aw‘ﬂ’ws = :/f:/ == e — — — ) =
% = e — = — s
V&w\p@ Z = /// /4 = — — \\:‘\: S
7 o\ o — o / = = - = S E\\\ C,
o — —_ 9 ~ / M~
N\vig g = = ‘ . &
» \~// - I/ B — \\
° = - S
o elie sk FEPDEE:
[ ] [ ] = u S SN X
/o o
N
D . SYLV‘A- 0 . > Lo, N
) CAMILL
Performance analysis of the Trilogy mission concept.
sad Nl | S e
in planetary ephemeridesand
= 5% 0 B .,‘.\h:;i. < S : a
N
AN
\
\
/ \
/ \
« g
) S8 e
L%LU
Q
/
18 i\
zg 3
| §< * ’2
TBILLION KM §1§| ‘ \ 1BILLIONKM :.:1
T E 1. w
'%0 M % ] $e]
= =
5 (|2 i
A\ ¢ETy f
3 E ! %‘% /
B
=
‘® \
\'D \ %
= \
T
a \
AN\
NS
NN
. y\ \\\
NN N\
N N\ v
NN .; X SISIHOVTAVEDWIl
:\\\\\\\\ t N O’Vo%% . o
\\ \\\:\\\\ % = N SN ’Voé,%/Z - 09TvaH
\\\ % N
\\S N \
) \\\\\\\\t\\\
NS
b%,%\? SONNY N | = Z
7 o 3 T =
Moy, ,7 - S — = =
e, o \§173883dm>|35:1 -~ /’ = .
T U D e I ft University of Colorado
Boulder







M.Sc. thesis report

Performance analysis of the Trilogy mission concepit.
Expected improvements in planetary ephemerides and
asteroid mass estimations

by

Lluc R. Busquets1 Soler

Student Number
5838231

Supervisor 1: Dominic Dirkx
Supervisor 2: Steve Nerem
Project Duration: ~ February - December 2024
Location: Delft, Netherlands / Boulder, Colorado
Faculty: Faculty of Aerospace Engineering, Delft /

Ann and H.J. Smead Aerospace Engineering Sciences, Boulder
Report date: Friday 27" December, 2024
Cover: Visualization of the orbits of all planets and 18000 minor bodies in the

Solar System (logarithmic scale). Authorship of original image: Eleanor
Lutz. Trilogy links added by Lluc Busquets.

Style: TU Delft Report Style, with modifications by Daan Zwaneveld and Lluc
Busquets

-i-;u D elft @]J University of Colorado Boulder


https://eleanorlutz.com/mapping-18000-asteroids
https://eleanorlutz.com/mapping-18000-asteroids




Abstract

Our current knowledge of Solar System dynamics is limited by a combination of unknowns, including the masses of
most asteroids and the mass loss rate and oblateness of the Sun. Highly precise Interplanetary Laser Ranging (ILR)
measurements have been suggested to enable the reconstruction of subtle dynamical effects, allowing the determination of
several of such unknowns. Following the mission proposal by the name of Trilogy, we simulate a triple ILR setup obtaining
frequent range measurements between space-based transceivers orbiting the Earth, Mars and Venus. Simultaneous
spacecraft orbit determination allows for the generation of highly accurate planet-to-planet ranges by adding constant
range biases as parameters to estimate at every orbit determination arc. We find that such resulting ranges can reach
millimetric precision and accuracy, assuming state-of-the-art ILR hardware, accurate spacecraft dynamical modeling and
favorable geometry between the ILR links and the spacecraft orbital planes. The usage of such measurements alone in a
planetary batch estimation after a five-year mission is found capable of estimating the radial positions of the three planets
with millimetric true errors, whereas only a few tens among the 350 main perturbing asteroids are found to get their true
and formal errors reduced by a significant amount (i.e., one order of magnitude). We make a series of recommendations
for future studies, including the testing of alternative mission architectures (e.g., placing one vertex around a Main Belt
asteroid instead of Venus to reach more sensitivity to the asteroid perturbations) or more complex orbit estimation methods
(e.g., coupled, constrained multi-arc) to get the most information out of the inter-spacecraft laser range measurements.
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Introduction

1.1. Background and motivation

Our understanding of the Solar System has dramatically improved since the beginning of the space age. Manned missions
to the Moon placed laser retrorreflectors to allow high-precision ranging from Earth, and extraterrestrial probes with
advanced instrumentation have studied all of the eight planets in-situ, allowing to measure, among others, their gravity
fields and direct distances to Earth. This, combined with the direct study of the Sun, both ground-based and space-based,
and the newest generations of ground-based telescopes that allow the discovery of objects beyond the orbit of Neptune that
had remained undetected for centuries, has allowed the modeling, reconstruction and prediction of Solar System dynamics
with remarkable exactness. The most updated version of such knowledge is materialized by planetary ephemerides models
(section 5.1), which are largely based on range measurements to other planets conducted thanks to interplanetary missions.

Despite this great progress, significant uncertainties still persist. The cycle of mass burn and gravity field variation of
the Sun remains poorly understood (section 5.5.2), most known asteroids lack reliable mass estimates (section 5.2) and the
potential presence of undiscovered, massive Trans-Neptunian Objects (TNOs) perturbing the orbits of the outer planets is
still an active research topic (section 5.3). Additionally, the validity of General Relativity (GR) is still being discussed,
and subtle variations from the classical formulation of the theory might result in observable dynamical discrepancies
within the Solar System (section 5.5.3). All these existing unknowns do not only represent problems to be solved for the
sake of knowledge itself, but can still be found to have non-negligible impact, for instance, in the predictions of hazardous
events for planetary defense (Farnocchia et al., ). The existing uncertainties will only be solved in the future as long
as more and more accurate observations are conducted in order to reconstruct the underlying dynamical phenomena to
greater nuance. With this in mind, proposals of space missions aimed to contributing to this endeavor are recurrent (e.g.,
Gan et al., ; Smith et al., ; Turyshev et al., ).

In particular, the study that set the basis for this thesis is the Trilogy mission proposal by Smith et al. ( ). Their
suggestion is to place three spacecraft around the Earth, Mars and Venus aimed at measuring the distance to each other, thus
obtaining precise range measurements between the three planets, which would potentially shed light into the variation of
the Sun’s gravitational parameter (section 5.5.1) were they precise enough. Such precision, although practically infeasible
with traditional radio-based ranging, is within the limits of ILR. Despite the lack of past missions employing ILR, the
technology is available and it has been tested to work in the past (section 3.3).

The Trilogy mission concept has been re-visited by other studies (section 2), who confirmed its scientific potential not
only regarding the measurement of the Solar System expansion but also the mass distribution of the Solar System and
relativistic parameters in the search of deviations from GR. Different studies were put together in the Interplanetary Laser
Trilateration Network (ILTN) workshop in early 2023, the minutes of which concluded that higher fidelity simulations
were needed to get further confirmation on the scientific potential of the mission. With the aim of making a contribution
in this regard, the present thesis topic was chosen. The exact definition of the research objectives is detailed below.

1.2. Description of the research objectives

1.2.1. Overview

The highly precise range measurements obtained by Trilogy are expected to be used to generate new highly accurate
ephemerides of Venus, the Earth and Mars, together with the estimation of collateral science objectives. Such potential
scientific output can be relative to several different sub-fields, each of which is detailed in a separate section in chapter 5.
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4 Chapter 1. Introduction

Each of these different possible research lines was studied during the early stages of this work with the aim of making
a well founded decision on which theme to focus on. Based on this analysis, it was decided to focus on the potential
scientific output related to the mass distribution of the Solar System, mainly by means of asteroid mass determinations
from the highly precise range measurements obtained by Trilogy. Although the whole story is thoroughly presented in
chapter 5, the individual assessments on each of the different potential research lines can be summarized as follows:

* Measurement of the variation of the Sun’s gravitational parameter: despite being the initial objective for
which Trilogy was conceptualized, it was concluded that this analysis would require to be complemented with the
assessment on how the uncertainty in the mass distribution of the Solar System is expected to affect the results. Today,
estimations of /i, significantly degrade when asteroid masses are also considered (section 5.5.1), and the assessment
on whether or not this would still happen with Trilogy will require to introduce asteroid mass uncertainties in the
simulations. Alternatively, proving that Trilogy would help reducing such asteroid mass uncertainties, as suggested
by Fienga ( ), would pave the way for the estimation of ji without as much of a strong limitation caused by
the mass distribution uncertainty.

» Estimation of asteroid masses: this has been the chosen scientific topic, together with the estimation of planetary
ephemerides. The main motivation for this decision has been the current state of the art of asteroid mass estimations,
many of which show inconsistencies between different methods and with mean uncertainties around 50% (section
5.2).

* Discovery and mass determination of TNOs: this is considered to be an extension of the asteroids objective. In
fact, the asteroid catalog employed in the simulations (section 5.2) does include TNOs, and these have been mixed
with the rest of asteroids when assessing their influence to the Trilogy measurements (section 6.2). The assessment
on the location of unknown, significantly massive TNOs (section 5.3.2) has finally not been assessed due to time
constraints, although it would have been a straightforward continuation of the implemented simulations.

» Estimation of the Solar System rotation rate: although the Trilogy mission has been found to possess potential
for the accurate determination of the Solar System rotation (section 5.4), recent advancements that already constrain
current knowledge to sub-milliarcsecond levels (Liu et al., ) lead to judging this science objective as less
valuable, as the remaining uncertainty has smaller impact in the remaining unknowns of Solar System dynamics.

* Deviations from GR: after having studied the state of the remaining possibilities of GR violations (section 5.5), GR
has been assumed to be true in this entire work. Mainly, because GR is consistent with all experimental evidence so
far (Fienga & Minazzoli, ; Will, ) and there is not any significant hint that points to a promising direction
where such violations could be detected. Moreover, the measurement of relativistic parameters in the search of
GR deviations has been suggested to be conducted with other mission architectures (Turyshev et al., ) more
suitable than Trilogy for fundamental physics research.

Initially, the proposed research questions were intended to give an answer to the expected number of asteroid and
TNO mass improvements starting from an operational scenario in which virtual measurements are not directly assumed to
be taken between the centers of mass of the different planets but between the spacecraft themselves, thus considering
the impact of orbital perturbations and imperfect orbit determination. During the development of this work, however, it
became more evident that these are two separate problems, each of which might deserve entire theses on their own: on
the one hand, the estimation of third-body masses from planet-to-planet ranges, and on the other hand, the generation of
such planet-to-planet ranges from spacecraft-to-spacecraft measurements. The only case where these are not necessarily
separate problems is if a coupled estimation approach (section 4.2.2) is followed, but this was discarded due to technical
limitations (section 7.1).

With this in mind, one might formulate the research questions with the aim of analyzing what the expected quality on
the generated planet-to-planet range measurements is from Trilogy range measurements as compared to current methods.
In the end, after different iterations on what the main simulation of this work needed to aim for (section 7.1), this sub-topic
was introduced in the final research questions, which were set to be less exclusively related to the scientific output of
asteroid masses alone. This was driven, in great part, by the finding of numerical instabilities under some configurations in
the simulation cases with planet-to-planet measurements only (section 6.3.2), which did not allow to conduct an analysis
as thorough as it should had it been the main research focus.

1.2.2. Formulation of the research questions
1. What is the expected sensitivity of Trilogy to the present uncertainty in asteroid masses?

2. How well can the existence of enclosed, highly accurate inter-satellite range measurements at interplanetary distances
improve the spacecraft orbit determination and the quality of the generated planet-to-planet ranges?
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3. Is this measurement quality enough to get current uncertainty levels in planetary ephemerides and asteroid masses
significantly reduced by using a straightforward batch estimation?

1.3. Report structure

The structure of this report is as follows: Part II contains the background information related to the Trilogy mission
(chapter 2), laser ranging technology (chapter 3), orbit propagation and estimation (chapter 4) and the different studied
fields with potential scientific output from the Trilogy mission (chapter 5); Part III describes the implemented simulations,
both with planets and asteroids only (chapter 6) and the complete pipeline including spacecraft (chapter 7); and Part IV
includes the summary of the complete thesis in a scientific paper format spanning 21 pages. The reader is advised to focus
mainly on Part IV, and refer to Parts II and III as a means of consulting more extensive explanations for any points that
remain too vague in the paper due to the extension constraints.

It must be pointed out that Part II is essentially the document delivered as literature review at the first stage of this
thesis, which was due in late March 2024. Although the whole document has been revised to make it consistent as a final
report, it is possible that the expert reader identifies certain statements, phrasings or figures in the scientific paper (Part IV)
to be more precise, elaborate or current than their counterparts in Part II. Should any contradictions have been overlooked
and remain in this final version of the report, Part [V takes precedence.

Finally, Part VI contains appendices that support the body of this report: Appendix A includes all the figures of the
integrator analyses that led to the final choices of integrator and propagator settings for both planetary and spacecraft
propagations; Appendix B details the procedure followed to obtain a representative covariance matrix for the planetary
initial states; Appendix C includes some findings related to analytical developments on the sensitivity of asteroid masses
to Trilogy measurements, which were developed in parallel to the main work but were not given as much focus; and
Appendix D includes the details on some issues found with the TU Delft Astrodynamics Toolbox (Tudat), wihch is the
software used in all the simulations of this thesis.
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Trilogy mission overview

2.1. Background and motivation

The mission concept of Trilogy was first introduced by Smith et al. ( ), who suggested that a triple ILR setup linking
the Earth, Venus and Mars—represented in Figure 2.1—would provide range measurements precise enough to accurately
monitor the expansion of the Solar System. Such expansion is caused by the variability of the gravitational parameter
of the Sun p, and an accurate understanding of this phenomenon would in turn provide significant insight on both the
solar mass burn rate M, /Mg and the hypothesis of the universal gravitational constant G not being actually constant.
Although measurements of both M, /Mg and G /G have been carried out in the past, it is still required to further reduce
the error margins in order to get a deeper understanding of the cyclic variations of internal solar dynamics and to find
stronger confirmation or rebuttal of alternative gravitational theories (see subsection 5.5.1).

June 27, 2031 September 28, 2032
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Figure 2.1: Trilogy laser links shown in two different dates of the early 30’s. Sun scale: 20; planets scale: 1250.

Besides the direct measurement of the inner Solar System’s expansion rate, the authors also acknowledged the relevance
of the proposal to many other scientific matters. These include other astrophysical concepts subject to active research,
such as the testing of the equivalence principle, the Lense-Thirring (LT) effect or the certainty of values of the relativistic
parameters (section 5.5); scientific research on the very planets hosting the Trilogy orbiters, including the more accurate
determination of their obliquity, tides and moment of inertia; and the improvement of their planetary ephememerides,
which are a direct result of having more exact range measurements to the planets themselves (section 5.1).
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Today, the only missions planned for launch in the next decade employing an enclosed laser link between three
spacecraft are conceived for the detection of gravitational waves (GWs), and most of them plan smaller triangles in
comparison (subsection 5.5.4). In fact, laser ranging at interplanetary distances has never been used on a regular basis in
past missions, although the feasibility of the technology has been demonstrated in several occasions (subsection 3.3.2).
Trilogy would be the first mission employing continuous interplanetary laser ranging between celestial bodies other than
the Earth.

Cascioli et al. ( ) suggested different variations of the Trilogy architecture, with orbiters around Mercury and
Jupiter (see section 2.2), with the aim of estimating different relativistic and planetary parameters. They concluded that
Trilogy could provide “substantial improvements in the determination of planetary orbital dynamics in the short time
scale”, outperforming other architectures that do not take advantage of the closed triangle concept. More follow-up work
was conducted by Bills and Skillman ( ) and Bills and Gorski ( ), which explored, respectively, the Trilogy setup
as a Solar-System-sized gyroscope (section 5.4) and as a trilateration antenna to locate unobserved masses in the Solar
System (section 5.3). Finally, preliminary calculations by Fienga ( ), estimating the accuracy improvement in the
computation of planetary ephemerides with Trilogy measurements, concluded it to be a ““very promising option for the
measurement of the distribution of mass in the Solar System and of fic /ue”. The non-Earth-based ranging link was
found to provide significant gain regardless of the mission duration and the accuracy of the range measurements.

Following these studies, the ILTN Workshop' was held in February 2023. This event gathered the authors of the
original studies with other experts in the fields of laser ranging and planetary estimation with the aim of putting past
findings in common and defining the needs for future efforts. The final minutes detailed different key aspects to work
on, including full perturbed simulations of the Solar System to better assess the expected accuracy of measurements and
science output.

No further work has been published since, yet it is worth mentioning that an independent study by Bassi et al. ( )
assessing future proposals for space-based research highlighted the Trilogy concept as “especially interesting”, pointing
out that “it will certainly benefit from the technological fallout from LISA”. This statement is however highly dependent
on which measurement strategy is used for Trilogy (section 2.2), since the interferometric links planned for LISA are
significantly different than the ranging links classically employed for ILR (subsection 3.1.1, subsection 3.3.2). Another
positive assessment on the Trilogy concept is given by Fienga and Minazzoli ( ), according to whom “the outcome of
these measurements would indeed impact the global accuracy of the ephemerides, improve significantly the Bepi-Colombo
results but also allow for better constraints on the distribution of mass in the solar system”.

2.2. Summary of proposed mission architectures

The core idea of Trilogy is to place ranging transceivers in three different planetary bodies to form a closed triangle
of measurements, yet this requirement alone still allows for many different branches in the tree of mission architecture
alternatives. One of the key decision variables is the locations of the three vertices, which can be placed in different
combinations of planets or other locations of the Solar System. If rocky planets are chosen, each station can be either in
orbit or on the surface. This is especially true for Earth, in which a solid ground station infrastructure already exists. The
different architectures proposed by the studies up to date are summarized in Table 2.1.

Table 2.1: Trilogy mission configurations suggested by the different published studies. The specification of orbiter or lander is only given for those
studies which explicitly state it.

Station 1 Station 2 Station 3
Smith et al. ( ) Moon orbiter  Venus orbiter Mars orbiter
Cascioli et al. ( ) Earth station ~ Mercury orbiter/lander ~Mars orbiter/lander
Earth station =~ Mercury orbit/lander Jupiter orbiter
Earth station ~ Venus orbiter/lander Mars orbiter/lander
Bills and Skillman ( ) Earth orbiter  Venus orbiter Mars orbiter
Bills and Gorski ( ) Earth orbiter ~ Venus orbiter Mars orbiter
Fienga ( ) Earth Venus Mars
The original proposal by Smith et al. ( ) suggested to locate the non-Earth-based transceivers in the inner planets

because they experiment the signature of planetary orbit expansion more rapidly, and would not present laser link

IThe presentation slides and recordings are available at https:/grailteam.mit.edu/Trilateration
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requirements as strict as longer distances would. As per the Earth vertex, an orbit around the Moon could potentially
improve the understanding of the Earth-Moon system dynamics, although this is subject to the trade-off of having a worse
orbit determination around the Moon—unlike on Earth, where GNSS can be used—and it is unclear if the expected return
would justify the additional cost.

