with respect to the spacecraft at transmission time and the ray path asymptote
in the direction the radio wave is transmitted by the spacecraft at transmission time
(see Figure [).

This description of the occultation geometry is based on Fjeldbo et al. [17], where
the approach that will be discussed in this section was first introduced. Multiple
authors have expanded on this approach [e.g., 30, 43, 60] including the relativistic
corrections into the analysis.

Derivation of the ray path parameters from the carrier signal frequency
residuals
To isolate the perturbation that the spacecraft signal experiences when propagating
through the media along the radio path, we evaluate the difference between the de-
tected carrier frequency and the prediction of the received frequency at the ground
station, assuming for the latter that the signal is propagating through free-space (in-
cluding geometrical effects, such as relative position and motion between the space-
craft and ground station, Earth rotation and relativistic corrections). If perturbations
due to the signal propagation through the Earth’s atmosphere, ionosphere and in-
terplanetary medium are accounted for, then the remaining observed perturbation is
solely due to the atmosphere and ionosphere of the planet of interest.

As shown by Kopeikin & Schéafer [40, Eq. 266], the frequency received at a
tracking station on Earth f; at a reception time tj is given by,

_ 1 - kR ° VR/C
fr=1r WR(VR: vy, tg, tr) (2)

where c is the free-space velocity of light, f; is the spacecraft transmission frequency
at the transmission time t;, v; and v; are the barycentric velocity vectors of the
receiving station at t; and of the spacecraft at t;, respectively, k; and k; are the
unit tangent vectors in the direction along which the radio wave propagates at t; and
tg, respectively, and the term R gives the special and general relativistic corrections:

1- (vr/c)z]”z [a(m]”z b(tr) a)

1— (vr/c)? a(tr)|  b(tr)
where the terms a and b are derived as explained in Section 4.2.2 (Egs. 12 and 13

R(vg, v, tg, tr) = [




94 5. Radio occultation experiments with PRIDE

in Chapter 4). All position and velocity vectors are expressed in the solar system
barycentric frame.

The frequency residuals are subsequently found by evaluating the difference
between detected frequency fr getectea and the predicted frequency in free-space
fr,free-space received at the ground station at tg, as follows:

Af = fR,detected - fR,free—space (4)

assuming that f 4.rectea Nas been corrected for the effects of propagation through
interplanetary plasma and the Earth’s atmosphere and ionosphere.

In the case of free-space, the direction along which the radio signal propagates
is the same at t; and t;, hence k; = k; in Eq R, and §, = 0 and 8, = 0. When the
signal gets refracted by the atmosphere of the target planet, k; and k; become the
two ray path asymptotes shown in blue in Figure P. Hence, the ray path asymptotes
for both cases can be defined as follows:

—Kg free—space = £5in 85 + 2 cos & (5)
— K1 frec—space = ¥COS B +2sinf3, (6)
— K detectea = £8in (85 — 6;) + 2 cos (85 — 6;) (7)
— Krgetectea = £€0S (Be — Br) + 2sin (Be — B) (8)

Figure 1: Sketch of the occultation plane. The occultation plane is defined by the center of mass of the
target planet, the position of tracking station and the position of the spacecraft, each with respect to the
target planet.

Hence, a relation between the frequency residuals and the angles that parame-
terize the bending of the ray path can be established by replacing Eq. (2) and Egs.

(B) to (B) into Eq. (H),
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) a \ Tracking station

Figure 2: Geometry of the radio occultation depicted on the occultation plane. In this case, the figure
shows the ray path as it gets refracted by the planet’s ionosphere (in gray), where it gets bent by an angle
a from its original path.

¢+ v.gsin (65 — ;) + vz cos (6; — 6,)

c+ VU, COS (.Be - .Br) + vZ,T sin (,Be - ,Br)
¢ + v sindg + v, cos &
€+ V7 COS fp + v, r sin f,

9

where v,y is the r-component of vz and v, is the z-component of vy at reception
time tg, v, r is the r-component of v; and v, is the z-component of v; at transmis-
sion time t;. The angles g, and &, are defined between the position vector of the
spacecraft at t; with respect to the ground station at ¢z, and the r-axis and z-axis,
respectively (B, + 65 = m/2).

As a consequence of Eq. (fll), the distance a from the planet’s center of mass to
the tangent at any point along the ray path is a constant a,

a = |zg|sin (8 — &) = (F +2§)"*sin (B =y — B;) (10)

where a is called the ray impact parameter. Egs. (8) and (L) can be solved simul-
taneously for the two ray path angles 6, and B, - assuming that the state vectors
of the spacecraft and tracking station are known - using the numerical technique
introduced by Fjeldbo et al. [17]. Once the values of §, and B, are determined, the
total be@nding angle of refraction a of the ray path is obtained by adding them (see
Figure P).

a =6+ B (11)

Applying this procedure, for every Af obtained at each sampled time step (Eq. H) the
corresponding ray path parameters, bending angle « and impact parameter a, are
derived. We follow the sign convention adopted by Ahmad & Tyler [1] and Withers
[59] where positive bending is considered to be towards the center of the planet.

2.3. Relation to atmospheric properties
In this section we will establish the relations that link the ray path parameters to
the physical properties of the layer of the atmosphere the radio signal is sounding.
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Following Born & Wolf [8], assuming a radially symmetric atmosphere represented
by K concentric spherical layers each with a constant refractive index n, the bending
angle «a is related to n through an Abel transform:

f dIn(n(r)) dr

a(ay) = —2a
A | - a2

where r is the radius from the center of the planet to the ray and the subscripts
represent the k-th layer, the deepest layer each ray path reaches, which corresponds
to a specific reception time at the receiver.

As explained in Fjeldbo et al. [1L7], Eq. (12) can be inverted to have an expression
for the refractive index n in terms of « and a:

(12)

Inng(ay) = % f a(a yda' (13)

a'=ay —ak

a'=0 ’
n(rpx) = exp [%f,_ ( )ln[aii) [ a(a) — 1] ‘ ‘ (14)

Using the total refraction bending angles found as explained in Section 2.2, the re-
fractive index for the k-th layer can be determined by performing the integration over
all the layers the ray has crossed:

d
n(a;) = exp f + 4= f _Gda @ (15)
where d; is the average value of the bending angles «; in a layer:
. . + . .
g = GO Eoa @) g (16)

L

2
A ray with impact parameter a will cross the symmetric atmosphere, down to a layer
k of radius ry;. This minimum radius is found via the Bouguer’s rule, which is the
Snell law of refraction for spherical geometries. As explained in Born & Wolf [8] and
Kursinski et al. [41], ry, is related to a; by:

.

Tok = 0 (17)
The refractivity as a function of the radius depends on the local state of the at-
mosphere. The total refractivity of the atmosphere u is given by the sum of the
components due to the neutral atmosphere and ionosphere. For each layer the total
refractivity is given by [15]:

e = (e — 1) = Up e + Pek (18)
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where p,, is the refractivity of the neutral atmosphere:

Un = KNy (19)

where «k is the mean refractive volume and N,, is the neutral number density, and g,
is the refractivity of the ionosphere:

2

__ Nee?
2 2
8mimeeyf

where e is the elementary charge, m, is the electron mass, ¢, is the permittivity of
free-space, f is the radio link frequency and N, is the electron density.

In the ionosphere, the electron density is high and the neutral densities can be
several orders of magnitude lower, therefore in the ionosphere p, is dominant and
U, is negligible. On the other hand, at lower altitudes, the situation is the opposite:
the neutral densities are high and electron densities are low. Hence in practice, if the
value of u is negative, p, is assumed to be equal to p and if u is positive, then p,, is
assumed to be equal to u.

Assuming hydrostatic equilibrium, the vertical structure of the neutral atmosphere
can be derived from the neutral density profile N,,(h) and the known constituents of
the planetary atmosphere. The pressure in an ideal gas is related to the temperature
T(h) and number density of the gas by:

He = (20)

p(h) = kNn(R)T(h) (21)

where k is the Boltzmann’s constant. Using Eq. (21)) and the equation for hydrostatic
equilibrium the temperature profile can be found from the following formula [16]:

N(ho) ,
N(h)  kN(h)

ho
T(h) = T(ho) fg(h’)N(h’)dh’ (22)

h

where m is the mean molecular mass, g(h) is the gravitational acceleration and h,
is an altitude chosen to be the top of the atmosphere for which the corresponding
temperature T (h,), taken from the planet’s reference atmospheric model, is assigned
as boundary condition. From Eq.(22) it can be seen that the sensitivity of T(h) to
the upper boundary condition T (h) rapidly decreases due to the N(hy)/N (h) factor.