In fact, just as Cascioli et al. ( ) suggested, it might well be a reasonable alternative to use Earth ground stations
rather than an orbiting spacecraft. Placing laser transceivers in Earth’s orbit to mitigate the atmospheric impact on the laser
links was already suggested by Hurd et al. ( ), although according to Dirkx ( , p- 82) it would likely have limited
value for tracking, since “the problem of atmospheric propagation [...] would now be placed on the orbit determination of
this relay satellite, propagating onto the error of the interplanetary target”. However, Dirkx ( ) also acknowledges that
a ground-based laser ranging measurement campaign will present more complicated scheduling due to the long time until
target acquisition (p. 73), together with the fact that the prominence of existing stations in mid latitudes might introduce a
seasonal signature in the accuracy of ILR measurements (p. 81), which would be mitigated by the use of a space-based
station. For the purpose of Trilogy, however, no exact figures to firmly support one of the alternatives have been calculated.

For the other two vertices, the ground-based alternative is also mentioned by Smith et al. ( ). It would nevertheless
imply the the need to correct for planetary rotation and tidal effects, together with a greater occultation time, and the
additional costs of a lander. In the ILTN workshop, Mazarico ( ) pointed the former out as weaknesses of this
alternative, given the greater uncertainty of these parameters in other bodies, although it was also acknowledged that, if
observations of enough quality are available, these unknowns could also be estimated to increase the scientific output
related to the host planets. This is aligned with the view on ILR lander options by Dirkx et al. ( ), according to whom
“depending on the target body [...] the uncertainty may be limited and accounted for by the addition of a number of
estimated parameters”.

If an orbiter is chosen instead, there are in turn several alternatives regarding its orbital configuration. Smith et al.
( ) support high-altitude orbits, so that they are “unperturbed by the planet’s atmosphere [...] and the higher harmonics
of the gravity field to provide the highest accuracy determination of the spacecraft orbit”. These would be able to “monitor
the time-variable, long-wavelength gravity field (less than spherical harmonic degree and order 4) and the orientation
of the planet”, hence also providing valuable planetary science output. If the planetary orbits were set low, apart from
the increased influence of drag and higher-order gravity terms, the increased number of occultations would reduce the
number of measurements possible, and the more frequent eclipses would make the thermal management more complicated
(Mazarico, ). On the other hand, having the orbiters in free heliocentric orbits would increase the impact of SRP
(Bills & Gorski, ), as well as third-body perturbations. These can be difficult to model if the influence of asteroids
with unknown mass is significant, although this might again be an opportunity to estimate them (section 5.2). In the end, a
balance between being subject to the influence of parameters to estimate but not so much as to have too many unknowns
for too little observations will need to be found with more rigorous numerical assessments.

Note that these are general considerations, but not all of them are applicable to all the candidate hosting bodies. For
instance, Mercury has such a thin atmosphere that concerns on drag and laser link effects might be irrelevant, whereas that

Table 2.2: Alternatives for the location of the non-Earth-based transceivers for Trilogy. Summarized from Bills and Gorski (
( ), Mazarico ( s

), and Smith et al. ( )

Heliocentric flyer

Planetary high orbit

Planetary low orbit

Lander

Atmosphere (if
applicable)

Impact of SRP

Effects of
unknown
planetary
parameters

Occultation and
eclipse time

Mission longevity

Planetary science
output

No drag effects

High effects

No effects of
high-order, unknown
gravity coefficients

Virtually null

High
Very low

Very low drag effects

Mid-low effects

Low effects of
high-order, unknown
gravity coefficients

Low

High
Mid-high

Higher drag effects

Low effects

Higher effects of
high-order, unknown
gravity coefficients

High

Mid-high
Very high

Atmospheric effects
on the laser link

No effects

Higher effects of the
uncertainty in the 3D
surface location, tidal
deformations and
rotation

High

Presumably lower

Very high

), Bills and Skillman
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of Venus is so thick that the lander option might well be completely unfeasible. The general pros and cons of the possible
transceiver location alternatives is summarized in Table 2.2. Cost considerations are not included because assessing
how the delta-V requirements for different planets cause significant differences is beyond the reach of this qualitative
assessment. Based on the information displayed, it looks clear how a planetary high orbit seems the most suitable option.

Regarding orbital inclination, Smith et al. ( ) declare that it “is less constrained, provided it does not restrict
observations of the other host planets”. True polar or sun-synchronous orbits are not advised, due to the fact that they are
“geometrically frozen in inertial or solar orientation”. Bills and Skillman ( ) also mention the possibility of placing a

fourth sensor in a significantly inclined heliocentric orbit to gain more sensitivity on the third dimension, although “it is
not yet clear that the advantage [...] would justify the additional cost”.

The final mission architecture will greatly depend on whether the transceivers are individual payloads or secondary
payloads onboard of other planetary missions. In the second case, the spacecraft will be launched based on the calendar
needs of each particular mission, hence reducing the time of common operation of all three spacecraft. Otherwise, Trilogy
will have the liberty of aiming for the architecture most suitable for its needs, potentially employing a single launcher to
bring all three spacecraft to their respective orbits.

In this regard, Smith et al. ( ) detail that a single launch vehicle is viable, with “payloads of at least 120 kg [that]
could be deployed into stable orbits at both Venus and Mars with a total travel time of order 2+ years”. This is based on the
available interplanetary impulse from the Atlas V-401 rocket, although no further details on the overall payload-to-mass
ratio or the need for course and insertion delta-V are given. No studies have been made public regarding the launch
architecture studies of other possible configurations (e.g., to Mercury or Jupiter).

The science output from Trilogy will be determined by three factors: the quality of the measurements, the number of
measurements per unit of time and the total mission duration. While the latter will mostly depend on the chosen architecture,
the former two will depend on the specifications of the available measurement subsystem. Table 2.3 summarizes the
options proposed by the conducted studies up to date.

Table 2.3: Trilogy mission configurations suggested by the different published studies.

Link type  Accuracy  Sampling cadence Mission duration

Smith et al. ( ) Laser Few cm Several years

Cascioli et al. ( ) Radio 20 cm 10 hours 2 years
Radio 2cm 8 hours 1.5 years

Bills and Skillman ( ) Laser 10 cm

Bills and Gorski ( ) Laser 1cm 1 second

Fienga ( ) Laser 0.1 mm 24 hours 1 year
Laser 0.1 mm 24 hours 2.5 years
Laser 0.1 mm 24 hours 5 years
Laser 1x1072 mm 24 hours 1 year
Laser 1x1072 mm 24 hours 2.5 years
Laser 11073 mm 24 hours 5 years

Most of the studies (Bills & Gorski, ; Bills & Skillman, ; Cascioli et al., ; Smith et al., ) assume a

ranging accuracy in the order of a few centimeters. This has been proven to be achievable with laser-based instruments at
interplanetary distances (section 3.3), yet it is also feasible with the new generation of radio-based transmitters such as
the ones on-board of BepiColombo (Cascioli et al., ; Dirkx et al., ). Other than for the sake of measurement
quality, Smith et al. ( ) defend laser transponders over microwave systems because of their narrow beam divergence
and because there is no requirement for large spacecraft-mounted antennae.

Fienga ( ), on the other hand, assumes ranging measurements several orders of magnitude more accurate. This is
likely to require interferometric laser measurements (subsection 3.1.1), just as the Laser Interferometry Space Antenna
(LISA) mission, and which is in contrast with the asynchronous transponder suggested by Smith et al. ( ) and the
nonexistent need of coherent phase-link described by Bills and Skillman ( ). Based on the technological state of the
art for ILR (section 3.3), this accuracy range seems overly optimistic.

Mission duration also plays a determining role in the final confidence of the science output. This is because estimation
methods typically include all measurements throughout a mission time span and fit them into a single dynamical model,
and the longer the period through which these measurements have been acquired, the more dynamical effects will be
incorporated in the fit. The exact methods of orbit estimation are detailed in section 4.2, but as an illustrative example: if
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there are accurate range measurements to Mars for a period of a tenth of its orbit only, there might be different model
solutions that yield to virtually equal dynamic evolutions of Mars during this time but which would diverge in the future.
Hence, incorporating the measurements from longer in the future helps narrowing the set of possible solutions.
According to Cascioli et al. ( ), aduration of 1.5 years with measurement specifications comparable to BepiColombo
would “lead to unprecedented improvements in the knowledge of fundamental physics”, with an expected reduction in the
uncertainty of certain solar and relativistic parameters of several orders of magnitude with respect to current knowledge
(section 5.5). However, after assessing the expected impact of longer durations, they conclude “a further enhancement of
these results has to be obtained through a better measurement system rather than with a longer mission”. Fienga ( )
found that even with an accuracy of 0.1 mm and a mission duration of one year—the worst of the architectures considered
in her study—the performance in the estimation of ephemerides and other solar system parameters increases by two orders
of magnitude relative to the expected improvement from BepiColombo range measurements. Longer durations and higher
accuracies yield to even better improvements of planetary parameters, although not of the solar parameters such as its
mass and its oblateness. The challenge of getting accurate estimates of such parameters is developed in section 5.5.






Laser ranging

The aim of this chapter is to introduce all the necessary principles in which laser ranging simulations will be based. Mainly,
these include the formulation of the measurement equations (section 3.2), both in their error-free and error-affected forms,
together with a thorough description of the sources and their corresponding magnitudes both in random and systematic
forms. The basic concepts needed for this are introduced in the initial overview (section 3.1), and finally the technology
evolution up to the present day, including past working tests, and the constraints to be taken into account in the simulations
are described in section 3.3.

3.1. Overview
3.1.1. Types of laser ranging

Light-based length measurements can be classified into two general categories: the first is based on the detection and
timing of incoherent light pulses to infer the distance from their measured time-of-flight, whereas the second, based on
wavelength interferometry, takes advantage of optical coherence to enhance the resolution (Ye, ). The two approaches
are briefly described below in this section.

Time-tagged laser ranging

The fundamental principle of time-tagged laser ranging is based on timing the sending and receiving instants of laser
pulses fired between two stations, and then calculating the distance traveled by each pulse from the computed time of
flight. This is one typical method presently used in the tracking of planetary missions, together with Doppler range-rate
measurements and very long-base interferometry (VLBI) (Dirkx, , Sec. 2.1.1). Depending on the setup used and its
regime of operation, Birnbaum et al. ( ) describe four possible approaches:

* Passive two-way: a single laser pulse is fired from the measuring station and it is reflected by a retroreflector located
in the station to which distance is measured. The reflected pulse is then received by the same station where it
originated, in which the time difference between sending and receiving the pulse is measured. This is how satellite
laser ranging (SLR) and lunar laser ranging (LLR) work nowadays.

* One-way: a single laser pulse is fired from the measuring to the measured station, equipped with a detector and a
timer. The time of reception must then be estimated or transmitted to the measuring station by a different means.

* Echo two-way: a laser pulse is fired from the measuring station, and it is then acknowledged by the measured
station, which sends back another laser pulse in response after a calibrated processing time dt.

* Asynchronous two-way: both ends of the range to be measured send laser pulses to each other at defined, and not
necessarily dependent intervals. This approach is named “paired one-way” by Birnbaum et al. ( ), but the term
“two-way asynchronous” is more consistent with the literature (Degnan, ; Dirkx, ). The advantage of the
asynchronous approach is to get rid of a main drawback of the echo approach, which is that in a low signal-to-noise
environment such as ILR measurements, noise can mistakenly fire response pulses frequently.

A schematic of the pulse exchange setup for all four approaches is displayed in Figure 3.1. It must be noted that all these

approaches but the passive two-way can also be used in non-laser-based systems. Retrorreflectors can only with pulses
with wavelengths smaller than their characteristic lengths (in practice, near the optical spectrum), but the other approaches

15
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Figure 3.1: Sketch of laser pulse exchange for the four described approaches. Black lines represent signals to trigger the transmission of a pulse.
Adapted from Birnbaum et al. ( , Fig. 1) and Dirkx ( , Fig 3.1).
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only employ emitting and/or receiving transponders, which can also work for radio or microwave signals. In case passive
two-way ranging is conducted with radio, the wavelength is large enough that the whole target object can reflect the
incoming pulse. This is essentially a radar system.

Interferometric laser ranging

The fundamental principle of interferometry is the measurement of the interference pattern caused by two different
beams of electromagnetic waves. As explained by Hariharan and Hariharan ( ), “since the wavelength of visible
light is quite small [...], very small changes in the optical path difference produce measurable changes in the intensity
of an interference pattern”. This, together with the availability of monochromatic lasers, allows for measurements of
sub-wavelength precision.

Although this basic measurement principle only contains information on the relative offset between two laser beams
and not their true travel distance, several techniques exist to get highly accurate ranges from interferometric measurements:
Leeetal. ( ) mention synthetic wavelength interferometry, coherence interferometry, dispersive interferometry and
multi-heterodyne interferometry. Although the details of each of the methods are out of the scope of this description, it is
worth mentioning that space missions using or planning to use interferometric links between two spacecraft are based on a
working principle known as “transponder laser interferometry”, which can be described as follows (Ming et al., ):
one spacecraft, called the “master”, fires a laser beam to the other spacecraft, named “slave”. There, another laser is sent
back to the master after its phase has been locked to the same as in the received beam. The phase meter onboard the
master spacecraft then measures the phase difference between the emitted and the received laser pulses, which, thanks to
the phase lock introduced by the slave, is only due to the relative distance between the two spacecraft. This basic setup is
illustrated in Figure 3.2. The phase meter of the slave spacecraft is only employed for the sake of phase locking.

As described in subsection 3.3.2, despite the promising status of interferometric laser ranging for space applications,
time-tagged laser ranging is currently the technique with best-established working principles and successful technology
demonstrations at interplanetary distances. As seen in section 2.2, this is also what (Bills & Skillman, ; Cascioli
et al., ; Smith et al., ) suggest for Trilogy. With this in mind, the core of this chapter (including the necessary
hardware, the measurement principles and the error sources) is dedicated to the latter.

3.1.2. Laser ranging hardware

Although an accurate description of the hardware used for laser ranging is not within the scope of this work, it is important
to name the main elements that play a role when describing the sources of error (subsection 3.2.2). The essential element
that allows laser pulses to be fired and/or received is commonly named “transponder”, a schematic of which is shown in
Figure 3.3. Note how this simplified model neglects physical elements such as light filters and the telescope servo-controls,
shown in other sketches found in literature (e.g., Combrinck, ).

The emitted and received laser pulses are sensed by two detectors, which send a signal to the event timer to get the
time stamps of each event. This event timer is dependent on a high-accuracy clock, which provides the frequency standard
thanks to which the event timer counts the elapsed time. Since the speed of light is ~ 3 x 10® m/s, a precision of few mm
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in a two-way measurement (see section 3.2) requires a timer precision of at least 20 ps (Combrinck, ).

A transponder with the capacity of both emitting and receiving laser pulses can also be referred as “transceiver”, from
the combination of transmitter and receiver. Among the four approaches displayed in Figure 3.1, one-way ranging is the
only one that does not necessarily require one or more transceiver but just a transmitter at one and a receiver at the other.
Passive two-way requires only one transceiver, whereas echo and asynchronous two-way methods require one transceiver
at each of the two ends.

In the case of passive one-way laser ranging, a retroreflector is needed to make sure the emitted laser pulse is reflected
back to the same station. The term “retroreflector” is used to refer to any type of reflector with the property of reflecting
any beam of light with its original direction of incidence. The most simple and typical example of such reflector is the
corner cube reflector (CCR), which consists of three perpendicular planes of reflecting surface. Multiple CCRs can be
arranged in an array to form a larger retroreflector, such as the ones installed on the Moon by the Apollo missions 11, 14
and 15 (Faller et al., ).

Even after five decades of widespread use of CCRs for SLR and LLR, the geometry of retroreflectors is still an active
topic of research. Kucharski et al. ( ) presented a novel type, making use of the Luneburg lens concept instead of
CCRs, which erase the errors caused by their signature in the laser pulses (see subsection 3.2.2). On the other hand,
Turyshev et al. ( ) introduced a new design for a lunar retroreflector, based on a single CCR. This results in a lower
mass, and eliminates the error caused by CCR arrays due to the fact that each of the cubes in the array is at a slightly
different location.

3.2. Measurement principles

Figure 3.4 and Figure 3.5 show space-time diagrams of the four possible time-tagged laser ranging approaches described
above (subsection 3.1.1). These show the exchange of pulses between a measuring station A and a station B at the opposite
end. Note that the diagrams are centered to A’s worldline, with respect to which B moves arbitrarily. The space coordinate
is defined by z, yet this can represent any of the three spatial coordinates or the set of all of them.

3.2.1. Error-free formulation

Measurements of a physical system by ranging require two main mathematical expressions to work with. On the one
hand, the measurement equation that computes the range based on the values registered by the hardware—in this case, a
set of transmission/reception times. On the other hand, the range observable equation, which relates the physical model
parameters to be estimated—in the most simple case, the position vectors of both ends—with the expected value of the
measured range. The formulation of these equations, in the ideal case where all the measurements are perfect, is detailed
below for the four possible approaches.

Table 3.1 summarizes the measurement and observable equations for the methods displayed in Figure 3.4. In the case
of passive two-way ranging, the measuring station will record a transmission time ¢; and a reception time ¢3, which are,
respectively, the start and end time of the two-way travel followed by light. In one-way ranging, on the other hand, the
recorded reception time is t5 and it bounds the one-way light travel. Hence, the range observable consists of the sum of
the norm of the two travel segments in the former case and a single norm in the latter.

4 N 4 N
Spacecraft 1
A N
V4 N
Master laser Slave laser

/ /

Ph
ase meter Spacecraft 2

- J - J

Figure 3.2: Sketch of interferometric laser pulse exchange between two spacecraft. Adapted from Ming et al. ( , Fig. 1) and Sheard et al. ( , Fig.
1).
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Figure 3.3: Transponder subsystems relevant for the time tagging of laser pulses. Adapted from Dirkx ( , Fig. 3.8).
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Figure 3.4: Space-time diagram of a laser ranging pulse in a passive two-way setup (left) and an unpaired one-way setup (right)

Table 3.1: Measurement and range observable equations for the ranging methods requiring a single transmitter

Passive two-way One-way

Measurement equation s=c(ts —1t1) s=c(ta—1t1)

Range observable equation s = [[rp(te) —ra(t1)| + ||ra(ts) —rp(t2)] s=|rp(te) —ra(t)]

Synchronous and asynchronous two way ranging work essentially the same, with the only difference being in the
relative timing of pulse exchanges. In the former, all pulses from B to A are sent just a fraction of time Jt after a pulse
from A is received by B, hence all the exchanged pulses throughout a longer time period can be, in the ideal case, perfectly
matched. In the latter, all pulses are sent independently to one another. In Figure 3.5 (right) this is illustrated with the
fact that the pulse from B to A is sent before the one from A reaches B, but this could also happen afterwards, with any
arbitrary time separation between the two events.

Table 3.2 details the measurement and observable equations for both methods, whose space-time diagrams are
represented in Figure 3.5. Note that each pair of exchanged pulses gives two separate one-way ranges, unlike in the cases
where a single of the two terminals is actively transmitting. Following the formulation from Dirkx et al. ( ), a one-way

range resulting of a pulse emitted from terminal A and received at terminal B is denoted sgj)q. Two-way measurements are
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Figure 3.5: Space-time diagram of a pair of laser ranging pulses in a two-way synchronous setup (left) and a two-way asynchronous setup (right)

then obtained by pairing different one-way measurements at each station.

Table 3.2: Measurement and range observable equations for the ranging methods requiring two transceivers

One-way ranges Two-way ranges
Measurement equation 35311)4 =c(ta —t1) sgi‘ =c(ta—t1)

8541)3 = C(t4 — tg)
Range observable equation 5591?4 = ||rp(t2) —ra(t)|| 5(35,)4

s'th = [ra(ts) — ra(ts)]

lrp(te) —ra(ty)| + |Ira(ts) —rp(ts)|| + cdtp

One can observe how all range equations in Table 3.1 and Table 3.2 obey a general form
s=c(tr—t), 3.1)

where ¢, is the time of transmission, ¢, is the time of reception, and c is the speed of light in vacuum. It is important to
note that, the way the measurement and range equations are defined, the measured distance is not the actual distance at a
given time ¢ between A and B, but rather the distance between the point in space where one of the two terminals is at
instant ¢,- and the point where the other terminal is at instant ¢;. This does make a difference given the movement of the
two terminals during the light travel time.

The definitions above are aligned with that from Dirkx ( ), but different formulations can be found in literature.
Birnbaum et al. ( ) define the range measurements so that each measured s is indeed the true range between A and
B at the same instant ¢. For this, the range measurement must include a term to account for the distance traveled by the
receiving terminal during the time of light travel. If such movement causes the range to vary through time at a constant
rate v, this term takes the form —uv (¢, — ¢;). If this velocity is unknown, enough observations can allow for it to be solved.
This is however a simplistic approach: in reality, not only the rate of separation between the two terminals is not constant
but Special Relativity does not allow for a true simultaneous instant at which to measure this range to even exist (e.g.,
Arthur, ). This is why it is preferrable to use the formulation from Table 3.1 and Table 3.2, in which the relative
motion of the two ends is embedded. Since Figure 3.4 and Figure 3.5 are centered in A’s worldline, all times in Table 3.1
and Table 3.2 are those viewed from A’s perspective.
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3.2.2. Introducing error sources

Measurement and range observable equations

Following the notation from Dirkx ( ) and Dirkx et al. ( ), the recorded ¢; and ¢, times will be measured,
respectively, with some error At; and At,., yielding to imperfect time values t; = t; + At; and £, = t, + At,.. Hence,
the measured range will also be an imperfect value s, transforming the measurement equation (3.1) into

S=c(tr—1t). (3.2

The error sources contributing to At, and At,. are summarized in Table 3.3 and described below. Their knowledge and
modeling allows for an estimate of the range error é to be computed and introduced in equation (3.2) in order to get an
estimation § of the true range s:

s=c(t,— 1) —e (3.3)

As per the range observable equations, imperfections introduce the need to account for range errors, denoted As, and
the difference of time measured by the two stations. Continuing with the definition of the time tags of the exchanged laser
pulses from Figure 3.4 and Figure 3.5, the updated formulation is as follows for each of the ranging methods:

* One-way: time t5 is recorded at the receiving station, and hence it could be transmitted to station A. However,
the way to do so in a precise enough way to effectively get the true clock offset between A and B, so that it can be
included in As, is to perform laser time transfer (LTT) (subsection 3.3.1), hence effectively making a two-way laser
range measurement. Therefore, if a truly one-way laser link only is available, Dirkx et al. ( ) define the proper

approach to be based on ¢; only:
Ao
rg | t1+ %A —ra(t)

» Two-way: Again, if the range to B is computed from A, with only times ¢; and ¢4 known, the times of reception
and sending at B are better estimated from the range itself. Dirkx et al. ( ) define two possible approaches to

compute the two-way range: s , referenced at the transmission time, and s , referenced at the reception time.
BA, BA,

1 _

s = +As$). (3.4)

(2) 1 1)

Spa, = Spa, +Sap, T COtp (3.52)
1)
S
sgi‘t = |rp <t1 + B;“) —ra(ty)]| + Asgi‘ (3.5b)
1 s stib s )
sih = |ra (ti+ L e T L | B AsY) (3.50)
S = Sph, +sYh +citp (3.6a)
s ) &
Sgilr = |rB | ta — ACBT —0tp | —ra|ts— ACBT —dtp — % +Asth, (3.6b)
1) 85411)3 1
siih, = |ralts) —rvp | ta— =2 )|+ AsY), (3.6¢)

The formulation above is valid for all passive, echo and two-way laser ranging. The only difference is the value
of d0tp: in the passive setup, dtp = 0; in the echo setup it is a small (sub-second) positive value; whereas in
asynchronous two-way ranging it is an arbitrary value, either positive or negative.

Note how 353134 in one-way ranging (equation 3.4) is equivalent to sth (equation ??) in two-way ranging. This

evinces how two-way ranges are simply pairs of one way ranges. In the two-way case, however, the two different
formulations account for the two possible reference times: since the measuring end (in this case, A) has recorded
both ¢; and ¢4 with its clock, each of the two is equally valid to reference a range observable.
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Table 3.3: Summary of error sources affecting laser range measurements. Top half: instrument-related; bottom half: environment-related.

Error source Magnitude Type Reference(s) Context
Laser pulse measurement 4-5 mm Random Exertier et al. ( ) SLR
1.3-13 mm Random Dirkx et al. ( ) ILR
2 mm Systematic ~ Schreiber et al. ( ) SLR
Multi-photon signals Several mm Systematic  Dirkx, Noomen, et al. ( ) ILR
Systematic ~ Wilkinson et al. ( ) SLR
Detector precision 3-6 mm Random Exertier et al. ( ) SLR
0-12 mm Systematic ~ Schreiber et al. ( ) SLR
3 mm Random Dirkx et al. ( ) ILR
2 mm Random Schreiber et al. ( ) SLR
Detector dark counts Random Degnan ( ) ILR
Random Dirkx ( ,p- 67) ILR
Timer 2-3 mm Random Exertier et al. ( ) SLR
Negligible Systematic ~ Dirkx et al. ( ) ILR
Systematic ~ Wilkinson et al. ( ) SLR
Clock Random Degnan ( ) ILR
1 mm Random Exertier et al. ( ) SLR
subm-mm Random Dirkx et al. ( ) ILR
Negligible Systematic  Schreiber et al. ( ) SLR
Other hardware errors 1-4 mm Systematic  Exertier et al. ( ) SLR
Systematic ~ Dirkx ( ) ILR
Atmosphere 1-3 mm Systematic  Degnan ( ) SLR
4-6 mm Systematic  Exertier et al. ( ) SLR
3 mm Systematic ~ Schreiber et al. ( ) SLR
0.2-0.8 mm Random Kral et al. ( ) SLR
3-5 mm Random Exertier et al. ( ) SLR
1 mm Random Dirkx, Noomen, et al. ( ) 1ILR
<0.5 mm Random Dirkx et al. ( ) ILR
Planetary albedo Random Degnan ( ) ILR
Random Dirkx ( ) ILR
Atmospheric-scattered sunlight Random Degnan ( ) ILR
Planetary blackbody radiation Random Dirkx ( ) ILR
Stellar background Comparatively small Random Degnan ( ) ILR
Sun light Degnan ( ) ILR
Stray light Random Dirkx ( ) ILR
Target depth/signature 1-5 mm Random Exertier et al. ( ) SLR
1-50 mm Random Exertier et al. ( ) LLR
1-4 mm Systematic  Exertier et al. ( ) SLR
3 mm Systematic ~ Schreiber et al. ( ) SLR
25 mm Systematic  Schreiber et al. ( ) LLR

Systematic errors and random errors

The first consideration to be made when describing the sources of error in range measurements is the distinction between
systematic and random errors. Systematic errors are caused by a bias in the measuring instrument, which results in a
constant offset between the measured magnitudes and their true values. Many systematic errors can be accounted for
through calibration, yet an imperfect calibration will result in a persisting bias. This bias is said to result in a loss of
accuracy. Moreover, if this bias is not constant through time, calibration becomes more challenging and greater biases can
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arise. The magnitude that defines how small the time variability of systematic errors is is the stability (Dirkx, ).

Random errors, on the other hand, are caused by unpredictable effects—also known as “noise”—that have an impact
in the values measured by the instrumentation. Their stochastic nature makes them essentially a measurement uncertainty,
hence they cannot be corrected for but can only be understood with proper statistical analysis. A higher level of random
errors is said to cause a loss of precision.

Description of the sources of error in laser ranging measurements

The list of error sources in laser ranging given in Table 3.3 is split into two categories: caused by the instrumentation
and caused by the environment. The former are mainly related to the measurement of the exact time of signal reception,
whereas the latter are related to the distortion of the laser pulse throughout its travel and the existence of natural sources
that can be misinterpreted as laser pulses by the instrumentation.

The first aspect that causes an error is the nature of the laser pulse itself. Exertier et al. ( ) stated that pulse lengths
at the moment were between 35 and 1000 ps long; Dirkx, Vermeersen, et al. ( ) updated this figure to the 10 to
1000 ps range. Today, pulses of less than 15 ps are “routinely achieved by several SLR systems” (Schreiber et al., ).
According to Lee et al. ( ), such pulses cannot be further narrowed to the femtosecond domain because “the bandwidth
of photo-detection electronics is limited to the picosecond range”.

The beam of photons in a laser pulse has a Gaussian profile through time and space (T. Murphy, ), hence if a
single photon is detected there is a statistical uncertainty (random error) related to its position in the original pulse (e.g.,
Dirkx, Noomen, et al., , Fig. 1). On the other hand, if more than one photon is detected, then the detector is more
likely to be triggered by the front photons, hence yielding to a certain bias (systematic error). This error has still a random
nature, but the bias arises from the fact that its expectancy (mean value) is no longer zero (e.g., Dirkx, Noomen, et al.,

, Fig. 2), unlike in the single-photon case. On top of this, a non-Gaussian signal distribution in actuality can be the
source of an extra systematic error (Schreiber et al., ).

Besides the random nature of the photon beams, the detector itself also constrains the quality of the measurements.
Due to the non-instantaneous electronics and its finite temporal resolution, the detection signals will be sent to the timer
with a certain offset. Although this signal rise and processing time can be calibrated to very high accuracy (Dirkx, , p-
77), instabilities will be the source of a random error. Such instabilities can also cause the actual energy threshold value
at which the detector is activated to be subject to a certain jitter (Schreiber et al., ). Exertier et al. ( ) quantify
this overall random error to a magnitude of a few millimeters, with a greater contribution of the detector of the received
pulses than that of the emitted ones. Additionally, Schreiber et al. ( ) give a slightly greater figure for a potential
systematic error, which can be present in case calibration does not account for differences in received signal intensity or it
is performed with a non-reciprocal setup.

Degnan ( ) and Dirkx ( , p- 67) also mention dark counts (i.e., false signals in the detector due to quantum
fluctuations, proportional to temperature) as a potential source of random error. However, Degnan ( ) details them to
be “relatively low compared to the solar background”, and states that they “can often be ignored”.

The next hardware component that can introduce a measurement error is the event timer. Exertier et al. ( ) described
a few mm uncertainty due to the finite resolution of event timers at the moment, and detailed the requirement of event
timers more accurate than 5 ps as future development. Today, “the smallest division of modern event timing devices is just
below of 3 ps” (Schreiber et al., ). Dirkx et al. ( ) describe new timers to have “sub-ps precision and a stability of
several fs over a period of minutes to hours”, which allows to neglect the contribution of this error source to the range error
budget. As an example of such performance of new technologies, Wilkinson et al. ( ) highlight the timer presented by
Panek et al. ( ), with a precision of less than 700 fs and a stability better than 30 fs over up to hours.

Next, the clock that provides the frequency standard to the timer can also be subject to instabilities that introduce
deviations from the true range in the final measurements. Exertier et al. ( ) detailed such range errors to be of a few
millimeters in the SLR network back then, and stated that clocks with a frequency accuracy of 10716 should be able to
provide “an absolute range at the 1 meter level and to reach the sub-centimetre level in measuring relative distances over
several days of integration”, referring to future ILR measurements. According to Dirkx et al. ( ), “a stability of about
1071 over a typical ILR light time of 1000 s will result in 1 ps timing error (0.3-mm one-way range error)”. Such stability
is feasible with some of today’s hydrogen masers used for Global Navigation Satellite System (GNSS) (e.g., Batori et al.,

, Fig. 1), hence this error source is not expected to play a significant role. In the case of SLR, Schreiber et al. ( )
describe clock instabilities as “not concerning”, since the level of stability in use today does not introduce significant
errors anymore.

Finally, the electronic components other than those displayed in Figure 3.3 can also introduce systematic errors that
need to be calibrated for. Again, imperfect calibration will introduce a source of bias, listed under “other hardware errors”
in Table 3.3.

When it comes to environment-originated error sources, atmospheric effects are one of the largest contributors in case
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at least one of the two range ends is ground-based in a celestial body with atmosphere (e.g., Earth’s ground stations).
According to Dirkx ( , p- 64), “the influence of the atmosphere on the laser pulse can be divided into a deterministic
contribution and a stochastic contribution”. The deterministic one is caused by the refraction of the laser beam through
the atmosphere, which effectively forces it through a longer path. The stochastic one, on the other hand, is caused by
atmospheric turbulence, which acts as a series of random lenses through the atmosphere that introduce an extra refraction
effect to the laser pulse.

The refraction effect can cause a light travel path between 2 and more than 10 meters longer, depending on the elevation
of the pointing from ground (Combrinck, , Fig. 9.3). However, it is currently understood and corrected for, through a
series of models that compute the expected atmospheric delay in the post-processing of ranging measurements. The model
by Mendes and Pavlis ( ), adopted by the Analysis Working Group of the International Laser Ranging Service (ILRS)
in 2006 (Combrinck, ) and by International Earth Rotation Service (IERS) in its most recent conventions document
(Luzum & Petit, ), achieves sub-millimeter accuracy for wavelengths between 355 nm and 1064 nm. As Schreiber
etal. ( ) detail, the remaining bias is due to systematic errors in the measurement of the pressure, temperature and
humidity conditions that need to be applied in the model.

The stochastic contribution caused by atmospheric turbulence was first measured by Kral et al. ( ), who identified
“path fluctuations [...] in the range of units of picoseconds” in SLR. Dirkx, Noomen, et al. ( ), on the other hand,
simulated the effect of Earth’s atmospheric turbulence in laser ranging measurements to Mars, concluding that turbulence
“could be a significant contributor to an ILR error budget”, namely, a 1 mm increase to a turbulence-free error budget
of 5.6 mm. The same study states that the Gaussian shape of the beam of photons “is not significantly influenced by
atmospheric turbulence [...], except for pulse lengths on the order of picoseconds or shorter”. As seen above, however,
current SLR signals already have a duration of this order.

Next, environmental sources of noise must also be considered. Degnan ( ) analyzed the contributions of planetary
albedo and local atmospheric scattering of solar light in an Earth-Mars laser link, and concluded that in a ground-based
Martian transceiver, the noise from Earth’s albedo “dominates local solar scattering in the Martian atmosphere”, whereas
the opposite is not true by a difference of several orders of magnitude. Dirkx ( , p- 68) also mentions the planetary
black body radiation as a source of noise together with its albedo. The noise from stellar background, on the other hand, is
assessed by Degnan ( ) to be “relatively small compared to those induced by planetary reflections or emissions”.

Direct sun light is also to be avoided from pointing at the receiver, since “the range of operating wavelengths (typical
values are 532 and 1064 nm) coincides with the peak of the Sun’s radiation output (883 nm)” (Dirkx, , p- 67). Even
if the receiver is not directly pointed towards the Sun, reflections in the optical system can lead to undesirable stray lights
that also act as a source of noise. Degnan ( ) suggests physical means to avoid that, such as “the use of light baffling in
the telescope, internal light tubes, and an enclosed detector box”.

Finally, in case of passive two-way laser ranging, the laser pulse gets distorted with a signature by the surface it was
reflected to. Although this is commonly a purpose-built retro-reflector (subsection 3.1.2), it can also be considered an
environmental source of noise if the ranging is performed without it. For instance, it is possible to conduct laser ranging
to space debris with no retro-reflectors (Wilkinson et al., ).

Summary of error budget in ILR

According to Dirkx et al. ( ), the sources of error for ILR will be essentially the same as they are today for SLR. This
is due to the fact that the technology used in the emission and detection of laser pulses is essentially interchangeable, with
the only difference that ILR is expected to use active, two-way ranging and thus there will not be any target signature
errors related to the retrorreflectors.

The total budget of random errors, when adding all magnitudes listed in Table 3.3, gives a range of 7 to 28 mm.
The upper limit of this range comes however from the older studies (e.g., Exertier et al., ), which were based on
a technology that yielded greater errors than today (e.g., Dirkx et al., ). Additionally, random errors, if properly
understood and characterized as such, can be mitigated by averaging several consecutive measurements. According to
Dirkx et al. ( ), “1.0-4.3 mm precision averaged over 10 measurements (for 10-100 ps pulse length) may be achieved”.
When averaging over a greater number of single-photon detections, they state that “a limiting precision (but not accuracy)
<0.1 mm” is possible.

Accuracy, on the other hand, depends on the remaining systematic errors. From Table 3.3, neglecting atmospheric
effects, the most constraining magnitudes are the 0 to 12 mm bias caused by the detector according to Schreiber et al.
( ) and the several mm bias caused by multi-photon signals according to Dirkx, Noomen, et al. ( ). For the former,
it is assumable that biases close to zero can be obtained if the best available hardware is used. For the latter, the full
statistical development is presented by Dirkx, Noomen, et al. ( ) and it highly depends on the nature of the laser pulses
used and the number of photons detected. In the particular case where the number of received photons is a uniformly
distributed random variable between 1 and 4, they get an expected bias of 8 mm. This can be expected to get lower if
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single-photon detections are more common, and in the limit where there are no multi-photon detections at all the resulting
bias is zero. Thus, the only remaining source of bias is due to the calibration errors. Considering the 1-4 mm range given
by Exertier et al. ( ), it is reasonable to assume a lower limit for the total bias of 2 mm, which can account for them
together with sporadic multi-photon detections. This is consistent with the systematic error reported by Schreiber et al.
( ) due to the measurement of the laser pulses. The final consideration to be made, if at least one of the transceivers is
ground-based, is to expect at least an extra 1 mm of bias due to atmospheric calibration errors (Dirkx, Noomen, et al.,

).