3. PRIDE as an instrument for radio occultation

studies: a test case with Venus Express

The PRIDE technique uses precise Doppler tracking of the spacecraft carrier signal
at several Earth-based radio telescopes and subsequently performs VLBI-style cor-
relation of these signals in the so-called phase referencing mode [13]. In this way,
PRIDE provides open-loop Doppler observables, derived from the detected instanta-
neous frequency of the spacecraft signal [6], and VLBI observables, derived from the
group and phase delay of the spacecraft signal [13], that can be used as input for
spacecraft orbit determination and ephemeris generation. During a radio occultation
experiment, the Doppler observables are utilized to derive the residual frequencies
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of the spacecraft carrier signal. These are subsequently used to derive atmospheric
density profiles, as explained in Section B. Both, the Doppler and VLBI observables,
can be used for orbit determination, allowing the accurate estimation of the space-
craft state vectors during the occultation event. In this paper, we will focus on the
error propagation in the frequency residuals obtained with the open-loop Doppler ob-
servables derived with PRIDE, and will use the VEX navigation post-fit orbits derived
by the European Space Operations Center (ESOC)E, which do not include PRIDE
observables, to calculate the spacecraft state vectors in the occultation plane.

3.1. Observations and experimental setup
The current data processing pipeline of the PRIDE radio occultation experiment is rep-
resented in Figure §. The first part of the software comprises three software packages
developed to process spacecraft signals (the software spectrometer swspec, the nar-
rowband signal tracker sctracker and the digital phase-locked loop PLL)[46]E and
the software correlator sFxc [32] which is able to perform VLBI correlation of ra-
dio signals emitted by natural radio sources and spacecraft. These four parts of the
processing pipeline are used for every standard PRIDE experiment (yellow blocks in
Figure B). The output at this point are open-loop Doppler and VLBI observables.
The methodology behind the derivation of these observables using the aforemen-
tioned software packages is explained by Bocanegra-Bahamon et al. [6], Duev et al.
[13], Molera-Calvés et al. [46]. The second part of the software was developed for
the sole purpose of processing radio occultation experiments. It consists of three
main modules: the frequency residuals derivation module, the geometrical optics
module and the Abelian integral inversion module. From these three modules the
vertical density profiles, and subsequently, temperature and pressure profiles of the
target’s atmosphere can be derived. The frequency residuals module uses the output
of the pLL which are the time averaged carrier tone frequencies detected at each
telescope. To produce the frequency residuals the predictions of the received carrier
signal frequency at each telescope is computed as described in [6], and then the
frequency residuals are corrected with a baseline fit to account for the uncertainties
in the orbit used to derive the frequency predictions (Section B.3). In the geomet-
rical optics module the state vectors retrieved from VEX navigation post-fit orbit are
transformed into a coordinate system defined by the occultation plane as explained in
Section B, and using the frequency residuals found in the previous step, the bending
angle and impact parameter at each sample step is found using Egs. (8) to (L1]) using
the procedure described in Section B. The refractivity profile is derived in the Abelian
integral inversion module, where the integral transform that relates the bending an-
gle with the refractive index (Eq. [L2) is solved by modeling the planet’s atmosphere
as K concentric spherical layers of constant refractivity and applying Eq. ([L5), as
explained in Section f. The number of layers and their thickness is defined by the in-
tegration time step of the averaged carrier frequency detections. In the atmospheric
model, each sample is assumed to correspond to a ray passing tangentially through
the middle of the n-th layer, as described in Fjeldbo et al. [17] (Appendix B).

To provide a noise budget of PRIDE for radio occultation experiments we used
5 observation sessions in X-band (8.4 GHz) with Earth-based telescopes between

3ftp://ssols01.esac.esa.int/pub/data/ESOC/VEX/
4https://bitbucket.org/spacevibi/
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2012.04.27 and 2012.05.01, and one in 2014.03.23, when VEX was occulted by
Venus. Table [il shows a summary of the telescopes involved in the observations
and Table B shows a summary of the observations and participating telescopes per
day. The observations were conducted in three scanst¥: in the first scan the anten-
nas pointing to the spacecraft for 19 minutes up to ingress where there is loss of
signal, in the second the antennas pointing to the calibrator source for 4 minutes,
and in the third pointing back to the spacecraft starting right before egress for 29
minutes. The exception being the 2014.03.23 session where the ingress and egress
were detected in one single scan (no calibrator source was observed in between,
because there was no loss of signal throughout the occultation). Figure H shows
the signal-to-noise ratio (SNR) of the two spacecraft scans, ingress and egress, as
recorded by the 32-m Badary telescope on 2012.04.30. Usually, for orbit determina-
tion purposes, the part of the scan where the SNR of the detections starts dropping
due to the signal refraction in the planet’s atmosphere is discarded. However, this
is precisely the part of the scan that is of interest for radio occultation experiments.
For the case of VEX, during radio occultation sessions the spacecraft was required to
perform a slew maneuver to compensate for the severe ray bending due to Venus’
thick neutral atmosphere [23].

As explained in Bocanegra-Bahamon et al. [6], when processing the observations
a polynomial fit is used to model the moving phase of the spacecraft carrier tone
frequencies along the time-integrated spectra per scan. In order to provide an ap-
propriate polynomial fit to the low SNR part of the detection, after running swspec
the scan is split in two parts: right before the signal starts being refracted in the case
of the ingress, and right after it stops being refracted in the case of the egress (Figure
H). The initial phase polynomial fit and the subsequent steps with sctracker and
DPLL are conducted as if they were two separate scans.

Table 1: Summary of the radio telescopes involved in the observations.

Observatory Country Telescope

Code Diameter (m)

Sheshan (Shanghai) China Sh 25
Nanshan (Urumqi) China Ur 25
Tianma China T6 65
Badary Russia Bd 32
Katherine Australia Ke 12
Kashima Japan Ks 34

3.2. Derived atmospheric profiles

Figure 5d shows an example of the frequency residuals found for Ur and Sh during
ingress for the 2012.04.27 session in comparison with those of NNO, as provided
by ESA’s Planetary Science Archive (PSA) 8. From ~19605s, the signal starts being

15A scan is the time slot in which the antenna is pointing to a specific target (i.e, a spacecraft or a natural
radio source)

16ftp ://psa.esac.esa.int/pub/mirror/VENUS-EXPRESS/VRA/
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Figure 3: Radio occultation processing pipeline. The first part of the software, which comprises the
SWSpec, SCtracker, PLL and SFXC correlation software, (in yellow blocks in Figure B) is used for
every standard PRIDE experiment. This part of the processing pipeline gives open-loop Doppler and VLBI
observables as output. The second part of the software was developed for the sole purpose of processing
radio occultation experiments. It consists of three main modules: the frequency residuals derivation
module, the geometrical optics module and the Abelian integral inversion module. The output of this
second part are vertical density, temperature and pressure profiles of the target’s atmosphere.

Table 2: Summary of observations.

Station time Telescopes Solar elongation Distance to S/C
(UTC) Code (deg) (AU)
2012-04-27 05:10 - 06:05 Ur,Sh 41 0.47
2012-04-29 05:10 - 06:05 Bd,Ke 40 0.46
2012-04-30 05:10 - 06:05 Bd 40 0.45
2012-05-01 05:10 - 06:05 Bd,Ks 39 0.44

2014-03-23 02:50 - 03:16 T6 46 0.68
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Figure 4: Example of the SNR of a signal detection during a radio occultation. This is the VEX signal detec-
tion obtained with Bd in the session of 2012.04.29. At around 19400s the SNR starts rapidly decreasing
marking the beginning of the occultation ingress, which lasts for ~3 minutes before there is
[LOS). At around 20950's there is Acquisition-Of-Signal (AOS) marking the beginning of the occultation
egress which lasts for ~1.5 minutes. The peak of the detected SNR after egress corresponds to the closest
approach of VEX to the center of mass of Venus. A higher SNR is typically observed during VEX’s radio
science observation phase (scheduled around the pericenter passage) because the telemetry is off during
this phase. During the tone tracking part of the processing, in order to provide an appropriate polynomial
fit to the low SNR part of the detection, the ingress and egress scan are split in two. For this particular
example, for the ingress scan at 19400 s and for the egress scan at 21080 s.

refracted by the ionosphere, as shown in Figure BB, and from ~19615s, where the
frequency residuals start rapidly decreasing, marks the immersion into the neutral
atmosphere. The largest frequency residuals (derived as explained in Section P.2)
observed in the depth of Venus’ neutral atmosphere at X-band usually reach levels
of ~5kHz before loss of signal, as shown in Figure 5d. Figure b€ shows the electron
density profile derived from the frequency residuals shown in Figures 5H and Ed. In
Figure b€ the ionospheric base can be identified at 100 km, along with two layers.
The main layer has density ~ 2x101° m~3 and altitude ~140km and the secondary
layer has density ~ 1x101°m~3 and altitude ~125km. This nightside (SZA = 142
deg) profile is consistent with other observations of the deep nightside ionosphere
(e.g., Kliore et al. [34], Patzold et al. [47]).

Figure B shows an example of the resulting ingress profiles of Venus’ neutral
atmosphere from the Doppler frequency residuals corresponding to the session of
2012.04.29. Figure f shows the refractivity, neutral number density, temperature and
pressure profiles derived with Egs. (1L8), (19), (22) and (R1)), respectively. Despite
the fact that both NNO and Bd have similar antenna dish sizes, with Bd the spacecraft
signal is detected down to a lower altitude. During this observation the elevation of Bd
was between 50-58 deg while for NNO it was 20-25 deg. Several noise contributions
at the antenna rapidly increase, such as the atmospheric and spillover noise, at low
elevation angles, which result in lower SNR detections. Besides this, the profiles
corresponding to Bd and Ke were derived from the open loop Doppler data obtained
with the PRIDE setup, while the profiles of NNO were derived using the frequency
residuals obtained from ESA’'s PSA, corresponding to closed loop Doppler tracking
data. The advantage of using open loop Doppler data for radio occultation resides in
the ability of locking the signal digitally during the post-processing. This allows the
estimation of the frequency of the carrier tone at the deeper layers of the atmosphere.
This is not the case with closed-loop data, since once the system goes out of lock
the signal is lost. Figure [/ shows the frequency detections obtained by the 65-m
Tianma during the session of 2014.03.23, where the carrier signal of the spacecraft
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Figure 5: Frequency residuals retrieved from open-loop data from Ur and Sh compared to the residuals
from closed-loop data from NNO, during occultation ingress in the session of 2012.04.27. Panel (a) shows
the frequency residuals of the detected signal up to LOS. Panel (b) zooms in the frequency residuals
showing when the signal starts getting refracted by Venus’ ionosphere at around 19605s. Panel (c) and
(d) show the corresponding altitude probed versus the frequency residuals of the data shown in panel (a)
and (b), respectively. Panel (e) shows the corresponding electron density profile, where the secondary V1
layer and main V2 layer of Venus' ionosphere are identified.
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is detected throughout a complete occultation, including the time slot where the
planetary disk is completely occulting the spacecraft. This is possible because of
the extremely strong refraction the signal undergoes while crossing Venus' neutral
atmosphere. The fact that there is no loss-of-signal (LOS) in this particular session
highlights the advantage of using both large antenna dishes and open loop data
processing for radio occultation experiments. On one hand, the large antenna dishes
have low thermal noise allowing higher SNR detections throughout the occultation,
and on the other hand, the open-loop processing allows the detection of the carrier
signal through thick media. It is worth to mention, however, that for the session
2014.03.23 the closed-loop Doppler data of NNO is not currently publicly available,
therefore Tianma'’s results could not be compared with those of NNO.
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Figure 6: Refractivity, neutral number density, temperature and pressure profiles of the 2012.04.29 session.
The profiles corresponding to the 32-m Bd and 12-m Ke were derived from the open loop Doppler data
obtained with the PRIDE setup, and the profiles of the 35-m NNO were derived using the frequency
residuals obtained from ESA's PSA, corresponding to closed loop Doppler tracking data. Despite the fact
that both NNO and Bd have similar antenna dish sizes, with Bd the spacecraft signal is detected down to
a lower altitude, due to the fact that the Doppler data obtained with Bd is open loop, while for NNO is
closed loop.

Table [ gives the location and depth of the radio occultation profile obtained
during the different sessions. Figure é)shows the neutral atmosphere temperature
profiles obtained using Eq. (22) throughout the different sessions in 2012, displaying
the ingress and egress profiles separately. Besides the assumption of a spherically
symmetric atmosphere, the radio occultation method as discussed in this paper, also
assumes hydrostatic equilibrium and a known composition. The composition is as-
sumed to be constant in a spherically homogeneous well-mixed atmosphere below
the altitude of the homopause (<~125km). For the analysis in this paper, atmo-
spheric composition of the neutral atmosphere is assumed to be 96.5% CO,, 3.5%
N, [35, 52]. In order to derive the temperature profiles, an initial guess for the
boundary temperature (T(h,) in Eq. 22) of 170K at 100 km altitude was used. In
the case of Venus, the boundary temperature is typically chosen to be between 170-
220K at 100km altitude, with an uncertainty of 35K. These values are taken from
the temperature profiles of the Venus International Reference Atmosphere (VIRA)
model [31], 52] and the empirical model of Venus’ thermosphere (VTS3) [24].

As shown in Figure B, the troposphere is probed down to altitudes of ~41km.
From this altitude to about ~58 km the temperature decreases as altitude increases.
Performing a linear fit from 43 to 58 km, the mean lapse rate found for the egress
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Figure 7: Detection of the carrier signal of the spacecraft throughout a complete occultation, using the
open-loop Doppler data retrieved by the 65-m T6 during the session of 2014.03.23. The left panel shows
the SNR throughout the detection, showing that there is no LOS during the whole occultation. The right
panel shows the frequency residuals, which show from 10650 to 11100 s the ingress followed by the egress
from 11100 to 11450s. This means that T6 was able to detect the signal while the planetary disk was
completely occulting VEX.

Table 3: Summary of location and depth of the radio occultation profiles obtained during the different

sessions.
Date Station Mode  Minimum altitude Latitude LST
(km) (deg)  (hh:mm:ss)

2012-04-27 Ur Ingress 46.2 -20.2 01:48:19
Egress 43.7 83.4 23:19:29

Sh Ingress 45.8 -20.0 01:48:08

Egress 44.7 83.5 23:08:12

2012-04-29 Bd Ingress 42.7 -19.7 01:59:55
Egress 44.0 83.6 23:17:13

Ke Ingress 47.8 -23.6 01:57:49

Egress 44.3 83.6 23:12:25

2012-04-30 Bd Ingress 41.0 -19.3 02:05:49
Egress 42.0 83.7 23:12:39

2012-05-01 Bd Ingress 41.9 -22.0 02:10:27
Egress 43.1 83.7 23:35:13

Ks Ingress 45.1 -26.8 02:07:31

Egress 47.2 83.8 23:13:37

2014-03-23 T6 Ingress 54.9 33.3 00:02:07
Egress 54.9 33.3 00:02:07
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profiles is 9.5K/km. For the ingress profiles, a fit was performed from 41 to 50 km
that resulted in a mean lapse rate of 6.4 K/km and another fit was made from 50 to
58 km that resulted in a mean lapse rate of 9.3 K/km. From the VIRA model, the mean
lapse rate between 41-58 km from the surface is 9.8 K/km [52]. At about ~58 km the
linear trend experiences a sharp change, which is identified as the tropopause, where
the upper boundary of the middle clouds is present [52, 54]. From the altitudes 60
to 80 km, where the middle atmosphere extends, there is a clear difference between
the ingress and egress profiles. This is due to the difference in latitudes of the occul-
tation profiles, which are ~20°S and ~83°N for the ingress and egress, respectively,
for the sessions from 2012.04.27 to 2012.05.01. For the egress profiles, the region
between ~65 to ~70km is approximately isothermal, and from 70km to 80 km the
temperature decreases at a much lower lapse rate than at the troposphere. For the
ingress profile, this isothermal behavior only extends for a couple of kilometers from
~62km. The difference in lapse rate between the ingress and egress profiles along
the altitude range from 60 to 80 km can be attributed to dynamical variations on local
scales, eddy motions or gravity waves [27]. It is desired to start the integration of
the temperature profiles (Eq. R2) as high as possible. However, at high altitudes
(above ~100km) there is not enough neutral gas detected and the noise introduced
by the measurements is large with respect to the estimated refractivity values. For
this reason, the upper boundary is chosen to be at an altitude of ~100 km, where the
standard deviation of the refractivity is ~ 1/10th of the estimated values. As shown
by Eq. 22, the sensitivity of the derived temperature profiles to the upper boundary
condition T (h,) rapidly decreases with altitude due to the factor N(h,)/N(h). There-
fore, it was found that when using different upper boundary temperatures (170K,
200K and 220K) at 100 km for the detections of a single station, the temperature
profiles of that particular station converge at ~90km. When using the same upper
boundary for all stations participating in one observation (e.g., the temperature pro-
file shown in Figure fic for the 2012.04.29 session), the temperature profiles of the
different stations converge at ~80km. This is due to the effect of the noise fluc-
tuations of the refractivity profile, where the standard deviation in refractivity drops
from 10% of the estimated value at 100 km to ~ 0.1% at ~80 km.