3.3. Interplanetary Laser Ranging
3.3.1. Applications of interplanetary lasers

Although ranging distances is the main focus of this work among all possible interplanetary laser applications, it is worth
contextualizing it within the other possibilities to better understand the corresponding technological evolution. Apart from
ILR, laser technologies in interplanetary missions have been used for the following:

» Communications: since the frequency of light in the optical spectrum is considerably higher than that of the radio
or microwave spectrum, laser pulses can be used to exchange information at higher data rates. The first space test of
this technology was conducted by the lunar orbiter Lunar Atmosphere and Dust Environment Explorer (LADEE),
which was able to operate at up to 622 Mbps (Boroson et al., ). Given the fact that this technology also requires
the exchange of laser pulses that can be timed, high-accuracy ranging was also achieved “as a by-product of the
lasercom links”. In particular, the accuracy achieved was of 200 ps, which corresponds to 6 cm of two-way ranging.
More recently, the Deep Space Optical Communications (DSOC) payload onboard NASA’s Psyche spacecraft
tested, for the first time, a laser communications link from beyond the Moon. Early results presented by Biswas
etal. ( ) show how the spacecraft was able to send downlink data at a rate of 267 Mbps from a distance of 55
million km. According to the authors, “expanded functionality to include ranging and light science are anticipated”.

Despite the technological similarities between the technologies for laser communications and laser ranging, Dirkx
( , p- 89) points out some fundamental differences: unlike in laser ranging setups, single-photon detection is
not desirable for communications, and this also has the effect of pointing requirements being much more stringent.
The amounts of information to be sent can also make communications systems work at much higher frequencies
than ranging systems. This makes communications laser systems generally adaptable to give ranging results as a
collateral output, whereas it does not happen the other way around. In any case, since this does not mean the two
applications are incompatible, this opens the door for instrumentation conceived for the two purposes simultaneously:
for instance, Hemmati et al. ( ) proposed a transponder design that could achieve both 1-mm resolution in
ranging and up to 500 Mbps of downlink data rate.

* Laser Time Transfer (LTT): this is the technique by which two clocks can be accurately synchronized by sending
each other precisely timed laser pulses. This procedure is not implicitly embedded in laser ranging, but it can be
also performed with the same setup: as described by Dirkx ( , p- 92), “time-transfer data can be extracted from
a two-way link by using the up- and/or downlinks separately in addition to the full two-way observable” (equations
3.6 and 3.5). LTT can be approached by introducing the difference in proper time between the two ends of a range
link in the parameter estimation process, although as shown by Dirkx et al. ( ) this can degrade the final formal
uncertainties of the estimated parameters. LTT has been conducted multiple times in different ground-based and
space-based experiments, although never at interplanetary distances (see Exertier et al., for a review).

* Altimetry: this is the procedure by which laser pulses are fired from a spacecraft orbiting a celestial body towards
its surface, and from the detected reflected pulse one can infer information on the surface albedo, roughness and
distance from it. This was first carried out by the Apollo missions around the Moon (Sjogren & Wollenhaupt, ),
and has been applied in numerous occasions around other celestial bodies since (see Zhou et al., for a review).
The technology required for this is the same as for ILR in terms of laser emitter and detector, timer and clock. This
is the reason why some of the past tests of ILR (see subsection 3.3.2) have been performed using an altimeter on the
receiving end instead of a dedicated transponder. This can be inconvenient, however, since it requires either the
limitation of fully ILR operations or the introduction of hardware complications (Dirkx, , p- 93).

3.3.2. Tehcnology evolution and current status

Although SLR and LLR had been a reality since the sixties, it was not until 1992 where a laser transmission was tried
from Earth to a trans-lunar distance. It was with the Galileo Optical Experiment (GOPEX) experiment (Wilson & Lesh,
), onboard the Galileo spacecraft, when it was on its way to Saturn. Although it was not properly a laser ranging
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experiment because the pulses were not time-tagged, it was useful to prove how the existing laser systems could be pointed
at and received by spacecraft at distances of millions of kilometers. This was nevertheless a one-directional transmission,
since the space instrument was not equipped with a transponder.

Following this, Degnan ( ) started discussing the feasibility of space-based laser transponders for ranging purposes,
and presented a preliminary design shortly after (Degnan et al., ). The full theory of two-way interplanetary laser
ranging with asynchronous transponders was presented by Degnan ( ), concluding that an Earth-Mars link was “within
the SLR state-of-the-art”, and supporting that “precise range measurements to the inner planets, or to spacecraft in orbit
about the Sun, would certainly result in [...] important scientific results in the fields of planetary science, solar physics,
fundamental physics, and general relativity”.

Three years later, the technology was tested in two NASA missions: Mercury Surface, Space Environment, Geo-
chemistry and Ranging (MESSENGER), equipped with the Mercury Laser Altimeter (MLA), on its way to Mercury;
and the Mars Global Surveyor (MGS), equipped with the Mars Orbiter Laser Altimeter (MOLA), in orbit around Mars.
Both experiments were laser altimeters, which had been designed to receive and send laser pulses to Earth as their
secondary purpose. Although the latter failed in the sending, the reception of the laser pulses from Earth still allowed
the determination of the clock offset within 10 ms (Dirkx, , p- 84). MLA, on the other hand, worked successfully
and achieved a range measurement with 20 cm precision (Smith et al., ). Both experiments are considered to have
“demonstrated the possibility of interplanetary communication and precise ranging using modest power”” (Neumann et al.,

).

In 2015, the light detection and ranging (LIDAR) instrument onboard the Hayabusa 2 asteroid sample return mission
exchanged laser pulses with the Earth with the aim of demonstrating “synchronous two-way laser ranging at planetary
distances”, together with testing new LTT techniques and checking the alignment of the instrument, which was to be used
later when the spacecraft reached its target. In the end, the downlink signal was not established, hence two-way ranging
and instrument alignment were not possible. Moreover, the received pulses were not well time-tagged and therefore
one-way ranging was not sucessful either (Noda et al., ). Hence, this test was unable to provide figures on range
measurement accuracy. Nevertheless, the authors claim that “the clock frequency of the LIDAR was adjusted successfully”
as part of a LTT experiment.

The summary of all past ILR tests to date is presented in Table 3.4. As Dirkx et al. ( ) point out, “none of the
demonstrations of ILR have been performed with dedicated hardware, and the attainable measurement accuracy has not
yet been pushed to the limit of state of the art”. In fact, the only operational laser ranging to a spacecraft further than
those commonly tracked by SLR was conducted on the Lunar Reconaissance Orbiter (LRO), which is technically not ILR
because it was within the Earth-Moon system. The aim of this one-way laser link was to provide ranging measurements
and perform LTT (Bauer et al., ) by sending laser pulses from the Earth SLR infrastructure to LRO’s Lunar Observer
Laser Altimeter (LOLA) instrument. Although range data with a precision of about 10 cm was obtained, “complications
in the analysis of the removal of clock noise from the one-way data [...] combined with the unexpectedly high quality
of the (radio) Doppler data, resulted in laser ranging not being included in the operational orbit determination of LRO”
(Dirkx, , p- 84).

Table 3.4: Past experiments involving interplanetary laser ranging up to 2024

Year Experiment Mission Link to be tested Distance Reference

1992 GOPEX Galileo Non-time-tagged, one-way 6 million km Wilson and Lesh ( )

2005 MLA MESSENGER  Time-tagged two-way 24 millionkm  Smith et al. ( )
asynchronous

2005 MOLA MGS Time-tagged, one-way 80 million km  Abshire et al. ( )

2015 LIDAR Hayabusa 2 Time-tagged, two-way 6.6 million km Noda et al. ( )
synchronous

None of the interplanetary laser events described above has used interferometric measurements. The first mission that
has successfully carried out inter-spacecraft interferometric ranging is the GRACE Follow-On mission, which introduced
the Laser Ranging Interferometer (LRI) instrument with respect to the microwave-only ranging instrument in the previous
GRACE mission (Abich et al., ). These measurements were taken between two satellites separated by 220 £ 50 km,
and the authors reported a noise level of 1 nm/ V/Hz at frequencies above 100 mHz. Other than that, the LISA Pathfinder
mission, which had the aim of proving the technology for space-based detection of GWs, reported “a displacement readout
noise of (3.48 + 0.3)fm/v/Hz (Armano et al., ).



26 Chapter 3. Laser ranging

Figure 3.6: Schematic of the solar separation angle « and corresponding impact parameter b.

The future prospects for space-based interferometric ranging at greater distances are precisely in the context of the
detection of GWs (subsection 5.5.4). The LISA mission is the one in a most advanced stage today, and its planned interfer-
ometric system is “similar” to the LRI instrument onboard GRACE Follow-On (GRACE-FO). There are, nevertheless,
some key differences: LISA performs interferometry between two, non-parallel laser beams. While in ground-based
detectors these have known lengths, in space the fact that the exact inter-spacecraft distance is unknown complicates the
detection of nanometric range deformations due to space-time ripples. However, the designed approach does not require
to fully determine the range with this precision: thanks to the procedure of “time-delay interferometry”, measurements
will be converted to be processed as if they were taken by a ground-based detector with fixed length, and the required
inter-spacecraft range accuracy to do so is in the order of 1 m (Thorpe, ). Although recent calculations by Reinhardt
et al. ( ) suggested that the proper precessing of LISA range data can achieve

3.3.3. Operational constraints

The main point of ILR is to have continuous, precise range observations, yet a full continuity without any interruption is
impossible even with the most dedicated infrastructure. The different contraints of ILR operations are summarized below:

* Occultation: a laser link between two celestial bodies can be blocked by a third celestial body that happens to be in
between. These events are rare, and can only be predicted through accurate ephemerides-based computations.

* Planetary rotation: in the case of ground-based transceivers, the link to a different celestial body is not available if
the rotation of the host planet brings the transceiver to its far side from the perspective of the other end. On Earth,
this can be overcome by the alternate usage of different stations around the globe, yet if a transceiver is sent to a
different celestial body in a lander, it will likely be the only available link end there, hence ILR operations will only
be able to happen during visibility windows.

* Elevation angle: in the case of a ground-based transceiver in a celestial body with atmosphere, even if there is
direct visual contact between the two ends of the laser link, such link must be above a certain minimum elevation
angle dmin > 0. This is because if the link is too close to the horizon, the tropospheric affectations will be too large
to be corrected with the available atmospheric models.

* Solar separation angle: If the laser link points too close to the Sun, the solar plasma can interfere with it and turn
the ranging measurement invalid. The solar separation angle of a laser link from Mars to the Earth is represented
in Figure 3.6. The value of minimum solar separation angle so that ILR links work is not consistent through
literature: Dirkx, Vermeersen, et al. ( ) consider it to be 5% Fienga ( ), on the other hand, consider a “very
conservative limit” of 30° whereas Cascioli et al. ( ) consider the limit to be determined by an impact parameter
b of 7 solar radii, which viewed from Earth is equivalent to only 0.27°—this is consistent with the fact that they
assumed radio ranging, which is able to achieve these small separations if the proper bands (X+Ka) are used.

The constraint of the solar separation angle is more and more significant the smaller the heliocentric distance of the
receiving end of the laser link is with respect to that of the emitting end. As seen in Figure 3.7, Venus is hardly ever
seen from Mars with a solar separation angle of more than 30 degrees, whereas the inverse link happens most time
well above this limit.

The relative position of the Sun must also be taken into account together with the angle limit. For instance, in
Figure 2.1 (left), the solar separation angle of Venus viewed from Mars is small and hence the mars transceiver is
likely unable to receive correct laser pulses from Venus. However, since Venus is between Mars and the Sun and not
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Figure 3.7: Solar separation angle from Venus and Mars throughout the decade of the 30’s

on the other side, Venus will likely be perfectly able to keep receiving laser pulses from Mars. Hence, depending on
the position of the Sun, ILR links under the limit solar separation angle will be either completely blocked or limited
to one-way ranging.

3.3.4. Comparison with other tracking types

Traditionally, the tracking of interplanetary orbiters has been based on range-rate observations (Algorithm 4.2.2). These
encode the rate of change of range measurements, i.e., the projection of the spacecraft velocities to the line of sight to the
tracking station. The measurement of this magnitude is conducted by counting phase cycles of the received range (radio)
signal, which is mathematically equivalent to measuring its Doppler effect. This is why range-rate observations are often
called Doppler observations (e.g., Dirkx et al., 2019).

The observable equation of a Doppler observation is the numerical derivative of two consecutive range measurements
over a defined integration time At; (Dirkx, 2015): if sggt (t1) and sgzt (t3) are two one-way range measurements
referenced at their respective transmission times ¢ and t3, then At; = t3 — ¢, and the one-way Doppler observation is
described as
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Equivalent formulations can be defined for two-way Doppler observations, and both one- and two-way can be referenced

at the reception times instead of the transmission times. In this work, however, we stick to the usage of one-way Doppler

referenced at the transmission time.






Simulation strategies

The core of this work will be conducted by means of numerical simulations of the spacecrafts’ trajectories, together with
the planetary bodies of interest. The aim of this chapter is to provide the theoretical foundations upon these simulations
will be based. Since the Tudat' software will be the main tool used, the following exposition is limited to the options it
has available.

4.1. Orbit propagation
4.1.1. Equations of motion

The differential equation that describes the motion of a body in space can be generally stated as

x = f(x,s,p,u), (4.1)

where x is the state vector of the body to be propagated and x is its time derivative. s is an independent variable (usually
time), p is the set of environmental parameters, and u is the set of control parameters (e.g., thrust sources) of the propagated
body. The exact definition of the state vector x depends on the chosen formulation of the equations of motion.

Cowell formulation

In the Cowell formulation, the state consists of the position and velocity vectors of the body, r and r, in an inertial,
Cartesian reference frame. Its time derivative therefore includes the acceleration, which is the sum of all acceleration
sources a; acting on the body. Acceleration sources are a function of either the position r of the body, its velocity r, time ¢,
environment p or control u, or a combination of them.
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Although this is the most common formulation of the equations of orbital motion due to its simplicity, it comes with the

disadvantages of the need to calculate large and largely-varying values for the state derivative, which can compromise the
accuracy of the result when using a numerical integrator (Dirkx & Mooij, ).

4.3)

Encke formulation
The Encke formulation is suitable for situations in which the propagated body is subject to one main source of attraction
(e.g., planet around which it orbits), so that all other acceleration sources can be interpreted as orbit perturbations that
deviate it from the ideal trajectory, resulting of considering the main source a point-mass. This approach makes sense
because the two-body problem of a massless body orbiting a point-mass has a closed analytical form, i.e., the Keplerian
orbit solution.

Hence, in the Encke formulation, the state vector does not include absolute position and velocity but just their deviations
from the Keplerian trajectory corresponding to its initial conditions. If such Keplerian trajectory were described by a

IDocumentation is available at https://docs.tudat.space/en/latest/
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position vector p and its corresponding velocity p, deviations in position and velocity from this trajectory are, respectively,

Ar =r — pand Ar = r — p. As Wakker ( , p- 551) shows, the state vector x and its derivative x then become
Ar
X = { Ai‘] 44
) Ar
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where (£ is the gravitational parameter of the main body, p = ||p||, a,, is the i-th perturbation acceleration (i.e., not
including the point-mass contribution of the main body), and
2q 1
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with 7 = ||r||. This formulation gets rid of the problems caused by the computation of large state derivatives in the

numerical integration, yet it has its own drawbacks: the final state will require a Keplerian trajectory to be also computed,
and this can be the source of an additional error on top of the one arising from numerical integration (Dirkx & Mooij,

).

Gauss' planetary equations
The planetary equations describe the evolution of the orbital elements themselves with the influence of a perturbing
acceleration F. The Keplerian orbital elements are the semimajor axis a, eccentricity e, inclination ¢, argument of perigee
w, right ascension of the ascending node €2, and true anomaly 6 or mean anomaly M (e.g., Vallado, , sec. 2.4.1),
hence the state vector is

X:[a e i w M]T7 4.8)

which can be converted to Cartesian coordinates by means of known transformations (e.g., Vallado, , sec. 2.6). In an
orbit around a mass with gravitational parameter j, and given a perturbation acceleration, again resulting from the sum of
all perturbation sources p;, i.e.,

Fr
F=RUWD |\ Fg | =3 a, (x,%,t,pu), (4.9)
FW A
expressed in the RSW frame (Vallado, , Fig. 3-15), the Gauss planetary equations read (Dirkx & Mooij, )
da 2ah
— = ——[esi F 1 F, 4.1
TR Y [esin(0)Fr + (1 + ecos(0))Fs] (4.10a)
de h . .
iy [sin(0) Fr + (cos(#) + cos E) Fs], (4.10b)
I

di  cos(w+ 0)r
— =T R 4.10
m 5 W (4.10c)
dv  hl 2+ecos(d)\ . cos(i) sin(w + 0)r
dQ  sin(w 4+ 0)r
B I 1 4.10
at hsin(i) (4.10e)
dMm hv1—e? 2 r 1 r
@ _ vz e _ ) Er — (1 2 sin(0)F 4.1
" n—l—u c Kcos(e) o a) R ( + 2 a) sin(0) 5':| , (4.100

where h is the angular momentum h = /pua (1 — e2), n is the mean motion n = / /a3, and F is the eccentric anomaly,
related to the mean anomaly M through the Kepler equation: M = E — esin(E).

The disadvantage of this formulation is mainly the fact that it presents singularities for the cases whene = 0,e =1,
sin(é) = 0 and h = 0. The latter happens if the velocity vector is perfectly aligned with the point mass. To overcome
some of these singularities, Walker et al. ( ) introduced the Modified Equinoctial Elements:

. {;a(l—e?) Ezsji @.11a)



4.1. Orbit propagation 31

f =ecos(w+ IQ); (4.11b)
g = esin(w + IQ); (4.11¢)
h = tan’ (;) sin(Q); (4.11d)
k = tan’ (;) cos(Q2); (4.11e)
L=w+IQ+0, (4.11)

where I is a seventh parameter set to either 1 or —1 to avoid the singularities at every instant. In Tudat, I must be
manually set at the beginning of the propagation, but it is also possible to set it as a seventh state element with a defined
changing routine (Dirkx & Mooij, ).

The re-formulation of the Gaussian planetary equations using the Modified Equinoctial Elements then reads (Walker
etal., , Eq. 9, with corrections by Walker, ):

d 2pF
di; _ YZUS\/E (4.122)
% _ \/ﬁ {FR sin(L) + (w—+1)cos(L) + st _ g(hsin(L) — kcos(L))FW} ; 4.12b)
W w w
dg _ \/ﬁ [FR cos(L) + (w+ 1)sin(L) + gFS N f(hsin(L) — kcos(L))Fw} ; (4.12¢)
dt w w
2
% = \/fs;;w cos(L); (4.12d)
2
% _ \/f 522 W Gin(L); (4.12¢)
ar w 2+ Bhsin(L)—kcos(L)F @.120)

where s> =1+ h? + k% and w = 1 + fcos(L) + gsin(L). This formulation gets rid of most of the singularities from
the original formulation with Keplerian elements, but they still remain for ¢ = 0° when / = —1 and % = 180° when I = 1
(Dirkx & Mooij, ).

Unified State Model

A suitable formulation of the equations of motion with no singularities, stable over long propagations and with few
fast-varying variables is the Unified State Model (USM). Three variations of the formulation exist, including the one
describing the 3D orientation with quaternions, the one doing so with Modified Rodrigues Parameters, and a more
elaborate one named USM, introduced by Vittaldev et al. ( ). The equations of the three variations of the model are
not reproduced here for the sake of compactness. Moreover, although the three have been tested in the integrator analyses
presented in Appendix A, they have not played any significant role in the present research.