3.3. Error propagation analysis

In order to quantify the performance of the PRIDE technique for the purpose of radio
occultation experiments we carry out an error propagation analysis. To this end, we
begin by propagating the frequency residual uncertainties derived from the open-
loop Doppler data of the VLBI stations, through the multiple steps of data processing
pipeline (Figure [§) to derive the uncertainties in the atmospheric properties of Venus
measured during the radio occultation observations.

The frequency residual uncertainty o, in time is the uncertainty of the difference
between the observed frequency (also known as the sky frequency) fy,, and the
predicted frequency f,..q, the latter derived as explained in Bocanegra-Bahamén
et al. [6]. The o, is evaluated before the signal starts getting refracted by the
planet’s atmosphere (referred to in this paper as the frequency residuals in "vacuum”
for the sake of simplicity), i.e, in the first part of the two-part split ingress scan, or the
second part of the split egress scan. In practice, the standard deviation is calculated
after performing a baseline correction to the frequency residuals in vacuum. While
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Figure 8: Compilation of the temperature profiles obtained with all participating stations during the session
of 2012.04.27 to 2012.05.01. The left panel shows the ingress temperature profile corresponding to
latitudes around 20 deg S. The right panel shows the egress temperature profiles corresponding to latitudes
around 84 deg N.

the uncertainty of the sky frequency is random, the uncertainty of the predicted
frequency is systematic, reflecting the errors of the estimated state vectors of the
spacecraft and ground stations, and the errors in the ephemerides of Venus and the
Earth, used to generate the Doppler predictions, and the errors in the estimation of
the nominal spacecraft transmission frequency at transmission time. In the absence
of these systematic errors, the frequency residuals in vacuum would be the remaining
Doppler noise of the signal (due to the random uncertainties) with zero mean value, as
shown in Figure B up to 19600s. The presence of systematic errors in the frequency
residuals in vacuum results in a non-zero mean constant trend. This effect is corrected
by applying a baseline correction based in the algorithm described by Gan et al. [19].
For this reason, the o,, after baseline correction, is assumed to be solely due to
stky )

The uncertainty of the f;,, derived with the procedure shown in Bocanegra-
Bahamon et al. [6] depends on the integration time used, the noise introduced by the
instrumentation on the ground stations and onboard the spacecraft, and the noise in-
troduced by the propagation of the signal, oo, through the interplanetary medium,
and, the Earth’s ionosphere and troposphere. In the case of one-way Doppler the
instrumental noise is given by the thermal noise, o, introduced by the receiver at
the ground stations and the limited power received at downlink, the noise introduced
by the spacecraft USO, o5, the noise introduced by frequency standard used at the
ground stations, ors, and the antenna mechanical noise, ;... The modeled o, is
calculated by,
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O—if = (O—?h + GIZJSO + 0—1%‘5 + Urznech + Uzzwop)fz (23)
where f is the carrier tone frequency which is ~8.4 GHz at X-band. The Allan deviation

related to the thermal noise of the ground station receivers is given by Barnes et al.
[4], Rutman & Walls [51] as,

o (T) ® |3BSy/2nfyt (24)

where S, is the one-sided phase noise spectral density of the received signal in a
1 Hz bandwidth, B is the carrier loop bandwidth which is 20 Hz for this experiment,
fo is the nominal frequency of the Doppler link and 7 is the integration time, which in
this case has the value of 1s. The relative noise power of the carrier tone is given by
S, Which is approximated by 1/(SNR) where SNR is the signal-to-noise ratio of the
signal evaluated in a 1Hz bandwidth. The thermal noise values estimated with Eqg.
(R4) of the X-band Doppler detections for the different radio telescopes used during
the study at hand are summarized in Table . The uncertainties found correspond
to values ranging from 1.6 mHz for the lowest thermal noise, found at the 65-m
T6, to 10.4mHz for the highest thermal noise, found at the 34-m Ks (higher than
the one found for the 12-m Ke). As reported by Hausler et al. [22], the USO that
provided the reference frequency for the VEX transponder has an Allan deviation of
~ 3 x 10713 at integration times 1-100s, which corresponds to a;50f < 2.5mHz
at 1s integration time. Based on these values the modeled o,/ for each station is
calculated using Eq. (23) and displayed in Table M, along with the measured Oaf
of the signal detections at 1s integration time (derived by taking the mean standard
deviation of the frequency residuals in vacuum). All VLBI stations are equipped with a
hydrogen maser frequency standard that provide a stability of < 1 x 10713 att =15,
corresponding to a orgf < 0.9mHz. From the instrumental noises, the antenna
mechanical noise has not been taken into account due to the lack of information for
these structures in the time intervals relevant for the study at hand.

Regarding the noise due to propagation effects, the noise induced by the Earth’s
ionosphere is calibrated using the total vertical electron content (VTEC) maps [25]
and the noise introduced by the Earth’s troposphere is calibrated using the Vienna
Mapping Functions VMF1 [7]. These two corrections are applied to the Doppler pre-
dictions before deriving the frequency residuals Af. The noise introduced by the
remaining errors after calibration with the vTEC and VMF1 maps are not quantified in
the work at hand. Furthermore, the interplanetary plasma noise was not character-
ized in this study due to the fact that only X-band detections were obtained. However,
an estimate of the Allan deviation of the interplanetary phase scintillation noise can
be derived using the approach described in Molera-Calvés et al. [46]. Based on the
analysis of multiple tracking campaigns of the VEX signal, in S- and X-band, at differ-
ent solar elongations, a relation (Eg. 6 in Molera-Calvés et al. [46]) was formulated
to estimate the expected phase variation of the received signal as a function of TEC,

TEC [84GHz\ [ Tyoq\ 2"
Oexpected = 2000 < Fos > : (3005) [rad], (25)

where TEC is Venus-to-Earth total electron content along the line-of-sight, 7.4 is
the nodding cycle of the observations, f is the observing frequency and m is the
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spectral index. Since the phase power spectrum Sy is of the form S, = Af™™,
where m is the spectral index and A is a constant, the scintillation contribution in
the spectral power density can be characterized using a first order approximation on
the logarithmic scale, as explained in Molera-Calvés et al. [46] (Eg. 5). Using this
approximation the expected phase variation can be expressed as follows,

(26)

_ m+1
Afcm'fc 2
m+1

Oexpected = [
where £, is the cut-off frequency of the spectral power density of the phase fluctu-

ations (usually ~0.2 mHz). Following Armstrong et al. [3], for 2 < m < 4 the Allan
variance of a phase spectrum of the form Sy, = Af~™ is [3],

(27)

At™ ® sin* (nz
o3(1) = f ( )dz
0

7T2f02’[3 Zm

Based on the results presented in Molera-Calvés et al. [46], it is assumed a Venus-to-
Earth TEC along the line-of-sight of 102 tecu at 40 deg elongation (Fig. 6 of Molera-
Calvés et al. [46]) and a spectral index of 2.4, which is the average spectral index
of more than hundred observing sessions. Using these values and Egs. R35 to R7
the estimated Allan deviation is of 2.2 x 10713 at t = 15, which corresponds to
Opropf = 1.8 MHz.

Figure B shows the percentages of the Allan variances of each modeled noise
source with respect to the total measured frequency residuals variance for each sta-
tion. The dark blue portion of the bar represents the difference between the mea-
sured and the modeled variances. In the case of T6 the predominant noise comes
from the USO. For Bd, both the thermal noise and the USO noise represent each
~30% of the total frequency residuals measured. This indicates that for one-way ra-
dio occultation experiments the noise introduced by the USO is larger than the noise
introduced by the thermal noise of the ground stations, when using antennas with a
diameter larger than ~30 m. This limiting noise source could be avoided by perform-
ing two-way tracking during occultations, however this would limit the occultation
detections only to ingress passes since the transmitting signal would be out of lock
during egress. The thermal noise of Sh is estimated to be higher than the thermal
noise of Ur, which coincides with the larger frequency residuals obtained with Sh, de-
spite the fact that both stations have the same antenna diameter. The thermal noise
of Ke corresponds to ~70% of the noise budget. This is reasonable when compared
to the thermal noise of the other stations, given the fact the Ke has a 12-m diam-
eter. On the other hand, the modeled thermal noise for Ks corresponds to almost
80% of its noise budget, which is extremely high for a 34-m antenna. This was cor-
roborated with the system temperature readings for the session of 2012.05.01 (also
the only session where Ks participated), which were much higher than its reported
nominal system temperature [11]. For this reason the data retrieved with Ks should
be discarded. The modeled noise attributed to interplanetary plasma phase scintil-
lation, estimated for elongation angles of ~40degrees, can be corrected for when
multi-frequency observations are available [5, 57]. For T6 this would correspond to
a calibration of ~20% of the Doppler noise. The noise introduced by the ground
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stations frequency standard in the overall noise budget is marginal compared to the
other sources of noise.

As shown in Table [ the modeled noise for the different telescopes is consistently
lower than the measured noise. This can be attributed to unmodeled noise (e.g.,
antenna mechanical noise) and errors in the estimates of the propagation noise and
the noise introduced by the USO. The estimate of the propagation noise given in
Table H includes only the plasma scintillation noise, but not the remaining errors
after calibration of the Earth’s ionospheric and tropospheric propagation effects. As
for the USO, the Allan deviation given in Table M represents the nominal frequency
stability of the USO, hence, not the actual measurements during the observations.

Regarding the choice of integration time to process the radio occultation scans,
there is a trade-off to be made between vertical resolution and frequency residual
noise. The choice of a small integration time results in a better vertical resolution, but
also results in larger frequency residuals noise. Furthermore, the vertical resolution of
the profiles derived using geometrical optics are diffraction limited to the Fresnel zone
diameter [26], which is ~2VAD, where 1 is the signal wavelength, D = R cos(8, —
y — B.), and R, B., y and B, are defined as shown in Figure P. To be consistent
with this inherited vertical resolution limit of the model the sample spacing should
be kept as close to VAD as possible, which for this experiment should be larger than
~470m. When processing the signal detections, it was noticed that the minimum
integration time for which this condition would be satisfied was 0.1 s down to ~50km
from the surface, since from this altitude on the bending angle of the ray path largely
increases. Hence, the integration time was chosen to be 0.1 s down to an altitude of
50 km and then from this point down to lowest altitudes probed an integration time
of 1.0s was used.

Table 4: Noise budget of X-band Doppler detections of the VLBI stations during the radio occultation
sessions.

Station Thermal uso Frequency Plasma phase Modeled Measured
noise standard scintillation oaf oAf

Ith otnf IUso aysof OFS apsf dprop apropf
(mHz) (mHz) (mHz) (mHz) (mHz) (mHz)

T6 19x10713 1.6 3.0x10713 2.5 1.0x10713 0.9 22x10713 1.8 3.6 3.7

Bd 29x10713 24 3.0x10713 2.5 1.0x10713 0.9 22x10713 1.8 4.0 4.4

ur 3.6x10713 3.0 3.0x10713 2.5 1.0x 10713 0.9 22x10713 1.8 4.4 5.0

Sh 59x 10713 49 3.0x10713 2.5 1.0x 10713 0.9 22x10713 1.8 5.9 6.9

Ke 86x10713 7.2 3.0x10713 2.5 1.0x10713 0.9 22x10713 1.8 7.9 8.8

Ks 12x10712 10.4 3.0x10713 2.5 1.0x10713 0.9 22x10713 1.8 10.9 11.8

Once the frequency residual uncertainties have been calculated we proceed to
propagate them through the processing pipeline. We assume that the sampled f,,
are independent and uncorrelated, hence the frequency covariance matrix C, =
(AfAfT) is diagonal. In order to derive the uncertainties of the ray path parameters,
the equations that describe the occultation geometry (Egs. [Ld and [L1]) are linearized
with respect to the ray path angles &, and B, as described by Fjeldbo et al. [17], and
using the standard propagation of errors [10], the covariance matrix between the
bending angle a and the impact parameter a, C,,, can be derived as follows,
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Figure 9: Percentage of the modeled noise sources in the total measured frequency residuals. In the
case of T6 the predominant noise comes from the USO. For Bd, both the thermal noise and the USO noise
represent each 30% of the total frequency residuals measured. Although Ur and Sh have the same antenna
size the thermal noise of Sh is higher than that of Ur. The modeled thermal noise of Ke corresponds to
almost 70% of the budget, which in comparison to other stations is reasonable since its antenna diameter
is only 12 m and the station has an uncooled receiver. On the other hand, in the case of the 34-m Ks, the
thermal noise corresponds to 80% of the budget which given its size indicates an under-performance of
the station during the observations it was involved in. In the overall budget, the noise introduced by the
frequency standard is considered to be marginal with respect to the other sources of noise.

Caa = MarCML, (28)
where,
da;  day 9ay
fi] a
Maf = 6):‘1 5{2 Ofn
dan  dan dan
1 Of2 fn pf
and,
9a;  0qy 9q
df1 0f2 fn
Mop=| 7 D
dan  dan ... Oan
afl afz afn f=f

where n is the number of sampled sky frequencies.

The uncertainties associated with the refractive index u are determined as ex-
plained in [43], using the covariance matrix C,,. First, Eq. (EII) is solved using the
trapezoidal approximation and the embedded exponential function is linearized about
zero. Then the result is linearized with respect to « and a yielding,
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Bty = ) (M icht + Mg h) (29)
k=i
for the i-th concentric spherical layer, where M\ = hy_1—hi and M, = (0hy/0ay) (a1~
ay) + (0hy_1/0a;)(a, — ax_,) are the linear transformations (to the first order) re-
lating ¢ and «, and, p and a, respectively, where h = In ((ay,1 + ax)/24a;).
The covariance matrix of u, C,, is given by,

Cp = (D)

K
= Z[VaiMua,jiMua,ki + VaM a0 jiM ya ki
i=1
+ Caa,i(Mua,kiM,ua,ji + M,ua,jiMua,ki)] (30)

where V, and V, are the variances of a and a, respectively.

From Eq. (@) two types of uncertainty can be identified for the temperature
profile. The first term from the right side of Eq. (22) results in a systematic error due
to the uncertainty of the boundary temperature. The uncertainty resulting from the
second term is due to the statistical fluctuation of the refractivity. Using the linearized
transformations of Eq. (22) and Eq. (R1)), the covariance matrices for temperature
Cr and pressure Cp are derived using Eq. (B0) as described by Lipa & Tyler [43]
(Appendix C),

Cr = (AT,AT})
=Zzb b, ( >< wrs  Cuks  Curj n Cu.kj> (31)
L4 NeN; J\N,N; ~ NeN; ~ N.N; NN,
B B
Cp = (ABAP)) = kNg D" " brbCppe (32)

r=k s=j

where b = g(h;41 — hy)/k, g is the gravitational acceleration of the central body,
which is assumed to be constant, k is Boltzmann’s constant and B corresponds to
the layer centered at h, given by the upper boundary condition in Eq. (22).

Figure ld shows the resulting uncertainties in the refractivity, neutral number
density, temperature and pressure profiles, from the error propagation of the Doppler
frequency residuals for the stations Bd and Ke during the session of 2012.04.29.
These uncertainties correspond to the profiles shown in Figure . The minimum
values for o, 0,, and op are found at an altitude of ~78km, which corresponds
to the altitude where the temperature profiles of the different stations converge in
Figure [LJ (where the temperature difference between stations drops below 1K). The
refractivity and neutral number density uncertainties increase approximately linearly
from 78 km to 67 km. From this altitude to about 63 km sharp changes are observed
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at the same altitudes for both stations, which correspond to the altitudes where there
are also large changes in the lapse rate as shown in the temperature profile of Figure
B. At ~58km, where the tropopause is expected, the refractivity and neutral number
density uncertainties start increase at a larger rate as the altitudes decreases to 50
km in the case of Bd, and 55 km in the case of Ke. The rate at which the uncertainties
increase is higher for Ke than for Bd. The sudden drop at 50 km and 55km, for Bd
and Ke, respectively, are related to the change of integration time from 0.1s to 1.0s
during the processing. The temperature uncertainties are 15K and 23K, for Bd and
Ke, respectively, at 90 km and rapidly drop below 1K at an altitude of ~85km. The
observed temperature uncertainties above 85km explain the differences observed
around ~90 km in the profiles of Bd and Ke, as shown in Figure Bc. Above 85km the
main contribution to the resulting temperature uncertainty is given by the systematic
error induced by the choice of the boundary temperature at 100 km. As the refractivity
increases, this value gets highly damped below the 85 km.