4.1.2. Sources of acceleration

In the equations of motion presented above, the orbiting body has been said to be influenced by either a series of acceleration
sources (equation 4.3) or a main point-mass with gravitational parameter x4 and a series of extra accelerations acting as
perturbations (equations 4.5 and 4.9). The most common sources of acceleration influencing such perturbations are listed
below.

Gravity of a non-spherical body

Let B be a body with mass M and gravitational parameter g = G'M located at a position rz. The acceleration caused to
a different, point-mass body A, located at a position r 4, is equal to the gradient of the gravity potential Up at the location
ra.

i‘A:VUB(rA). (413)

Body B can be considered the same as a point-mass with the same p if such body is perfectly spherical and has radially
symmetric density (e.g., Curtis, , app. E). In this case, the potential gravity field Up at any arbitrary point r is

Up = 1B (4.14)

r



32 Chapter 4. Simulation strategies

where r = ||r — rg||, and therefore applying equation (4.13)
ia=—"2 (ra—rg). (4.15)

In real life, however, bodies do not have a perfectly spherical shape nor uniform density, and thus the gravity field U
can take an arbitrary spheroid shape. This can be described by means of the spherical harmonic series, which reads (e.g.,
Vallado, , sec. 8.6.1)

ﬁ\“;

9] l
Z Z ( > Py (sin(¢)) (Cra cos(mb) + Sy, sin(mh)) . (4.16)
1—0 m=0

In this expression, r is the position of an arbitrary point with respect to the center of mass of body B, and r = ||r||. R
is the reference radius of body B (typically equatorial), and ¢ and 6 are, respectively, the latitude and longitude of the
r position as seen from body B. P, are the Legendre polynomials of degree [ and order m, while C},,, and Sj,,, are
the spherical harmonic coefficients. The notation presented in equation (4.16) has unnormalized coefficients—in the
normalized case, one would find P,,,,, Cj,,, and S;,,, instead of Py, Cly and S, (Dirkx & Cowan, ). In Tudat, the
normalized formulation is used. Since the infinite terms cannot be computed by a finite computational power, terms in the
harmonic expansion are only computed up to a user-defined maximum order /.

Relativistic influence
Note to the reader: the final implementation has neglected all types of relativistic influence, as described in section 3.3.1
of Part IV.

Equation (4.13) represents the Newtonian understanding of gravity, but since Einstein ( ) published his General
Theory of Relativity, this classical conception is known to be incomplete. Although Einstein described a completely
different model, in which gravity is not a force but a deformation of the space-time reference frame, in practice this can be
translated as a series of correction terms (i.e., perturbations) to the Newtonian model.

The Einstein—Infeld-Hoffmann equations (Einstein et al., ) give the expansion of terms that approximate the effect
of General relativity to a body A influenced by IV point-masses. The first term of such expression is the known Newtonian
expression for gravity, i.e., equation (4.15). For N bodies, each of them causes its own separate influence following this
expression, and the total effect over body A is the linear combination of all. According to the Einstein—Infeld-Hoffmann
equations, however, this acceleration is also affected by higher-order terms, which are a nonlinear contribution of all N
bodies, causing a total extra effect over A that responds to

. . 3(ra—rg . \°
Nia= g Y A2 (va = wa) IRl 4 2linll 4 t) = (2 iy )
B;éArBA TBA
Hc | e} .. (4.17)
—42 Z—+ ((rp-ra)-tp)| + ‘
c rcB
Za " C#B
. . . . 7 .
o) Z il I‘A—I'B) (41’,4—31'3)} (TA—I'B)+272 MBI’ +O(c™ )
B;éATBA C B#ATBA

where rxy = ||[rx — ry||. In the case of two-body motion affetced by GR around a massive body B withrg = i =
rp = 0, the Einstein—Infeld-Hoffmann equation (4.17) reduces to the correction term known as the Schwarzschild term
(Dirkx & Mooij, ):

. 1 mB . "B 1 UB . .
Afp = —— 5—Ta (|rA|2—4 + 55 (ra-4ra)ra. (4.18)
C TBA TA C T’A
Moreover, if the massive body B has a non-negligible angular momentum J associated with its rotation, an additional

effect known as the Lense-Thirring (LT) correction must be also taken into account. This is caused by the rotational
dragging of the space-time fabric:

Ai=2 [;(rxi’)(r-J)—k(i’xJ)} (4.19)

273

Finally, if the reference frame in which the equations are solved has a non-null angular rate R, a relativistic correction
must be added besides all the classical velocity transformation terms. This is known as the De Sitter correction:

AF =3 [R x (;‘]‘;ﬂ X (4.20)
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Aerodynamic acceleration
Note to the reader: in the final implemented simulations, spacecraft orbits have been selected to be high enough as to
neglect the effect of any aerodynamic acceleration.

In the environment of a planetary atmosphere, the air molecules that impact the orbiting body will cause a non-
conservative force that needs to be accounted for. Just as in classical fluid mechanics, this force is said to be proportional to
the air density p, the cross-sectional surface S of the body and its velocity squared with respect to air, with a proportionality
constant equal to the aerodynamic coefficient.

The general model for aerodynamic influence on an orbiting body is generally (e.g., Vallado, , p- 551) described
as drag-only, which means that the resulting acceleration is in the exact opposite sense as the velocity vector, and hence
there is need for a single aerodynamic coefficient, named drag coefficient Cp. However, this does not take into account
possible non-symmetries in the orbiting body, which can deviate the resulting force from being purely drag. A more

general formulation can be expressed as (Dirkx & Mooij, )
Cp
- I‘,t S ero
Af = —’)(T)Ilvra\PR“/B)R(B/A‘ G| (4.21)
Cr

where m is the mass of the orbiting body, v is its relative velocity with respect to the atmosphere, and Cp, C's and C',
are, respectively, the coefficients of drag, side force and lift. Since these coefficients are defined in the aerodynamic frame,
the rotation matrices R‘®/4¢7°) (from aerodynamic to body frame) and RUY/P) (from body to inertial frame) need to be
introduced. As per the relative velocity, if the atmosphere rotates mutually with its host body, which rotates at an angular
speed w, then

Vel =T — W X T. 4.22)

Of course, the presence of winds modifies this relative velocity, but wind models are typically used in atmospheric (e.g.,
entry) maneuvers rather than fully orbital propagation. In Tudat, any custom wind model depending on position and time
can be set up by the user.

This model relies on two different quantities that must be known in order to compute the aerodynamic acceleration:
the air density and the aerodynamic coeflicients. Several models for both magnitudes exist today, although they come with
their limitaions:

» Atmospheric density models: air properties strongly depend on the altitude from ground, although other position
and time-dependent parameters can also play a role.

— Standard atmospheric models are a function of altitude h only, and they have the lowest computational cost.
The most simple one is the exponential atmosphere, which reads

h

p(h) = poe™ Hs | (4.23)

where the reference density py and scale height H are the two parameters, generally empirically estimated,
that define the density curve. On Earth, the two most widespread of such models are the U.S. Standard
Atmosphere ( ) and the International Standard Atmosphere ( ), which consist of different layers of
exponential atmospheres.

— Reference atmospheric models depend on the full position vector (i.e., taking into account differences in
latitude and longitude) as well as time (i.e., solar cycle and night/day cycle). On Earth, these variations can
lead to density oscillations of up to five orders of magnitude at a 400 km altitude (Doornbos, , Fig.
2.1). Several of such models exist (e.g., Vallado, , Fig. 8-16), and they are usually empirical, i.e., based
on a series of parameters estimated experimentally, generally from satellite observations. This makes them
considerably more accurate than standard models, although also much more computationally expensive. One
of the most common in use today is the NRLMSISE-00 (Picone et al., ), which was updated by Emmert
et al. ( ) to the NRLMSISE-2.0 version. Among all other reference atmospheric models available today,
Ding et al. ( ) found that NRLMSISE-00 is the best performing in orbits around 485 km when multi-station
satellite tracking is conducted.

In Tudat, USSA76 and NRLMSISE-00 are available for the Earth atmosphere. For other system bodies, an
exponential atmosphere (equation 4.23) can be set with any input values of reference density and scale height.

* Aerodynamic coefficient models: although “it has been a common practice to assume a constant C'p equal to 2.2
for low earth orbit flying satellites, it is [nowadays] widely accepted that the drag coefficient is not constant and can
present very different values depending on the spacecraft shape and the atmospheric temperature and composition
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at the flying altitude” (Prieto et al., ). In reality, the aerodynamic coeflicients for orbital flight are simply an
attempt to characterize in a simple manner the behavior of individual particles from a rarefied flow impacting the
surfaces of the satellite. Livadiotti et al. ( ) review different lower-level methods to model such behavior, and
conclude that “an easy-to-implement model applicable to different scattering regimes and to different gas-solid
systems is still to be defined”.

In Tudat, any desired set of C},, C's and C'p coefficients can be set, and equation (4.21) is applied automatically if
aerodynamic effects are turned on and the proper atmospheric environments are set up.

Radiation pressure
It is well known that photons, despite being massles, do carry momentum that is transferred when impacting a solid body.
This has the effect of introducing an extra acceleration due to radiation pressure, which, if the body is uniformly radiating,
obeys (e.g., Vallado, , Eq. 8-43)

P CA r

r= —
dre m ||r|]3’

(4.24)

where P is the total radiative power of the emitting source, c is the speed of light in vacuum, r is the vector from the
emitting source to the orbiting body, C,. is the radiation pressure coefficient, A is the cross-sectional area of the body
as viewed from the radiating source, and m is its mass. The source of radiation is usually the Sun, which causes the
perturbation known as solar radiation pressure (SRP), yet in applications requiring very high accuracy it can also be due to
other celestial bodies: for instance, when analyzing Global Positioning System (GPS) and Galileo satellites, Svehla ( )
found that Earth’s planetary radiation contributes approximately “—14.6 mm to the constant bias in the radial direction”.

The modeling of SRP based on equation (4.24) mainly depends on the knowledge of the spacecraft’s cross-sectional
area A and radiation pressure coefficient C... In Tudat, the latter can be defined by the user whereas the former depends
on the model of spacecraft. If a cannonball model is used, the value of A is constant regardless of the attitude, whereas if a
paneled model is defined, the rotational dynamics of the spacecraft will also need to be propagated. For translational-only
propagations, therefore, a cannonball SRP model is the most suitable. Finally, the exact value of the SRP acceleration will
also depend on the exact power irradiated by the Sun at every instant.

There are several established models for SRP that take these factors into account, and their inaccuracies are evinced by
the differences caused by chosing one or another. Analyzing the orbits of GPS satellites, Duan and Hugentobler ( ,
Tab. 9) found that the final RMS of orbit determination fits can vary up to 3 cm for non-eclipsed orbits and 20 cm for
eclipsed orbits.

Finally, another very slight perturbation caused by radiation pressure is the antenna thrust, caused by the reaction
momentum inflected by the photons beamed from the spacecraft antennae. In Galileo satellites, this was found to cause a
constant bias in the orbit determination of approximately 5 cm (Zajdel et al., , Fig. 8). Whether or not similar effects
will be observable due to the emission of highly energetic laser beams in ILR missions is still unclear.

Third-body influence
Let A still be an orbiting body around body B. The extra acceleration induced by a point-mass body C' to the two-body
motion of A around B is (e.g., Wakker, , Eq. 21.31)

. rc —ra rc —rp
AI‘A = Uc ( — > . (425)
He\lre —ral® ™ Jre —rsP

This expression evinces how the third-body accelerations do not necessarily point towards those third bodies, but to a
direction which is the result of subtracting, from a vector pointing to body C' from body A, a vector pointing to body C
from body B. Hence, the closer B and A are, the less dissimilar those vectors will be and hence the smaller the result of
the subtraction. In the limit of body A being at the same point where body B is, the third-body perturbations do not have
any impact. This is the reason why low planetary orbits are less affected by third-body perturbations, as described in ??.

4.1.3. Integration methods

The description hereinabove addresses the formulation and computation of the derivatives in the equations of motion, but
the next step is to integrate them by means of a numerical algorithm. The details of such methods are out of the scope
of this report, but with the aim of summarizing the available tools to carry out the simulations, the list of implemented
integrators in Tudat is given below:

* Multi-stage integrators, ranging from the classical fixed step size Runge-Kutta of 4th order to variable step size
formulations of higher order such as the Runge-Kutta Dormand-Prince of order 8(7), the Runge—Kutta—Fehlber of
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order 12(10), or Feagin’s integrator of order 14(12). According to the Tudat documentation, in many typical cases,
the Dormand-Prince variation of order 8(7) or the Fehlber variation of order 7(8) “provide a good trade-off between
accuracy, runtime, robustness and output density”.

» Extrapolation integrators based on the Bulirsch-Stoer method with both fixed or variable step sizes, and different
number of evaluations to be made at each step. According to the Tudat documentation, these give “generally good
trade-off between computational efficiency and solution quality”.

» Multi-step integrators of variable step size based on the Adams-Bashforth-Moulton formulation. According to the
Tudat documentation, this results in typically short time steps, hence it is suitable in cases where output density is
a strong constraint.

Each particular application of astrodynamics simulations has its own optimal trade-off between accuracy of the results and
computational cost. The suitable choice of problem formulation and integrator to be used in the present study will be
assessed in later stages.

4.2. Orbit determination and estimation

Theory of orbit determination encompasses mainly two possible approaches: full estimation and covariance analyses.
These are developed below, respectively, in subsection 4.2.2 and subsection 4.2.3. Before these, a set of mathematical
definitions essential for both approaches is detailed in subsection 4.2.1.

4.2.1. Introductory definitions

State and extended state

Just as in subsection 4.1.1, let x; be a 6 x 1 vector with the state of an orbiting body, consisting of its Cartesian position
and velocity:

XD=[z y 2 & 5 2] . (4.26)

During the propagation of multiple bodies, it is common practice to define a single state vector x(*) containing the state
vectors of each body ¢, which is therefore sized 6 x n;y, where ny is the number of bodies:

+
X = [(Xm)T (Xm))T} . 4.27)
In addition, let p be the vector of parameters of the physical model to be estimated, sized n,, x 1:
T
p=1[p1 p2 - DPn,) (4.28)

Examples of p; are the aerodynamic coefficients of a spacecraft or the gravitational parameter and/or spherical harmonic
coefficients of a celestial body. Any of the control parameters, denoted u in equation (4.1), can also be included in p—the
separation is hereinafter removed for the sake of simplicity. The fundamental distinction between x and p is that the
former contains trajectory parameters only, whereas the latter contains all other parameters to be estimated. Another
important remark si that while in equation (4.1) p referred to the whole set of environmental parameters that affect the
orbit propagation, here and from now on p only refers to the selection of such environmental parameters to be estimated.

Vectors x and p can be grouped into a single vector y, sized (6 4 n,) x 1 = n x 1, which allows to unify the estimation

of the trajectory and the model parameters (Montenbruck & Gill, , p- 259):
X
= . 4.29
- -

Observations and design matrix
A state x and a set of model parameters p will lead to a closed value for an expected range observation z, or set
zZ= [zl e zm] if m observation stations are available. This relationship can be compactly expressed as

z = h(y), (4.30)
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where in the case of time-tagged laser ranging observables, function A has the form of equation (3.5) or (3.6). Let H be
the m x 6 Jacobian matrix of the observable function h with respect to the state x, named the “design matrix”:

28 021
0x1 oz,
oh
H = a(” N 4.31)
X : :
0Zm 0zZm
ox 1 817"
It is worth noting that notation for matrix H is not consistent through literature: Montenbruck and Gill ( ) name it G,
whereas Tapley et al. ( ) name it H. Here the notation H is preserved for consistency with Siemes ( )%

Covariance matrices

If y were known to perfect accuracy, its associated uncertainty would be zero. This is however impossible in real life: in
actuality, any value of y will be the result of an estimation y, which will deviate from the true y by Ay = § — y. In this
case, the state resulting from the estimation will have an associated covariance matrix (Tapley et al., ,eq. 4.16.5)

El(—y) —y)] - El0 —v1)(n — Yn)]
: - : . (4.32)
E [(Qn - yn)(:gl - yl)] SRR ) [(gn - yn)(gn - yn)]

Similarly, an observation vector z will contain measurements Z; subject to a measurement error, that make them differ
from the true z;. Their covariance matrix can thus be written as

El(Z1 —z)(2r—21)] - Ef(&1 —21)(Em — 2m)]
P,=F[AzAz"] = : : . (4.33)
E [(ém - Z'm)(ém - Zm)} R ) [(ém - Zm)(ém - Zm)]

Py =E[AyAy']| =

Each quantity F [(Z1 — x1)(Z2 — x2)] is known as the covariance between variables 1 and x2. Equations (4.32) and
(4.33) cannot be applied straightforwardly, precisely because the true, errorless values of each variable are unknown. The
common approach in statistics (e.g., Montenbruck and Gill, , p- 263), if M samples of both z; and =5 are available,
is to compute their averages z1 and Z» and calculate their covariance as

M
1
Cov(z1,22) = O, 04, & i > @ik — 21)(x2k — T2)] (4.34)
k

where x; j, represents the k-th realization of variable x;. This assumes that the average is an effective way to estimate
the mathematical expectancy, and the expectancy is only the true value if only random errors, and not systematic ones,
come into play. Hence, the resulting covariances will indicate the expected variation in different realizations of the same
measurement due to random errors.

In the context of orbit determination, however, the observations vector z contains all observations from different
sources at an instant ¢;, hence each individual observation z; is at a specific instant with a specific source and therefore
cannot get multiple realizations to apply equation (4.34)—doing so would mean getting observations at different times,
hence their expected value would not be the same due to the relative motion of the two range ends. Therefore, matrix P, is
commonly filled by the expected variance due to random errors of the instrumentation. Different measurement stations are
generally uncorrelated, hence 0,0, = 0 Vi # j, and the resulting covariance matrix of the observations becomes

P, - : (4.35)

where each ij is the variance of observations from station j due to random errors. Nonzero off-diagonal terms would
imply that the observations are not independent, and their uncertainty levels depend on each other with to the extent
described by such values. The covariance matrix of the state, Py, on the other hand, must be computed as part of the state
estimation process (subsection 4.2.3).

2In Part IV, we switch to the more typical notation of H = 6h/dxg.
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The probability ellipsoid
Matrix Py is associated to a key concept of orbit estimation: the probability ellipsoid. If state y only contains the three
components of position r, then the equation (Tapley et al., ,eq. 4.16.6)

y P ly=10° (4.36)

gives the three-dimensional ellipsoid that limits the contour where the state is truly located with a confidence of [-o. Since
the state y = r consists of three components only, the confidence value must be taken from the cumulative distribution
function of the three-dimensional Gaussian distribution: e.g., 0.971 for [ = 3. More generally, the confidence level for a
given [ and a covariance matrix of a vector y sized n is given by the x? distribution of n degrees fo freedom evaluated
at [2. This follows from the fact that the left-hand side of equation (4.36) is a Mahalanobis Distance, known to follow
such x? distribution (e.g., Cano et al., ). If y has n > 3 components (recall from equation 4.29 that typically n > 6),
then equation (4.36) gives a hyper-ellipsoid in the whole parameter space. The diagonalization of matrix P, gives the
basis that defines the orientation of the ellipsoids’ axes, which have a semi-length equal to each of the corresponding
eigenvalues squared.

Consider parameters

The covariance matrix is an efficient way to assess the uncertainty of a certain set of parameters, but it is “often found
to be too optimistic in the presence of systematic force and measurement model errors” (Montenbruck & Gill, , P
265). This is especially true regarding environmental parameters: they can be estimated (hence included in vector p), or
neglected if there are not enough observations to accurately solve for them in the estimation. However, if this is the case,
the uncertainty due to imperfect knowledge or model simplification in the constant value of such parameters set in the
simulations will introduce an extra source of error in the final estimation. This is why some of these parameters should
not be neither estimated nor neglected but “considered” (Tapley et al., , p- 389).

If this is the case, one can define a covariance matrix C' which describes the uncertainty of the considered parameters:
following the formulation of equations (4.32) and (4.33), if ¢ is the n. x 1 vector containing all the values assigned to each
of the n. considered parameters and Ac is the vector of differences between the assigned and true values, the consider
parameters covariance matrix is then

Bl —c)e—c)] - Elé =)@ —cn)]
C =E[AcAc’] = : : . (4.37)
Eln, =)@ =)l - El(én, = cn)(Cn, = cn,)]

Similarly, the matrix of covariances between the full parameter vector y and the consider parameters is

El(jr —c)(er—e)] -+ E(f —y1)(én, — cn,)]
Py = E[AyAc'] = : : : (4.38)
El(Jn —yn)(é—c))] -+ El(fn —yn)(én. — cn.)]

In addition, the matrix of partial derivatives of the observation function h with respect to the consider parameters ¢ is
defined as

0z 021
Ocy oy,
och ¢
H, = a(cY) = - . (4.39)
0Zm 0Zm
861 (9Cnc
As stated by Montenbruck and Gill ( , p- 260), “typical examples of consider parameters are measurement biases,

station location errors or uncertainties in the drag and radiation pressure model”. Matrix C must be estimated based on
the confidence in the knowledge of the environment, non-estimated parameters used in the simulations. This plays an
important role in the consider covariance analysis, described in subsection 4.2.3.
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Variational equations

Let ®(t,t9) be a matrix sized 6 x 6, named “state transition matrix”, which relates the state at ¢ with the state at ¢

(Montenbruck & Gill, ,eq. 7.1):

®(t,t) =

Ox(t)
8x(t) - 8.13@0)
Ox(to) 82:(t)
dx(to)

0x(t)
9z(to)

: , (4.40)
2:(t)
0%(to)

so that x(t) = ®(¢,t0)x(¢o). Similarly, let S be a matrix sized 6 x n,, named “sensitivity matrix”, that relates changes in

the model parameters p with changes in the state x (Montenbruck & Gill, ,eq. 7.2):
0x(t) 0x(t)
op Ipn
ox(t) . ' o
St)=— "= : (4.41)
P oz 9:(t)
dp1 Opn,

During an estimation process, however, equations (4.40) and (4.41) cannot be applied straightforward, precisely,
because x(¢) and p are the unknowns to be estimated. Instead, Montenbruck and Gill ( , sec. 7.2.1) describe the
differential equations, named “variational equations”, through which ® (¢, t) and S(¢) can be integrated:

d ox
—® =_—& ; 4.42
& (t, o) % (t,to); (4.42a)
d ox ox
—S(t)==—S{)+ — 4.42b
with initial conditions
®(to,to) = Lexe; (4.43a)
S(to) = Oxn, (4.43b)
and where the derivative 9x/0x is computed from the acceleration model x = f(x, ¢, p) (equation 4.1):
af(x7t7p>(1) L 8f(X,t,p)(1)
. Ox 0z
% = : .. : , (4.44)
6f(x7 ta p) (6) L 8f(x7 ta p) (6)
ox 0%
where subindices () refer to the i-th component of the result of f(x, ¢, p). Analogously,
af(X, L, p)(l) af(xat7p)(1)
x| _ %P (445)
9 : . : . .

af(xv ta p)(6) . 5f(x, ta p)(G)
ap 1 apnp
The horizontal concatenation of the state transition matrix ® and the sensitivity matrix S gives a 6 x n matrix, which

we denote W for convenience:
U(t,t,) = [®(t,t0) S(t)]. (4.46)

This ¥ matrix is relevant because it is what allows to propagate a covariance matrix Py to a later instant than the reference

epoch ¢ of its associated extended state y:
Py(t) = ©(t,to) Py(to) ¥ (t o) - (4.47)

Note that this covariance propagation outputs the covariance matrix corresponding to the state x only. If the full Py matrix
needst o be propagated instead, equation (4.46) needs to be extended as shown in equation (10) of Part IV.
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Least squares solutions

Before describing the batch estimation algorithm in section 4.2.2, the fundamentals of nonlinear least squares solutions
must be outlined. Let a linear system of equations be z = Ay, defined by the m x 1 vector z, the m X n matrix A and
the n x 1 vector of unknowns y. If Rank(A)> n, then the system is overdetermined and an exact solution does not exist.
However, a “best-fit” solution for y can be found by minimizing the Ls norm (denoted ||.||2) of the difference between z
and Ax. Simple linear algebra then yields to

—1
y = argmin ||z — AyHg = (ATA) A'z, (4.48)
y

where the hat notation stands for “estimated”. This is also commonly known as the solution to the “normal equations” of a
system. If, instead, the weighted norm ||. ||y is used (defined as ||x||yw = VX7 Wx, where W is a matrix of weights),
then equation (4.48) becomes

-1
y = argmin ||z — AyH%V = (ATWA) AWz (4.49)
y

As seen next in subsection 4.2.2, the inverse of the obersvation covariance (equation 4.33) is commonly taken as weights
matrix in the context of orbit estimation. It is important to note that the term (ATA) ~1 (or its equivalent in the weighted
form) is the covariance matrix of the estimated solution (see Tapley et al., , Eqs. 4.4.8-4.4.18 for a proof). Hence, if
the solution estimates the state of a spacecraft, this result will be the one representing the associated uncertainty of each
estimated component and their correlations.

4.2.2. Full estimation

Let F; o be the function that integrates a state from its value at ¢y, Xo, to a later instant ¢;, and h(y) the function that
outputs a set of observations z given a full state y (equation 4.30)°. If a set of observations z; = z(t;) is available, the
estimation problem can be formulated as: find the full state yo = y(¢o), consisting of the initial state x, and the set of
constant environmental parameters p, so that the propagated state x; = x(¢;) gives observations as close as possible to
the observed set z;. If this similarity is expressed in terms of the weighted norm (||.||w ) of the difference between the
simulated and the observed observations, this can be mathematically formulated as

. . 2
Yo = argmin ||z; — h(FZ‘}O(yO)HPz—‘l , (4.50)
Yo °
where the hat notation stands for “estimated” and the inverse of the observation covariance matrix P, (equation 4.33) is
used as a weighting matrix in order to give less weight to the less reliable observations. Given the nonlinear nature of
functions h and F', the problem must be solved iteratively by updating an initial guess of y, as

oh dy; |I?

AZZ' -
dy; dyo

Yo < Yo + argmin 4.51)

Yo

Yo

)
-1
P,

where Az; = z; — h(F} 0(§0)), the matrix Oh/dy; is computed with equation (4.31), and the matrix Jy;/dy is given
by equation (4.46). The result of the argmin operator is denoted Ay, and the linearized nature of its interior yields the
well-known least squares solution (equation 4.49).

The above is valid when estimating the initial state Xo and set of parameters p given a single observation set z;. If
multiple observations are available at multiple instants ¢;, with ¢ = 1,...,m, then there are multiple alternatives to
proceed. The main categories in which these are encompassed are two: the batch estimation and the sequential estimation.
These are developed below.

Batch estimation algorithm

The batch estimation algorithm is designed with the aim of computing yo = y(¢o) given a batch of m observations
z(t;), with ¢ > 0. Since the difference between computed and observed observations is not minimized in a single set of
observations but a whole batch, equation (4.50) is therefore

Yo = argmin | Y " [|z; — h(Fio(y0))|p-1 | - (4.52)
Yo . K

?

3In Part IV we switch to the more common approach of defining the h function as the one that directly maps an extended initial state yq to the full set
of expected observations z at different instants. The separation between h and F; g is maintained here with the aim of giving a deeper insight, although
we acknowledge that this formulation is not suitable, for instance, when different observations happen at common instants.
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Moreover, if an initial a priori estimate y,, with its associated covariance P, are available, they can be introduced into the
minimization problem (e.g., Tapley et al., , Eq. 4.3.24) so that the solution will also be taken closer to yg, which
makes equation (4.52) turn to

Yo = argmin (Z llz; — h(Fi,o(YO))||2p;1 + [yo — Y0||2pol> : (4.53)
Yo B ‘

When following the same procedure as to arrive at the classical least squares solution (4.49) but with equation (4.53),
one gets an equivalent form of the normal equations but in which the corresponding matrix and vector are accumulated
throughout the whole set of observations. The complete procedure is detailed in Algorithm 1.

Algorithm 1 Batch estimation algorithm. Based on Tapley et al. ( , p- 196-197) with adapted notation.

Require: An initial estimate of yo = y(to). If available, also an a priori estimate yg, with its associated covariance Py.
Set convergence criteria § and initialize Ay
while | Ay||/n > ¢ do
Initialize i = 1, A=0,N=0
for all observations z; = z(t;) do
Read observation z; and its associated covariance matrix P,
Integrate equation (4.1) together with equations (4.43) from ¢y to t; to get x; = x(t;), ®(¢;,t0) and S(¢;);
Compute W(t;, to) with equation (4.46);
Compute H |Xi, evaluating equation (4.31) at x;
Compute Az = z; — h(x;,p)
Compute the auxiliary matrix A = H|_¥(t;,to)
Update matrix A «+— A+ A" P, 1A
Update vector N <~ N+ AT P, ' Az
end for )
Solve Ay = (A + 1381) (N +¥o)
Update yo < yo + Ay
end while
T T} T

_ -1
The estimated initial full state is yo = [XO p' | ,and its corresponding covariance is Py = (A + P, 1) .

The batch estimation can be performed either in a single arc comprising all observations or in a multi-arc fashion, given
different sets of observations clustered in different, short spans of time. The distinction between the two approaches is
illustrated in Figure 4.1. In it, each of the three fits (single-arc and two multi-arc) are third-degree polynomials, representing
the constraints of a certain physical model, which is the same regardless of the estimation process applied. Note how
the effect of a multi-arc estimation is that each of the individual arcs fits the observations better than the multi-arc. This
is because the latter has the exact same flexibility but it has to be consistent with a larger set of not-necessarily-aligned
observations.

Z ZQ X h\ z7

Yo

Figure 4.1: Representation of single- (blue) vs multi-arc (green) batch solutions for the initial state of an orbiting body given a set of observations
Sequential estimation algorithm

Note to the reader: the final selected approach has been based on batch estimations only, hence this subsection is only
relevant to the present study to the extent that it has been useful to discard sequential estimation as a possibility.
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In the sequential approach, the state is estimated at every instant an observation is available, based on the propagated
covariance from the last estimation and the covariance of the observation itself. The mathematical formulation of the
problem to solve is (Tapley et al., ,Eq. 4.7.3)

%; = argmin (||zi — BB + (% — xi||§3<1) . (4.54)
- ’ i
Note how in equation (4.54) the only nonlinear function that intervenes and thus requires to be linearized is h (equation
4.31). However, the linearization of the F; ; function in equations (4.52) and (4.53), which is equal to matrix ®(¢;,¢;),
still intervenes in this problem because it is what allows for the a priori state X; and covariance Px,i to be calculated.
Depending on whether the variational equations and the linearization of h is evaluated at a “reference” state or at the
“nominal” state, based on the last estimation, the sequential estimation algorithm is said to be “linearized” or “extended”,
respectively. The two approaches are represented in Figure 4.2.

Ob (i 73 Observations Z3
servations

7

7

22 X o X

Reference trajectory

X0

Figure 4.2: Representation of the linearized sequential estimation (left) and the extended sequential estimation (right). Based on Montenbruck and Gill
( , Figs. 8.7 & 8.8).

The algorithm for the linearized sequential approach is presented in Algorithm 2. The formulation requires the
computation of certain matrices named “Kalman gain matrices”, also needed for the extended approach. This is why the
sequential estimation is also commonly known as “Kalman filter”. See Tapley et al. ( , Sec. 4.7) for the derivation of
the linearlized approach.

Algorithm 2 Sequential estimation algorithm. Based on Tapley et al. ( , p- 203-204) with adapted notation.

Require: An initial a priori estimate X, with its associated covariance Py, and a reference state X
Initialize Xg = X, Px70 = po and i = 1.
for all observations z;, = z(t;) do
Read observation z; and its associated covariance matrix P,
Integrate equation (4.1) together with equations (4.43) from ¢,_; to ¢; to get X} = x*(¢;), ®(¢;,ti—1) and S(t;);
Compute the design matrix H | ., evaluating equation (4.31) at X’
Compute the a priori state X; = L<I>(ti, tio1)Xi—1
Compute the a priori covariance matrix Py ; = ®(t;, ti,l)Px’i,1<I>T (tisti—1)
Compute Az = z; — h(x;, p)
Compute the Kalman gain matrix K; = 13,(7,L4HT (HiPx,iHiT + Pz) '
Compute the estimated state at ¢;: X; = X; + K; (z; — H;X;)
Compute the corresponding covariance matrix Py ; = (I — K, H;) Py
i1+ 1
end for

On the other hand, the extended sequential agorithm is detailed in Algorithm 3. The development of the mathematical
formulations used is described by Tapley et al. ( , Sec. 4.7.2).
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Algorithm 3 Extended sequential estimation algorithm. Based on Tapley et al. ( , p- 212) with adapted notation.

Require: An initial a priori covariance Py, and a reference state X;.

Initialize Py = Py andi = 1.

for all observations z; = z(¢;) do
Read observation z; and its associated covariance matrix P,
Integrate equation (4.1) together with equations (4.43) from ¢;_ to ¢, to get X = x*(¢;) and ®(¢;,t;-1)
Compute the a priori covariance matrix Py ; = ®(t;, ti,l)Px,i,ﬁI)T (tiyti—1)
Compute Az = z; — h(x},p)
Compute the design matrix H

e evaluating equation (4.31) at X

_ _ -1
Compute the Kalman gain matrix K; = PX’Z-HT (HZ-P“-HZT + PZ>
Update the reference state at ¢;: X; + x; + K;z; B
Compute the corresponding covariance matrix Py, = (I — K, H;) Py ;
14 1+1

end for

Strategies used in present research

The two main orbit estimation presented above are the batch and sequential estimations. Nowadays, the latter is the most
common in the monitoring of Earth-orbiting satellites, which get updated observations by an extended network of ground
stations all around the globe and therefore new states can be estimated by continuously applying either Algorithm 2 or
Algorithm 3. The orbits of deep space spacecraft, on the other hand, which are not as continuously monitored as Earth
satellites, are usually estimated by grouping different batches of tracking data and estimating their initial state as described
in Algorithm 1.

This can nevertheless change in the future, if a deep-space tracking infrastructure is available and the uncertainty
of interplanetary spacecraft needs to be continuously narrowed for certain applications. On Earth, this is essential, for
instance, for collision avoidance, but so far there have not been requirements as stringent for any mission out of cislunar
space. With an eye on the future, Petricca and Genova ( ) proposed a sequential estimation method for interplanetary
spacecraft based on spacecraft-to-spacecraft Doppler measurements. Sequential estimation is however expected to be
more relevant in the context of autonomous navigation, and for a mission like Trilogy, where data can be downloaded to
the ground, batch estimations are still deemed preferable (Genova, 2024, priv. comm.).

Batch estimations themselves can be performed in a single- or multi-arc fashion, and trackers of interplanetary
spacecraft opt for the latter. This is because spacecraft in orbit around other planets are subject to rapid dynamics
(e.g., thousands of orbits in a mission of one year in Mars orbit) highly affected by complex effects than can yield to
remaining model errors (e.g., high-order and/or time-varying gravity fields, atmospheric drag). Therefore, these errors
will accumulate up to a point where the flexibility of a single arc in the defined dynamical model will not be enough to fit
all the observations properly. With the multi-arc approach, the trajectory is only fitted during different short-time windows,
and therefore they are not corrupted by unmodelled dynamical effects during previous observation batches. This results

in a higher overall accuracy in the spacecraft orbit determination, although as pointed out by Lari et al. ( ), it has
the weakness “that it gets rid of the accumulated information contained in the global orbit of the spacecraft”. A suitable
alternative is the “constrained multi-arc approach”, developed by Alessi et al. ( ) for the tracking of Bepi-Colombo.

In it, continuity between arcs is not enforced—this would effectively make it a single-arc approach—but the jumps in
between are also introduced in the optimization process as parameters to minimize.

When it comes to estimating planetary ephemerides instead of spacecraft orbits, the common approach is to use a
single, multi-arc estimation with all observations available throughout a time span of several years. Normal points of
planetary distances are taken from spacecraft ranges, but after their orbits have been estimated, generally using Doppler
data only, “planetary ephemerides are then estimated using range/VLBI data (without adjusting the spacecraft orbit)”
(Dirkx et al., ). This is said to be a decoupled approach.

The alternative is to perform a coupled estimation, where the orbits of both the spacecraft and the celestial body are
computed in a single estimation process. Genova et al. ( ) did so for the first time with the orbit of Mercury based on
MESSENGER data, and stated that this “mitigates the systematic errors related to the spacecraft position and velocity”.
Fayolle et al. ( ) formulated coupled and decoupled estimation approaches to be applied to Jupiter Icy Moons Explorer
(JUICE) and the Galilean moons, and found that their ephemerides were computed with slightly greater formal errors in
their tangential positions but more than one order of magnitude less uncertainty in their radial positions when using the
coupled approach.

The advantage of using Doppler observations for the orbit determination of the spacecraft alone in the decoupled
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approach is that they are less sensitive than range observations to errors in planetary positions given by ephemerides
models. In the case of ILR, Dirkx et al. ( ) predict that the “laser data will have significant and useful information on
the dynamics of both natural and artificial bodies, requiring the coupling to be incorporated”. The most suitable approach
for the Trilogy concept will only be determined based on results of numerical simulations. In their conclusions, Dirkx
etal. ( ) also state that the tracking of interplanetary orbiters “will continue to require Doppler data”, following the
classical approach, and “ILR will start to be competitive for determining signatures of >1.5-2 h”.

4.2.3. Covariance analysis

Given the computational cost of applying full estimation algorithms, a simplified alternative is instead to simply perform a
covariance analysis. Given the fact that, when solving the normal equations (4.48, 4.49), the inverse of the left-hand side
is the covariance matrix of the solution, the covariance analysis approach is to compute this matrix only instead of the full
solution. The result will therefore assess the expected uncertainty at the end of an estimation process, but without actually
carrying it out.