It is important to take into account that Figure is comparing the residuals
obtained with a 32-m antenna with those of a 12-m antenna. Badary at an integration
time of 0.1s has a frequency residual uncertainty of o, = 18.4 mHz and Katherine
of o5y = 36.8mHz. The largest uncertainties in the neutral number density found
were g, = 3.1 x 102°m=3 at 51.2km for Bd and o,,, = 3.5 x 102 m~3 at 55.7km
for Ke. While the ratio of the frequency uncertainties between these two stations is
2, the ratio of the largest neutral number density uncertainties is 1.1. Tellmann et al.
[55] reported neutral density uncertainties o,,,, = 3.0 x 1029m~3 at 50 km with NNO.
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Figure 10: Uncertainties in the refractivity, neutral number density, temperature and pressure profiles, from
the error propagation of the Doppler frequency residuals for the stations Bd and Ke during the session of
2012.04.29. These uncertainties correspond to the profiles shown in Figure B. The sudden drop at 50 km
and 55 km, for Bd and Ke, respectively, are related to the change of integration time from 0.1s to 1.0s
during the processing.

4. Conclusions

With the VEX test case exposed in this work and the corresponding error analysis, we
have demonstrated that the PRIDE setup and processing pipeline is suited for radio
occultation experiments of planetary bodies. The noise budget indicated that the
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uncertainties in the derived neutral density and temperature profiles remain within
the range of uncertainties reported in previous Venus radio occultation experiments
(e.g., Tellmann et al. [55]). Summing up the results of all the observations with the
different telescopes, we found that at 1 bar level the frequency residuals vary between
4800-5000 Hz with uncertainties of 3.7-11.8 mHz, which result in uncertainties in the
neutral number densities of 2.7-3.9x10%2° m~3 and in temperature of ~0.01 K. When
characterizing the different sources of Doppler noise, it was found that for one-way
radio occultation experiments the noise introduced by the USO can dominate over
the thermal noise of large dish antennas (>35m). In the case of the observations
with the 65 m Tianma, this corresponds to 45 % of the noise budget. This could be
mitigated by performing two-way radio occultation experiment or by using a USO
with higher frequency stability such as the Deep Space Atomic Clock (DSAC) [56].

Radio occultation experiments carried out with PRIDE can exploit the advantage
of having access to large radio telescopes from the global VLBI networks, such as
the 65-m Tianma, 100-m Effelsberg or the 305-m Arecibo. Additionally, due to the
wide coverage of the networks, the setup can be optimized to ensure high SNR signal
detections. For instance, by choosing as receiving stations VLBI telescopes that can
track the spacecraft at the highest antenna elevations, when the deep space station
has limitations in terms of antenna elevation.

As demonstrated with the detection of Bd, open-loop Doppler data as the one
produced with PRIDE allows sounding deeper layers of planetary bodies with thick
atmospheres when compared to closed-loop Doppler data. The main advantage of
open loop data for radio occultation experiments is that during the post-processing
the frequency of the carrier signal can be estimated with precision wideband spec-
tral analysis. Even if there are large unexpected changes in the carrier frequency
due to, for instance, large refractivity gradients in the deep atmosphere or interfer-
ence effects such as multipath propagation. This is not the case with closed-loop
detections, since in this scheme the signal is received at much narrower bandwidth.
Using a feedback loop, the detection bandwidth is gradually shifted around a central
frequency, that is the predicted Doppler signal for the experiment. In case of large
unexpected changes in frequency, the signal will no longer be detected by the track-
ing station because of a loss-of-lock in the closed-loop scheme. With the wideband
spectral analysis of PRIDE, we showed that even with small antennas, such as the
12-m Ke, the signal can be detected below Venus' clouds layer.
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CHAPTER 6

Conclusions

Since the efforts carried out to track the descent of Huygens in Titan’s atmosphere
with VLBI radio telescopes [26], the technique we know today as PRIDE has been
tested, improved, validated and consolidated. By providing estimates of the space-
craft state vectors as a function of time, utilizing phase-referenced near-field VLBI
and radial Doppler measurements, PRIDE can be used for many radio science appli-
cations within the framework of planetary missions.

One of the main purposes of the work carried out for this dissertation was to
benchmark the performance of PRIDE against that of the deep space complexes for
radio science applications, and to identify if there were advantages of conducting ra-
dio science experiments with PRIDE. To this end, simultaneous tracking experiments
of ESA's MEX with PRIDE and three DSN and Estrack stations were conducted as
described in Chapter 4, addressing research question 1.

In terms of the precision of Doppler components of the PRIDE technique, with
the MEX Phobos fly-by experiment it was demonstrated that the residual frequencies
in “free-space” obtained from the open-loop Doppler observables are at the same
noise levels as those obtained with the closed-loop Doppler data from the deep space
stations (in Section 4.8 and shown in Chapter 4 Figure ). The median of the Doppler
residuals for all the detections with the VLBI stations was found to be ~ 2 mHz, which
translates into a linear measure for the three-way Doppler of ~35um/s at X-band.

The spectral analysis realized on the spacecraft carrier tone with PRIDE has proven
to provide very high spectral resolution (~2mHz at 10s integration time) as shown
in Chapter | (particularly in Section 4.8). Section B.4 shows step by step how this
spectral data processing methodology (refer to as narrowband processing in this
work) is carried out with PRIDE. It is important to stress that the quality of the
results of the narrowband part of the processing are essential in the overall PRIDE
processing pipeline, affecting the precision of both angular position and radial velocity
products.

Regarding the precision of the angular position observables, the precision of the
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spectral analysis: 1) affects the near-field model used for broadband correlation, and
2) sets the precision of the 2m-ambiguous phase delays extracted from carrier tone.
The latter are used as input for the astrometric equation to derive the corrections to
the apriori angular position of the spacecraft (Section 3.6.2), and the accumulated
Doppler corrections during the tone filtering in the narrowband processing are the
resulting Doppler observables (Section .4).

As discussed in Section @, there are several considerations that need to be taken
into account in order to perform broadband correlation of spacecraft signals with
SFXC, due to the distance of the spacecraft to the telescopes and the characteristics of
the spectrum of spacecraft signal. As explained in Section B.2.6, it is necessary to use
a near-field VLBI model in order to correctly correlate the received spacecraft signal
on the multiple telescopes. When left uncorrected, the Doppler shift in the spacecraft
signal will smear the cross-correlation spectrum because of the difference in the
Doppler phase of each of the topocentric detections (Section B.4.5). Therefore, from
the narrowband processing the derived Doppler phase corrections are used as input
for the near-field VLBI model. Because of the different signal transmission modes
the spacecraft has during its orbit around a planet, the received signal spectrum
changes in time. During the ‘radio science’” mode typically only the carrier signal is
present, while in the longer ‘tracking’ mode it is common to find ranging tones in the
spectrum around the carrier signal. The data where the ranging tones are present
are used for broadband correlation at high spectral resolution, in order to precisely
estimate the group delay. In its current state, SFXC has the implementation of the
spectrum filtration and compression in order to perform the broadband correlation,
as described in [g], integrated into its standard spectral averaging algorithms.

Regarding the precision of the phase delays, the optimal fit of phase delays with
respect to the group delays (Section B.5) is found by minimizing the squared error
over time periods when both phase and group delays are available. The fit yields the
number of phase cycles thus providing the solution of unambiguous phase data, also
for the time intervals for which there is no group delay data available. In its current
state, the PRIDE software was able to produce sub-nanoradian precision (~0.2 nrad,
~40uas) for lateral position measurements using observations [6]. This result
corresponds to a precision of ~40m in lateral position at a distance of 1.4 AU.

With respect to the Doppler observables obtained with PRIDE, there are various
characteristics in the spectral analysis, setup of the observations and noise model
analysis, that can be advantageous when conducting a radio science experiments
with PRIDE, compared to typical single-dish closed-loop operations of the deep space
tracking networks (research question 1).