The covariance matrix of the solution after applying the batch estimation algorithm, as described in Algorithm 1, is
the inverse of matrix A plus the a priori covariance matrix Py, i.e.,

m —1
Py, = <Z @l H|| P, H| W, + P51> . (4.55)

Just as in the case of applying the full algorithm the state must be propagated together with the variational equations in
order to compute matrix ¥, o = ¥(¢;,%o) and evaluate the design matrix H at each time step ¢; where observations are
available. However, these can be evaluated with a single propagation, and there is no need to loop it until convergence like
in the full estimation.

Consider covariance analysis

If the uncertainty of the non-estimated (but considered) environmental parameters is given by matrix C' (equation 4.37),

then the resulting covariance matrix Py, from equation (4.55) gets an extra contribution Pg‘)) of the form (Tapley et al.,
, Egs. 6.3.56-6.3.67)

P{) = P,.C™'Py; (4.56a)
Py = — Py, M,.C: (4.56b)
My = (‘I];I,—O H|le P;I Hc‘xi) + Myc; (4.56¢)

~ ~ 1
Myo=— (Py- PuCTPL) Pc, @56

where matrices C' and Py, (equations 4.37 and 4.38) are, respectively, the covariance matrix of the consider parameters ¢
and that of the relationship between the full set of estimated parameters y and the considered parameters ¢; matrix Py, is
the result of equation (4.55); matrix ¥,  is computed with equation (4.46) after integration of the variational equations;
H is the design matrix (equation 4.31), and H . is the equivalent matrix for the considered parameters (equation 4.39).
As noted in equation (4.56¢), both H and H . are evaluated at the integrated state x at instant ¢;. The final expected
covariance after an estimation will be therefore

P =Py, +PY. (4.57)

In the particular case of a single observation (m = 1) and no correlation between the estimated parameters y and the
considered parameters ¢ (hence, Py, = 0,,xy, ), then equation (4.56) becomes

P = P, 9" (t,1,) H|] P;' HJ,CC™'C" H.|] (P;")" H|, W(t,1,)Py,, (4.58)

which is equivalent to the consider covariance expression given by Montenbruck and Gill ( , Eq. 8.42) if the inverse
of the observation covariance matrix P, is taken as the weights matrix. This can be however a too simplistic approach,
since it neglects the correlations between the estimated parameters and any other non-estimated ones. For instance, as
seen in section 5.5, the relativistic parameters o and 3 are strongly correlated, and they are in turn correlated with the
solar gravitational oblateness .Jo. Hence, if only some of these parameters are esitmated but the others still play a role in
the dynamical model, their correlations will not be null in matrix Pye.






Solar System Situational Awareness

The term Space Situational Awareness (SSA) is commonly used to refer to the “knowledge of our near-space environment”,
both in its natural an man-made components (Kennewell & Vo, ). Typically, SSA research has been focused on
Earth’s orbit, and not on any objects further away than the Moon . It is reasonable to define an equivalent term that
includes the awareness of all bodies in the Solar System (namely, their existence, location and properties), which is also an
active research topic, as discussed in this chapter. In this work, we coin the term Solar System Situational Awareness
(SSSA), to refer to this field with a clear separation of the typical, Earth-orbit-focused concept of SSA.

5.1. Planetary ephemerides

Ephemerides are models that describe the locations and velocities of known Solar System bodies as a function of time.
These are commonly calculated by fitting (see batch estimation in subsection 4.2.2) numerically integrated orbits to range
and/or angular observations from both Earth- and space-based instruments. Currently, they are given by three main
institutions that work on their own models independently:

* The Celestial Mechanics and Ephemerides Calculations Institute (IMCEE) in France periodically releases the
INPOP ephemerides, with their last release being INPOP-21a, published by Fienga et al. ( ). They are calculated
by fitting 401 parameters, which mainly contain the position and velocity of the different Solar System bodies, but
not other physical parameters such as the gravitational parameter of the major bodies (Fienga, )

* The Jet Propulsion Laboratory (JPL) in California is in charge of the DE, with its last version being DE440 and
DE441, published by Park et al. ( ). It consists of the fit of the position of the Sun, the barycenter of the eight
planets, the Moon and Pluto, 343 asteroids, and Kuiper Belt Objects (KBOs) consisting of 30 individual objects
plus a circular ring of 30 objects of equal mass. The gravitational parameters of the Moon and the Sun are also
estimated in DE400.

* The Institute for Applied Astronomy (IAA) of the Russian Academy of Sciences in Russia develops the Ephemerides
of the Planets and the Moon (EPM), with their latest release being the EPM2021, published by Pitjeva et al. ( ).
This model includes the fitting of several physical parameters such as the solar gravitational parameter y, and
oblateness .Jo, the lunar moments of inertia and the masses of 379 asteroids and 30 TNOs.

Table 5.1 summarizes the proportion of each observation source used in the fitting of the INPOP and DE ephemerides
models. Although the equivalent data for the EPM is not available, it is clear how range measurements to deep-space
spacecraft is, by far, the category that contributes the most to the full set of data in which these models are based. Some of
these spacecraft are in stable orbits around their host planets (e.g., as detailed by Fienga et al., , the Mars Reconaissance
Orbiter (MRO) provided 20985 range measurements between 2002 and 2014), yet others approached other planets in only
flyby maneuvers (e.g, Park et al., only list one spacecraft range measurement to Uranus and Neptune, performed
during the Voyager 2 approaches).

Besides ranging to spacecraft, Table 5.1 also lists other obervation methods: angular observations are given by both
Earth-based and space-based (e.g., Gaia Collaboration, ) telescopes, and direct ranging includes ground-based radar
observations to Venus conducted between 1965 and 1990 (Fienga et al., ). VLBI can also be used to directly range
planets, but it is becoming a more and more common technology to complement radio-based ranging of spacecraft.
Duev et al. ( ) obtained VLBI measurements to the Venus Express spacecraft, and Jones et al. ( ) did the same

45
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Table 5.1: Relative number of observations used to fit the INPOP and DE ephemerides models, separated by observation type. Information from Fienga
( ) and Park et al. ( ).

INPOP21a DE440/441

LLR 31.8%
Ranges to spacecraft 64.7% 34.4%
Optical angular observations 34.7% 33.3%
Direct ranging 0.8%
VLBI to spacecraft 0.2% 0.5%
with the Cassini spacecraft around Saturn. Gurvits et al. ( ) and Guryvits et al. ( ) introduced the Planetary

Radio Interferometry and Doppler Experiment (PRIDE) to perform joint measurements of VLBI and Doppler ranging to
the JUICE spacecraft, with the potential of significantly improving the understanding of the Jovian System dynamics.

According to Dirkx et al. ( ), these measurements are expected to make “the uncertainty in the ephemerides less
dependent on the error in the orbit determination of the JUICE spacecraft itself”.
The different methods listed in Table 5.1 have significantly different accuracies: Fienga et al. ( ) assume direct

planetary ranges to Venus to have a prior accuracy of 1400m, whereas angular optical observations are considered to
be accuracte below the arcsecond level, and VLBI is in turn three orders of magnitude more accurate. For instance, an
angular accuracy of 0.6 mas obtained by VLBI to the Cassini spacecraft corresponds to a distance of a few kilometers.
This is to be improved by the joint usage of Doppler and VLBI in the PRIDE experiment.

The intercomparison of the three models can be used to estimate their true errors (Dirkx, , p- 39). Comparing the
releases previous to the most current, Wenxiao et al. ( ) found that “the deviation levels [...] range from hundred meters
to kilometers, and the differences between EPM2017 and the other two are large”. Fienga et al. ( ) plot the discrepancy
between INPOP21a and DE440 for the few decades around present day, showing how the discrepancy is in the order of
tens of meters for the inner planets—these figures are reproduced in section B.1—a few hundreds of meters for Jupiter and
Saturn, and several hundreds of kilometers for uranus and Neptune. Newer releases of JPL and INPOP ephemerides “seem
to be converging”, which indicates there are no fundamental discrepancies in their independent methods (Fienga, ).
Even so, the current level of true errors will only be improved when new (and more accurate) observations are introduced.

5.2. Determination of asteroid masses

Nowadays, more than one million asteroids are known to be orbiting in the Main Belt!. Their detailed characterization is a
crucial research area due to its multiple implications: first, to better understand the formation and evolution of the Solar
System (e.g., Shi et al., ); second, to better prepare any potentially needed planetary defense missions in the future
(e.g., Rivkin et al., ); and lastly, to allow well-founded assessments for asteroid mining mission plans (e.g., Ferus
et al., ).

Such characterization encompasses several aspects: for instance, Galache et al. ( ) emphasize the determination of
their size, composition and rotation periods; Chesley et al. ( ) focus on the orbit and density of asteroid Bennu, and
Goffin ( ) aim for calculating asteroid masses. Some properties like rotation period or spectral class can be directly
inferred from observations of the objects alone, and hence they are listed in the existing catalogs. Masses, on the other
hand, cannot be inferred from direct observations of the objects alone. Fienga, Avdellidou, and Hanus ( ) group the
possible methods for estimating asteroid masses in five categories:

* From spacecraft motion around asteroids: when a spacecraft flies near an asteroid, it is subject to its gravitational
pull. The gravitational parameter of the asteroid, and thus its mass, can be inferred from the exact motion of the
spacecraft, the range and range-rate to which are measured from Earth. This method was first applied with the
Galileo spacecraft around asteroid 243 Ida (Belton et al., ), and has been repeated a small number of occasions
since (see Fienga, Avdellidou, and Hanus, for full list). It is “by far the most precise technique” (Carry, ).

* From asteroid-asteroid perturbations: this method is based on assessing the mutual interaction of two asteroids
when flying near enough to each other so that the trajectory of the lighter is perturbed by the heavier. This was
the technique used for the first-ever calculation of an asteroid mass, namely, that of 4 Vesta by Hertz ( ). The
procedure has been replicated numerous times since, due to the high number of similar events (e.g., Hilton et al.,

found 460 asteroid encounters between the mid 50’s and the early 2000’s). This technique is also known

! An updated catalog can be found in https://www.spacereference.org/category/main-belt-asteroids.
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as “astrometric method” (e.g., Galdd and Gray, ), due to the fact that it is mostly based on ground-based
astrometric observations.

Although historically being a very fruitful method, “these mass determinations often have large errors since the
astrometric measurements of both bodies must be extremely accurate to properly model the interaction, [and] the
influence of any other nearby bodies must be well known” (Murray, ). In this regard, the European Space
Agency (ESA)’s Gaia mission (Gaia Collaboration, ) has been of significant impact in the last decade. Launched
in 2013, it has provided astrometric measurements of the whole sky dome with unprecedented accuracy. Mouret
etal. ( , ) predicted several hundreds of asteroid masses to be potentially determinable thanks to the
measurements of asteroid encounters. With the mission’s data release (DR)2, however, Deram et al. ( ) and
Murray ( ) found challenges associated with the systematic errors of the astrometric measurements, and aimed
for the next data delivery, DR3. A first study with DR3 has already been published by Li et al. ( ), achieving to
estimate masses of 10 asteroids with a precision better than 5% of the 20 asteroids analyzed.

* From the motion of natural satellites around asteroids, or binary asteroids: this is a straightforward method that
only requires to know the orbital period of a smaller body around an asteroid to apply Kepler’s third law and obtain
the mass of the larger. It is “the most productive method of accurate mass determinations”, “with currently more
than 200 known binaries” (Carry, ). This method was first applied by Descamps et al. ( ) with asteroid (22)
Kalliope, and has been replicated multiple times since (see Fienga, Avdellidou, and Hanus, for a list).

* From the Yarkovsky effect, which introduces a non-gravitational acceleration to an asteroid due to the combined
effect of its rotation and thermal emissions (e.g., Lissauer and de Pater, , sec. 2.8.3). The measurement of
this acceleration was first used by Chesley et al. ( ) to infer the bulk density of asteroid 6489 Golevka, and
it was repeated by Chesley et al. ( ) with 101955 Bennu as part of the design of NASA’s Origins, Spectral
Interpretation, Resource Identification, and Security — Regolith Explorer (OSIRIS-REx) Mission (see Fienga,
Avdellidou, and Hanus, for a full list).

* From asteroid-planet perturbations: this method consists of analyzing the deviation of planetary orbits from
an asteroid-less model to infer the masses of the asteroids causing the observed deviations. This was originally
proposed by Williams ( ), who suggested to use the ranges to the Viking Mars landers, which was succesfully
carried out by Standish and Hellings ( ), estimating the masses of 1 Ceres, 2 Pallas and 4 Vesta. Mars is
especially sensitive to these perturbations, “because of the planet’s proximity with the asteroid belt” (Kuchynka &
Folkner, ).

Currently, this method is applied in the fitting of the main planetary ephemerides models (section 5.1). Pitjeva et al.
( ) fit 379 masses in their dynamical model for EPM21, although 102 result in negative values and are thus
discarded. Based on the fit of the INPOP19a ephemerides, Fienga, Avdellidou, and Hanus ( ) give uncertainties
better than 33 per cent for 103 asteroids.

In summary, there have been plenty of asteroid mass estimations carried out in the past decades. Conveniently, Kretlow
( ) grouped all of them into a single, open-acces catalog named SiMDA?. This currently lists all mass and diameter
estimates for a total of 428 objects, for which both the individual and the average mass and diameter values, together
with their resulting 1-o error, are given. The distribution of these errors are shown in the vertical histogram of the figure,
evincing how most masses are estimated with uncertainties that give rough ranges rather than accurate values. On top of
this, it is worth noting that this simply represents a tiny portion of all known Solar System bodies: in the words of Fienga
( ), “close to mars we have at least 250k objects with unknown mass”.

5.3. Discovery of Trans-Neptunian Objects

Note to the reader: although TNO masses to be estimated have been included in the final implementation of this work
(Part IV), the estimation of unknown massive objects has not been addressed. Still, this section details the state of the art
on this matter.

5.3.1. The Kuiper Belt

During the 20th century, researchers proposed the existence of a belt of TNOs by extrapolating the mass distribution of the
Solar System as a function of heliocentric distance (e.g., Edgeworth, ; Kuiper, ). This work is the reason why this
group of objects, currently confirmed to exist, is commonly known as the “Kuiper Belt”. Today, the discovery of unknown
KBOs is still an active field of research. A better understanding of them and their distribution will have significant impact
in different open research fields, including planetary migration dynamics, the evolution of star protoplanetary disks or

2 Accessible at https://astro kretlow.de/simda/catalog/
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Figure 5.1: Distribution of all known asteroids with their mass and relative error, as of march 2024. Data extracted from the SIMDA catalog (Kretlow,

).

planetessimal formation models (Gladman & Volk, ). In fact, it is believed that “traces of the original protosolar
cloud are likely to remain only at the periphery of the Solar System beyond the orbit of Neptune” (Pitjeva & Pitjev, ).
Regarding planetary migrations, Siraj ( ) statistically concluded that it is expected that there be ~ 1.2 Mars-like planet
in the outer Solar System, with an extrasolar origin but captured by gravitational interactions.

Today, the lack of knowledge of TNOs is a major source of uncertainty in the orbital ephemerides of the outer planets
(section 5.1), where currently approximate solutions such a single-mass ring are fitted into the models. The results of such
fits are a major contribution in the current research on TNOs, including the total mass of the Kuiper Belt and the distribution
of objects. Pitjeva and Pitjev ( ), using the EPM model, estimate their total mass to add up to (0.0197 + 0.0030) Mg
with 30 confidence, stating that “the bulk of the KBOs are in the ring zone from 39.4 to 47.8 AU”. di Ruscio et al. ( ),
on the other hand, use the fit of INPOP ephemerides to arrive to the figure of (0.0243 + 0.003) Mg, and state that it is
not fully comparable to that from Pitjeva and Pitjev ( ) due to “the different mass distribution considered in the two
models, and the degeneracy between the mass of the ring and its distance to the solar system barycentre”.

These two studies agree on the fact that the aggregate mass of all TNOs is around two orders of magnitude smaller
than that of Earth, but this conclusion has opposing views. Lykawka and Mukai ( ) proposed the existence of a planet
of a few tenths of an Earth mass, currently in a stable orbit at > 100 AU. This theory was aligned with the century-old
“Planet X” suggested by Lowell ( ), who had predicted a massive body causing perturbations to the orbits of Uranus
and Neptune—although such claims were later shown to be based on spurious observations (Standish, ). Lykawka
and Mukai ( ), however, affirmed that their suggested body would explain the high number of detached TNOs (i.e.,
those who “do not encounter Neptune”), the existing highly inclined objects and certain observed resonances. With more
advanced simulations, Lykawka and Ito ( ) defined their predicted planet to be between 1.5 and 3 Earth masses, and in
an orbit of 250 to 500 AU in its semimajor axis and an inclination of 30 degrees. This mass and orbital distances are more
similar to another candidate of massive, currently unknown TNO, theorized during the last decade: Planet Nine. This is
developed below.

5.3.2. The Planet Nine hypothesis

Batygin and Brown ( ) published the results of numerical simulations suggesting that a distant planet of several Earth
masses could explain several aspects of the orbits of KBOs, which are clustered “not only in argument of perihelion,
but also in physical space”, together with the existence of high-perihelion objects, “as well as the known collection of
high semimajor axis objects with inclinations between 60° and 150°, whose origin was previously unclear”. This study
had significant impact in the community, and further analysis and observation campaigns have followed since. Table 5.2
summarizes the different theorized Planet 9 parameters up to date, including its mass M, semimajor axis a, eccentricity e,
inclination ¢, current true anomaly € and current heliocentric distance 7.

Brown and Batygin ( ) complemented the study with new simulations reaching very similar conclusions. Fienga
etal. ( ) tested their proposed Planet 9 configuration in the fit of INPOP ephemerides, specially focusing on the recent
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Table 5.2: Theoretical estimates for the mass and orbital parameters of Planet 9

M (Mg) a (AU) e() i(deg) 0 (deg) r (AU)

Batygin and Brown ( ) 10 700 0.6

Fienga et al. ( ) 1178715

Brown and Batygin ( ) 5-20  380-980 30

Batygin et al. ( ) 5-10 400-800 0.2-0.5  15-25

Fienga, Ruscio, et al. ( ) 5 > 500
10 > 650

Brown and Batygin (2021) 62722 38075 16+5

Brown et al. ( ) 6.6t7% 5001750 5501330

accurate ranges to Saturn made possible by the Cassini spacecraft. Their findings showed how, if the Planet 9 described by
Batygin and Brown ( ) were to be today in a particular range of true anomalies, the residuals of the Cassini ranges
after fit would significantly reduce. Concurrently, Gomes et al. ( ) argued that a planet in this orbital configuration
could explain the inclination of the ecliptic with respect to the solar equator.

One of the main challenges to the Planet 9 hypothesis is whether the observed clustering of TNOs’ orbits that yield
to the theory can be due to observational bias. Brown ( ) concluded that “the probability of detecting these two
independent clusterings [spatial and in argument of perihelion] in a randomly distributed sample is 0.025%”. Brown
and Batygin ( ) corrected this figure to 0.2%, extending the method with an “explicit calculation of the bias in pole
position”. Batygin et al. ( ) seconded this idea, defending that “the distant KBO are thus distinctly clustered at the
99.8% confidence level”.