From the perspective of the narrowband processing methodology, since PRIDE
observations observe two type of sources - the spacecraft signal and the background
natural radio source - the experiment requires for the signals to be initially recorded
in as wide bandwidth (8, 16, or 32 MHz bandwidth per sub-band) as possible, in
order to be able to detect the background calibrator source (Section 4.2.1)). For this
reason, it is possible to ensure the detection of the spacecraft signal in the presence
of abrupt changes in frequency, amplitude and SNR (which is often the case when
the spacecraft signal interacts with planetary atmospheres). During the narrowband
processing, the extraction and filtering down of the signal - performed to provide a
direct estimation of the frequency and amplitude of the carrier tone at a very high
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spectral resolution (Section 4.2.1)) -, only happens as a post-processing step on the
signal recordings (e.g., open-loop Doppler detection).

As discussed in Section 4., the deep space networks of NASA and ESA have open-
loop receivers, the Radio Science Receivers (RSR), where such wideband spectral
analysis methods are used to retrieve the Doppler data during radio science experi-
ments. The RSR and VLBI receivers (used in PRIDE) have, in terms of technology, the
same capabilities [[15]. However, the RSR are not the main receivers of these deep
space networks, but instead are the closed-loop receivers. These receivers make use
of a feedback loop in their circuitry, needed to be able to provide real time acquisi-
tion of the spacecraft data, essential for navigation and telemetry, but they cannot
cope with highly dynamic signals because they can easily make the system go out
of lock. For this reason, for tracking operations closed-loop receivers are used, and
for radio science operations the use of open-loop receivers is preferred, but cannot
always be guaranteed since it depends on which operational mode has higher prior-
ity. One such example, was the MEX Phobos fly-by experiment (GR035) treated in
Chapter H, where DSN’s DSS-63 (Robledo, Spain) recorded closed-loop Doppler data
for purposes of orbit determination since the main science objective was to track the
Phobos fly-by. However, this event happened just a few minutes before the MEX sig-
nal got occulted by Mars, which would have been preferably recorded by the RSR. On
this occasion, we concurrently observed the Phobos fly-by and subsequent Mars oc-
cultation with 12 VLBI radio telescopes. These stations provided open-loop Doppler
data from which Mars’ atmospheric profiles were derived [2]. Because Mars’ neutral
atmosphere is very tenuous, there are no large differences in terms of the lowest
depths probed when comparing the two types of Doppler data. This is however, not
the case with highly dense atmospheres such as those of Venus, the giant planets
and Titan.

Another advantage of PRIDE experiments is the coverage that the VLBI networks
can provide. As discussed in Chapter B, PRIDE observations can be conducted by ~40
radio telescopes distributed around the world to carry out radio science experiments.
This is of particular importance for experiments that require long tracking sessions,
since the variability of the antennas’ elevation angle has a non-negligible impact on
the SNR ratio of the observations. This was demonstrated, as discussed in Chapter i,
during the Gr035 experiment where MEX was tracked for 25 hours with a total of 31
VLBI stations, as shown in Figure fIl. During these observations, there were periods
of time where antennas with smaller collecting areas reached similar SNR levels as
larger antenna dishes because the elevation of the small antennas was more favorable
(see Chapter 4 Figure B). For instance, the thermal noise of the detections obtained
with the 25-m Urumugi (Ur) antenna and the 15-m Hartebeesthoek (Ht) antenna
were g, = 1.2 x 107** and o, = 1.0 x 10~'4, respectively, for t = 10s. Even
though Ht is much smaller than Ur, the better elevation conditions that Ht had during
the observation resulted in detections yielding similar thermal noise. At elevations
<20degrees, noise contributions due to larger tropospheric path delays and larger
spillover noise have a larger impact on the total system temperature compared to
those of the receiver temperature. Having access to stations like the 65-m Tianma,
64-m Sardinia, 100-m Effelsberg, 100-m Green Bank and the 305-m Arecibo, the
setup of radio science experiments with PRIDE can be optimized to minimize the
instrumental noise, using the best configuration in terms of antenna elevation and
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Figure 1: MEX Phobos-flyby experiment (GR035) PRIDE coverage. Credit: [B]. This figures shows the
large coverage obtained during this experiment, where 31 antennas across the world from New Zealand
to the US participated in the observations.

In its current state, as demonstrated, the PRIDE processing pipeline is able to
provide precise VLBI observables and a separate source of precise open-loop Doppler
observables. By having access to multiple telescopes around the world, PRIDE can
offer a non-negligible operational and coverage addition for radio science activities to
the six DSN and Estrack stations. In particular, when the requests to support multiple
deep space missions have conflicting schedules for the nominal agencies’ tracking
assets. For instance, one possibility is providing one-way tracking for a probe with
a sufficiently stable USO (Allan deviation of ~ 10713 at ¢ =1-1005s), without having
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to schedule DSN or Estrack stations, for tests or radio science experiments, as it has
been conducted in the past using PRIDE to track ESA's VEX.

In order to consolidate its position as a radio science instrument within the scien-
tific community, the PRIDE team has investigated multiple applications of the tech-
nique for planetary science applications. Molera-Calvés et al. [13, 14] studied the
interplanetary plasma scintillations and coronal mass ejection compiling several years
of observations of VEX and MEX radio signal, and Dirkx et al. [3] performed a covari-
ance analysis to determine the influence of PRIDE observables to the determination
of the ephemerides of the Jovian system and the associated physical parameters, in
the framework of the upcoming ESA's JUICE mission. In the work at hand, the capa-
bilities of PRIDE for radio occultation studies (Chapter ) have been demonstrated,
utilizing VEX tracking data as a test case.

For this purpose, a data processing methodology was developed for radio occul-
tation signal processing, using the Abelian integral inversion, as described in Section
5.2.1], addressing research question 2. In this case, the phase modulation that the
signal experiences as it propagates through Venus’ atmosphere was analyzed. In
order to evaluate the performance of PRIDE for this type of experiment (research
question 3), it was necessary to perform an error propagation analysis, to verify the
quality of the PRIDE data and validate the processing pipeline. For this purpose,
the noise in the frequency estimates was propagated to determine the uncertainties
of the atmospheric profiles derived from the PRIDE data (Section 5.@). The noise
of the frequency residuals was expected to be higher than those obtained with the
GR035 experiment (Chapter H), since the received signal during occultation has a
much lower SNR ratio than when the signal is not being refracted by the planet’s
atmosphere. For instance, while for GR035 the average Doppler noise of detections
with Sheshan was 1.1 mHz at 10 s integration time (no propagation through Mars’ at-
mosphere) for the occultation experiments at 1 bar level in Venus (~50 km altitude)
the Doppler noise found was 6.9 mHz at 1.0 s, which scales to 2.2 mHz at 10 s integra-
tion time. However, it was demonstrated that the SWSpec/SCtracker/dPLL software
package described in Chapter B, is able to perform precise wideband spectral analy-
sis with such low SNR ratio signals, since the estimated uncertainties of the derived
neutral density and temperature profiles are at the same level of those reported in
previous Venus radio occultation experiments (e.g., Tellmann et al. [23]). For in-
stance, at 1 bar level (~50 km altitude) the uncertainties of the frequency residuals
found ranged from 3.7 to 11.8 mHz at 1 s integration time, for the telescopes involved
in the observations. This resulted in uncertainties in the neutral number densities of
2.7-3.9x10%° m~3 and in temperature of ~0.01K at 1 bar. These results correspond
to the uncertainties derived by the Menus Radio science experiment (VeRa) team from
radio occultation sessions using Doppler data from Estrack’s NNO [23].

In the overall noise budget of the VEX radio occultation experiments with PRIDE,
it was observed that the USO noise dominated over the thermal noise for antenna
dishes larger than >35m. For instance, for the 65 m Tianma station 45% of the noise
budget corresponded to the USO noise. Therefore, in order to reduce the overall
noise for one-way radio occultation observations, besides having antennas with larger
collecting areas, it is important to have a USO onboard with higher frequency stability
(~ 3x10713 at r =1-100s for the case of VEX's USO), such as the Deep Space Atomic
Clock (DSAC) [24], or to conduct the experiment in two-way mode at the cost of losing
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the egress data due to the signal lock-up time.

Furthermore, when comparing the results obtained during the same occultation
sessions with the closed-loop Doppler data obtained from Estrack’s NNO (research
question 4), it was shown that the open-loop detections of a VLBI station with similar
antenna diameter (32-m Badary) led to sounding deeper layers of Venus' troposphere.
It was shown, that even with small antennas, such as the 12-m Katherine, the signal
can be detected below Venus’ clouds layer, and that for one session the 65-m Tianma
was able to detect a complete occultation without loss-of-signal as the spacecraft was
occulted by the planet. These are all examples of the advantages of processing open-
loop Doppler data for radio science applications. In order to exploit the advantage of
having access to the largest radio telescopes on Earth and be able to sound down to
critical refraction altitudes, the setup of the experiment has to be optimized taking
into account the antenna elevations, the predicted SNR detections and the nominal
frequency stability of the USO (in the case of one-way mode detections).

Summarizing, the work shown in this thesis proves that the spectral analysis used
in PRIDE allows the derivation of Doppler observables with very high spectral reso-
lution, and provides precise Doppler phase corrections to be used as input for the
broadband processing of the spacecraft signal. This step allows the correct corre-
lation of the spacecraft signals, enabling the precise derivation of angular position
corrections to the a priori spacecraft orbit. By demonstrating the performance of
PRIDE and providing a noise budget to its Doppler detections, it is shown that the
PRIDE technique qualifies as a fully operational radio science instrument. In partic-
ular, with the VEX radio occultation test case, it was demonstrated that the PRIDE
methodology is suitable for experiments that require a careful detection of highly dy-
namic signals, such as radio occultation observations of planetary bodies with thick
atmospheres.

1. Recommendations and outlook

PRIDE has been selected by ESA as one of the eleven experiments of the ESA's
L-class JUpiter ICy moons Explorer mission (JUICE) mission, planned for launch in
2022. PRIDE will be involved in two key mission goals, the improvement of the
Jovian system ephemerides [3, 4], which requires the precise determination of the
lateral position of the spacecraft on the celestial sphere, and the investigation of
the Jovian atmosphere and the ionosphere of the Jovian moons via radio occultation
observations. Additionally, PRIDE is involved in the ESA EnVision M5 design study
[25] for an orbiter mission to Venus. The involvement of PRIDE would be primarily
related to radio occultation investigations. This section treats a few items that need
to be addressed for future radio science experiments with JUICE and eventually with
EnVision.

1.1. Calibrator sources in the ecliptic plane survey

As discussed in Duev et al. [5, 6], in order to minimize the uncertainties of the space-
craft orbital parameters derived from PRIDE observables, it is essential to conduct
the observations using phase calibrator sources whose absolute position errors does
not exceed 0.2 mas and their angular separation to the spacecraft does not exceed
2deg [1]. However, the existing list of phase calibrators [17] shows that the den-
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sity of these sources along the ecliptic plane is not sufficient for high accuracy VLBI
spacecraft tracking. Therefore, in order to achieve sub-nanoradian accuracy in the
lateral position of the spacecraft, it is necessary to establish a dense grid of calibrator
sources around Jupiter’s orbit that fulfill those characteristics.

To this end, an ecliptic plane VLBI survey should be conducted, using the can-
didate selection techniques that have been successfully implemented in large astro-
metric surveys [18—20]. From several previous tracking campaigns, including MEX
and VEX observations, the PRIDE team has demonstrated that a relative position ac-
curacy of 0.1 mas between a 50 mJy background source and the spacecraft can be
achieved. Therefore, ideally the candidate sources for the survey should be within
2 deg of Jupiter’s orbital plane (to correctly apply the phase-referencing technique),
have flux densities >50 mly at X-band and Ka-band (the closer the calibrator source
is to the target the lower the flux density limit for the calibrator), and have absolute
position errors <0.2 mas.

1.2. Improvements to the radio occultation software

In its current state, the radio occultation software described in Chapter § is capable
of processing frequency data, from raw open-loop Doppler data of radio telescopes
that use VLBI data acquisition systems, to produce refractivity, density, temperature
and density profiles. Additionally, the software should be extended to be able to re-
duce the amplitude information of the received signal. By analyzing the decrease in
amplitude of the carrier signal as it passes behind the limb of the planetary body, at-
mospheric absorptivity profiles can be derived. The amplitude of the recorded signal
is however not only affected by the absorbing constituents in the atmosphere, but
also by the spacecraft antenna mispointing and by refractive defocussing. Therefore,
the attenuation due to these effects has to be modeled and removed to retrieve the
excess attenuation, from which the abundance of the constituents responsible for the
absorptivity profiles can be derived.

All radio occultation experiments of Venus to this day, such as Fjeldbo et al.
[7], Jenkins et al. [9], Tellmann et al. [22], have assumed the planet’s atmosphere
can be modeled as a spherically symmetric medium, made of concentric shells, each
of them with a constant refractive index. This means that the atmospheric properties
are assumed to be the same at a certain altitude irrespective of the latitude or local
time. In the case of Venus, it has been proven that this assumption does not hold in
the cloud region and at the terminator [12]. This is also the case for the other Solar
System bodies with thick atmospheres: the giants planets and Titan. In order to
understand what the effect is of using incorrect assumptions when modeling these
bodies’ atmospheres, it is proposed to implement an axis-symmetric model of the
atmosphere [21], where the atmosphere is assumed to be barotropic and is mod-
eled with concentric cylinders centered upon the rotational axis of the planet. This
approach takes into account latitudinal changes, assuming the angular speeds due
to zonal winds and rotation are constant on each cylinder. In this way, the radio oc-
cultation software will provide the option to choose between the spherical symmetric
and axis-symmetric atmospheric model, when processing radio occultation signals.

Multi-path interference of the radio signal is a phenomenon often seen in the
propagation of radio signal through thick media. In the case of Venus, multi-path ef-
fects have been observed in latitudes above 75° at the altitude were the tropopause
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is found, as reported by Patzold et al. [16]. When multipath is detected multiple
solutions for a bending angle as a function of impact parameter are found for a sin-
gle measurement of the instantaneous frequency of the spacecraft signal. Although,
when reducing frequency data a wideband spectral analysis can be used to identify
the existence of multi-path, it is often difficult to discern the source of the inter-
ference. However, there are multiple techniques using the complex radio signal,
using both phase and amplitude measurements, that have been proven successful
for this purpose. It is proposed to investigate novel radio holographic techniques
-making use of the received complex radio signal-, that have been largely used in
radio occultation experiments related to the Earth’s lower atmosphere to address
the multipath interference while providing sub-Fresnel vertical resolution. In terms
of resolution and ability to handle multi-path effects, it has been reported that the
Fourier operator-based [11], canonical transform [8] and the Full Spectrum Inversion
(FSI)[[10] methods are the most efficient.

1.3. Preparations for PRIDE-JUICE radio occultation exper-
iments

In radio occultation theory, the inverse problem is known as the procedure where
from Doppler frequency residuals the ray path parameters (bending angle and im-
pact parameter) are derived to subsequently retrieve atmospheric refractivity profiles.
This is the algorithm that is currently implemented in PRIDE’s radio occultation soft-
ware. However, in order to evaluate the optimum experimental setup for future radio
occultation experiments of PRIDE-JUICE, the opposite problem has to be solved. In
order to determine the expected frequency shifts and attenuation of the received
signal during a specific occultation geometry the so-called forward ray tracing should
be implemented. In this scenario, the refractive index of the medium is assumed to
be given and the resulting refraction of the rays is calculated step-by-step, parame-
terizing each modeled layer with a set of ray path parameters.

To address this problem ray tracing simulations have to be implemented. The
implementation of the simulations can be broken down in two tasks, one handling
the planet’s atmospheric model and one the ray tracing calculations. Regarding the
atmospheric model, it is known that Jupiter’s atmosphere is composed primarily of
atomic and molecular hydrogen and helium, and in the homopause level, of several
minor gases such as hydrocarbons, NH; and PH;. The neutral lower and upper atmo-
spheres as well as the ionosphere have been observed with several techniques, and
as expected, there are no measurements with a full profile covering both the neutral
and plasma regions. In order to solve the forward problem, a grid with the available
information from previous missions has to be created with gas parameters against
height and latitude, which can subsequently be converted into refractive indices per
grid point. Regarding the ray tracing calculations - simulating the propagation of the
radio signal step-by-step through the atmospheric gases -, they are similar to the cal-
culations used for the inverse problem (Chapter ), which are already implemented
in PRIDE’s radio occultation software. In principle, the order of the calculations has
to be inverted as explained by Yakovlev [27]. Furthermore, once the simulations
for the forward problem are implemented, an error propagation analysis can be car-
ried out to determine the precision required of the signal’s frequency and amplitude
estimates, in order to reduce the uncertainties of the atmospheric model used as
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