However, this view is still far from undoubted. Lawler et al. ( ) replicated simulations of the Kuiper Belt with
an extra planet, finding inconsistencies in the currently observed scattering and detached populations, and stating that
no evidence for clustering of orbital angles was found in their simulations. Moreover, Shankman et al. ( ) studied
the “striking and non-intuitive biases that exist for the detection of TNOs with large semimajor axes”, concluding that
the current orbital distribution from the Outer Solar System Origins Survey (OSSOS) is actually “consistent with being
detected from a uniform underlying angular distribution”. Batygin et al. ( ) replied that the associated likelihood of
this bias being real is less than 1%, and insisted on the fact that “multiple lines of evidence all point to the same Planet
Nine model”.

When it comes to observations, all efforts have been unsuccesful so far. Holman and Payne ( ) looked at astrometric
observations of Pluto and other TNOs, fitting different sources of gravitational perturbations and concluding that the
planet should be “either more massive or closer than argued for by Batygin and Brown ( ) or Fienga et al. ( ).
Naess et al. ( ) presented the results of a Planet 9 survey with the Atacama Cosmology Telescope, reporting “no
statistically significant detections”, which effectively eliminated “roughly 17% and 9% of the parameter space for a 5 and
10 Earth-mass Planet 9, respectively”. Additionally, Belyakov et al. ( ) ruled out an additional 5% of the parameter
space from Brown and Batygin ( ) that would have already been detected by the Dark Energy Survey.

The lack of observational evidence is currently the factor that casts most doubt on the Planet 9 hypothesis. The most
recent update, based on the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS) survey and published
in a preprint by Brown et al. ( ), states that 78% of the parameter space defined by Brown and Batygin ( ) is
already ruled out. In addition, Fienga, Ruscio, et al. ( ) repeated the analysis based on the residuals of the INPOP
ephemerides fit when introducing the alledged Planet 9, this time with the addition of Juno range data, and concluded that
the addition of Planet 9 “does not improve the planetary residuals regardless of the configurations that are considered”. As
a still existing possibility, only some regions in the parameter space where the fit is not significantly degraded were given.

If a massive body is indeed perturbing the Kuiper Belt, one possible explanation for the lack of visible evidence
is suggested by Scholtz and Unwin ( ): that it is not a planet but a primordial black hole (PBH). This could still
be detectable through its Hawking radiation (Siraj & Loeb, ), and would offer a privileged fundamental physics
laboratory in the backyard of the Solar System.

During the course of this work, a new study was published by Batygin et al. ( ), claiming to show evidence robust
to 5-0 of observed TNO distribution consistent with the Planet Nine hypothesis. Despite the lack of results from the visual
surveys and the inconclusive result by Fienga, Ruscio, et al. ( ), the authors defend that “if anything, today we are
more confident than we were 5 years ago” (Batygin, 2024, priv. comm.).
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5.4. Solar System rotation and inertial reference frames

Note to the reader: this topic has not been addressed in the final objectives of this work.

In one of the few studies following the publication of the original Trilogy paper by Smith et al. ( ), Bills and
Skillman ( ) studied the implications of considering the Trilogy arrangement as a solar-system-scale gyroscope. The
reasoning behind is that the proposed setup will be able to take advantage of the Sagnac effect (Sagnac, ), just as
current laser gyroscopes do.

The Sagnac effect describes how, for a given planet distribution, light will cover the Earth-Venus-Mars laser links in
different times depending on whether those are prograde (in the same rotation sense as the planets) or retrograde (in the
opposite sense). Due to the finite speed of light and the fact that planets move during the light travel time, retrograde
loops will take less time than prograde loops. More specifically, this time difference will be equal to

At = é&'lA, 6D
where c is the speed of light in vacuum, €2 is the rotation rate of the triangle with respect to inertial space, and A is
the normal area vector. Hence, the measured time deviation, together with the value of the closed area, can lead to the
determination of the rotation rate of the triangle (and thus, of the Solar System) with respect to inertial frame (Bills, ).
This can also be computed by existing VLBI, but according to preliminary calculations by Eubanks ( ), ILTN could
achieve in a few thousand seconds the accuracy VLBI achieves in one year.

Increasing the accuracy of the monitorisation of the Solar System rotation has a twofold impact: on the one hand, it
would increase the precision of reference frames such as the International Celestial Reference Frame (ICRF), on which
global navigation systems like GPS are dependent. On the other hand, it would reduce the uncertainty on the total angular
momentum of the Solar System, which could theoretically help in the determination of the currently unknown masses
and even the discovery of currently unknown objects. The need for an accuracy increase in the definition of the ICRF is
nevertheless unclear: Liu et al. ( ) state that “the orientation of current planetary ephemeris frames is as accurate as at
least 0.4 mas, and the nonrotation is better than Spas per year”. The accurate justification for an improvement with respect
to the current figures is still to be defined.

5.5. Heliophysics and astrophysics

Note to the reader: although these topics have not been addressed in the final formulation of the research questions of this
work, the research summarized below supported the decision of assuming GR to be true and focusing on ephemerides and
asteroid masses instead.

5.5.1. Expansion of the Solar System

The motion of Solar System bodies is mainly described by the Sun’s gravitational parameter p1, = G Mg, where G is the
universal gravitational constant and M, is the solar mass. Their product 1, is commonly taken as constant, and currently
known to be (Pitjeva, )

o = 132712440042 + 10 km? /s%.

However, it is known that in actuality p varies through time. One reason for this is the change of mass of the Sun, but it
is possible that a non-constant G also contributes to this variation.
As the gravitational pull of the Sun gets reduced, the orbits of all bodies orbiting around it increase their semimajor
axes: as shown by Pitjeva and Pitjev ( ), ) )
B__2 (5.2)
I a
An accurate time measuring of the rate of increase of the orbit semimajor axis of Solar System bodies would therefore
give valuable insight on the real behavior of ji, over time. In fact, this was the main purpose of the Trilogy Mission when
presented by Smith et al. ( ). This would however only measure the change of the product of G and M;— measuring
the two quantities separately is a challenging problem, discussed below.

Solar mass burn rate

It is well known that our Sun continuously loses mass: as hydrogen is fused into helium, 2.9% of a proton mass is
transformed to energy in the reaction (Sackmann et al., ). Solar wind, coronal mass ejections and in-falling material
also play a role in the mass variation of the Sun, and it is still to be fully understood how these magnitudes are affected by
the cycle of solar activity. A full understanding of this behavior would provide valuable insight on the physics of the Solar
interior (e.g., Christensen-Dalsgaard, ). Figure 5.2 shows the recent estimates of the rate of change of the solar mass.
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Figure 5.2: Solar mass burn rate according to the existing estimates.

Using theoretical knowledge on solar physics to estimate its mass loss due to fusion, wind and ejections, Pinto et al.
( , Fig. 8) show a curve oscillating between a maximum and a minimum value as the solar cycle progresses. Zuber
etal. ( ) estimate the same figures based on simple calculations, getting a single value without error range. On the
other hand, the most common method to estimate the solar mass burn rate is through the fit of planetary ephemerides.

Pitjeva and Pitjev ( ) fitted /1 /1o into the computation of the EPM model, and separated the values of M, o/Mg
and G /G by making an educated guess of the upper and lower limits of solar mass change through time. Pitjeva et al.

( ) refined the same methodology with the most recent version of the EPM ephemerides, including new range data
such as that from MESSENGER and Juno. An equivalent approach, but enforcing G = 0, is followed by Fienga et al.
( )—Figure 5.2 shows the value reported after full estimation, although the paper lists other results with “limited”

approaches. As they note, there is an “important increase of the uncertainties when more asteroid masses are included in
the fit”. Finally, a similar methodology was followed by Genova et al. ( ), using ranges from MESSENGER to fit both
the orbits of mercury and the spacecraft, calculating a series of other parameters—inculding [,/ ptc—and improving in
the process the accuracy of the estimation of Mercury’s ephemerides with respect to those of the DE model.

Pitjeva and Pitjev ( ) claimed that “the modern level of observational accuracy does not allow one to reveal any
definite change in astronomical unit (AU)”, since the change in semimajor axis of the of the orbit of the Earth cannot be
fitted into the parameter estimation and get a formal error smaller than the fitted value itself. This is presumably applicable
to all other Solar System bodies, especially those which lack an accurate series of measurements in a large time span.
Pitjeva et al. ( ) insist on the fact that “direct search for a resizing of orbits due to the time evolution of the value of
GM for the central body [...] is ineffective because over a time interval of several tens or hundreds of years, the effect is
too small”. However, the change in orbital period associated with the change in semimajor axis does be measurable, and
this is why “using long-range observations allows us to find the change over time ji .

Non-constant gravitational constant
The gravitational constant G was introduced by Newton as the proportionality constant of his law of gravitation, and it is
still a fundamental constant in Einstein’s GR equation (e.g., Carroll, , eq. 1.5). Its value is known to be

G =6.67 x 107" m?/(kgs?).

The decimal figures after the 7 already show discrepancies between the results of different experiments (Tiesinga et al.,

, Tab. XXIX), and in fact “increasing the accuracy of G measurements [...] comprises one of the central problems of
modern physics and metrology” (Bronnikov et al., ). The measurement of GG alone is challenging, for instance due
to its coupling with the required measurement of any mass used in the experiment. As an example of such challenges,
Anderson et al. ( ) suggested that the Earth’s changes in magnetic field and moments of inertia affect the measurement
of G in ground-based experiments.

Despite GR predicts G to be a truly fundamental constant, the fact that it is not a definitive theory leaves room for
speculating other options. Although GR has passed all experimental tests so far (e.g., Will, ), some nuanced or
alternative theories might answer some of the greatest unknowns such as the actual nature of dark matter. One possibility,
for instance, is that GG is not constant but it is time-varying or space-varying. If it were time-varying, a nonzero value of
G /G should be measurable. The most precise estimates today, however, are all consistent with an actual value of G =0.
A summary of recent estimates is shown in Figure 5.3.

One method for the calculation of G /G is the same as introduced above for the computation of M® /Mg: the value of
Lo/ e is fitted into the dynamical model of planetary ephemerides, and the value of G /G is decoupled from it based on
other estimates for the solar mass burn rate. This is the approach followed by Fienga et al. ( ), Pitjeva and Pitjev (

), and Pitjeva et al. ( ). Genova et al. ( ) follow a very similar method, but with Mercury’s orbit only.

i
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Figure 5.3: Possible time variation of the gravitational constant according to recent estimates. Extended from Pitjeva et al. ( ).

Another approach is to use the accurate observations of LLR, which allow to directly get a decoupled estimate of G.
This is because, unlike with the Sun, the mass of other celestial bodies can be considered constant, hence the measured
change in gravitational parameter is directly proportional to the change in G (Fienga & Minazzoli, , Eq. 137). This is
the methodology followed by Biskupek et al. ( ), Hofmann and Miiller ( ), and Miiller et al. ( ).

Other methods to directly measure G /G are based on pulsar timing (W. W. Zhu et al., , ), or astroseismology
of low-mass stars (Bellinger & Christensen-Dalsgaard, ). These approaches are not reported in Figure 5.3 because
they give uncertainty ranges in the order of 10~'2. Finally, Le ( ) estimates G based on spectral observations of a
White Dwarf, getting the most narrow uncertainty range up to date with just +0.2449 x 104,

On the other hand, it is possible that a space variation of G were detectable. Fischbach et al. ( ) suggested, based
on certain discrepancies in laboratory-measured values of G, that the well known Newtonian potential Uy caused by a
point mass be corrected as

U(r)=Uy (1+ae %), (5.3)

where « and A are two different fundamental constants, and r is still the radial distance to a point mass. This was
acknowledged by the community as the “fifth-force formalism”, and one possible interpretation is that the only deviation

from classical theory is due to a spatially-damped G (Fischbach & Talmadge, , Eq. 2.1.10):
G(r) = Goo [+ a5 (14 ;)} . (5.4)
Investigating the validity of such formulation was suggested by Peron ( ) in the ILTN workshop as one possible

scientific objective of Trilogy.

5.5.2. Other solar parameters

The precession of Mercury’s perihelion detected in the late 19th century evinced how there was something still to be
understood with planetary dynamics. This was firstly attempted to be explained by introducing an non-spherical gravity
field of the Sun, although in pre-GR times this lead to inferred values that were “not possible, even with a rapidly rotating
solar core” (Rozelot & Damiani, ). Today, “it is admitted [...] that GR can account for almost all the observed
perihelion advance but not all” (Damiani et al., )—in particular, “the solar gravitational oblateness .J; and the angular
momentum S, are responsible for additional precession rates of 0.029” per Julian century and 0.002” per Julian century,
respectively” (Genova et al., ). The ongoing work to estimate these two parameters is described below.

Gravitational oblateness

The first important point to notice is that the internal dynamics of the Sun make its physical—or photospheric—oblateness
not as straightforwardly related to its gravitational oblateness—described by its gravitational moments .J,,—as in a solid
body. Rozelot and Fazel ( ) describe how the “photospheric oblateness is [...] sensitive to the interior rotation rate”,
and encourage work to model it accurately in order to “provide constraints on the rotation of the core” and study “the
impact on the solar gravitational moments”. This relationship can be illustrated by the simplified expression given by
Meftah et al. ( , €q. 1), which relates the photospheric oblateness with the J, coefficient and the exterior rotation
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raten of the Sun, although ackowledging that it is an “ill-posed problem”. It is intuitive to see how this is the case if a
single equation relates three unknown quantities, i.e., the photospheric and gravitational oblatenesses and the rotation rate.

Traditionally, studies of the Sun’s gravitational oblateness had been theoretical and based on helioseismology. For
instance, Mecheri et al. ( ) and Paterno et al. ( ) agreed to a high extent in a .J, value between 2.20 x 10~7 and
2.23 x 10~7. Pijpers ( ) supported this value, although reporting a lower bound down to 2.12 x 10~7. With the
increasing availability of deep-space range measurements, the more modern approach is to fit the value of J, ¢ into
planetary ephemerides models. Recent values obtained with this method are displayed in Figure 5.4.
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Figure 5.4: Recent estimates of the solar oblateness J2 . Based on van der Zwaard and Dirkx ( , Tab. Al)

It is worth highlighting that the first half of reported values (Fienga et al., , ; Folkner et al., ; Pitjeva &
Pitjev, ; Verma et al., ) used dynamical models that did not account for the Lense-Thirring (LT) effect, unlike
all posterior studies (Fienga, Deram, et al., ; Fienga et al., ; Genova et al., ; Park et al., ; Pitjeva &
Pavlov, ). The values displayed in Figure 5.4 can suggest that the inclusion of this effect has made the upper bounds
of ephemerides-estimated values differ less from the values estimated via helioseismology, supporting the claim by Fienga
and Minazzoli ( ) that “the values obtained with LT [...] are indeed closer to the ones issued from helioseismologic

surveys [...] than those obtained before the LT introduction”.

The actual current value of .J, is not the only open question regarding the Sun’s oblateness: higher order coefficients
are even harder to measure, and some past estimates put it between the same order of magnitude as Jo and two orders of
magnitude lower (see Rozelot and Damiani, for a full review). Today, according to Fienga and Minazzoli ( ),
“only J3 leads to a significant impact on the planetary ephemerides at the current level of accuracy”.

The time variability of the solar oblateness has also been an open topic since more than a century ago, when Poor
( ) published correlations between the observed photospheric oblateness and the 11-year solar activity cycle monitored
by the number of visible sunspots (e.g., Sakurai et al., ). This cyclic variation was supported by different observations
during the 20th century (Damiani et al., ), but the behavior of the gravitational oblateness is not as clear. Antia
etal. ( ) stated that “.J5 does not exhibit any significant temporal variation”—only some higher-order moments. On
the other hand, Rozelot et al. ( ) opposed their interpretation, and suggested that both the physical and gravitational
oblatenesses are time-dependent. Irbah et al. ( ) summarized the different measurements of photospherical oblateness,
which were apparently inconsistent with a direct correlation with the 11-year solar activity cycle: “variations are observed
in anti-phase with the solar activity during Cycle 24, whereas they were in phase with activity during Cycle 23”. After
confirming with past data how the trend suggested “in-phase variation during odd cycles and anti-phase variation during
even cycles”, they suggested that this variation followed the 22-year magnetic cycle of the Sun. Xu et al. ( ) showed
how how a periodic variation of J5 could have an effect “of nearly 0.8 per cent of the secular perihelion precession of
Mercury”, and concluded that “a better understanding of the solar oblateness is required”, which could be “through
observation in the solar orbits instead of on the Earth”.

Angular momentum
Angular momentum is the magnitude responsible for the Lense-Thirring (LT) effect (equation 4.19), which, as described
above, causes effects similar to those from the solar oblateness. Hence, the accurate knowledge on the solar angular
momentum S, is essential to make accurate interpretations of observations and simulation results.

Using helioseismology, Pijpers ( ) obtained S, = (1.90040.015) x 10*! kg m?/s. Other studies followed during
the 2000’s, all agreeing in a value between 1.63 x 10*! kgm? /s and 2.05 x 10*! kg m? /s (Iorio, , Tab. 1). However,
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when introducing the theoretical constraints of GR in a moment when ephemerides fits did not account for the LT effect
and range observations of MESSENGER were starting to be available, Iorio ( ) found an upper value of S, that
decreased two-fold the average of the previous estimates. Although Iorio ( ) defended that this discrepancy “might,
perhaps, hide something anomalous which deserves further investigations”, the value given by Pijpers ( ) is still used
in the modern ephemerides fits and estimation simulations mentioned above (Fienga et al., ; Genova et al., ; Park
etal., ).

5.5.3. Alternative gravitational theories

The parametric Post-Newtonian formalism
Despite the solid experimental support for GR, research to find possible deviations from the theory as described by Einstein

( ) is still being conducted. The modern means by which this is formulated is the parametrized post-Newtonian (PPN)
formalism. This formulation was pioneered by Eddington ( ) and it was extended and generalized further by several
contributions throughout the 20th century (see Hohmann, for a summary). Today, the widely-used PPN formalism
uses 10 different parameters (Will, , Tab. 2). Hohmann ( ) describes them as follows:

* ~ measures the amount of spatial curvature produced by unit rest mass;

* (8 measures the non-linearity in the gravitational superposition law;

* a1, a2 and , a3 measure the violation of local Lorentz invariance, i.e., the presence of preferred-frame effects;
* (3, (2, (3 and (4, together with a3, measure the violation of total energy-momentum conservation; and

* ¢ measures the violating of local position invariance, i.e., the presence of preferred-location effects.

In addition, Nordtvedt Jr ( R ) introduced the relationship
10 2 2 1
=40 —v—-3— —&— —ag— =C1 — = 5.5
n=48—~ 35 a1+ g0 3C1 3C2, (5.5

currently known as the Nordtvedt parameter. This plays a relevant role in the equivalence principle, developed later in this
section.

In GR, v = 8 = 1 and all other parameters are equal to zero. In several theories of gravity, a3 and all (; are equal to
zero—those in which they are not are “non-metric” (Will, ). Moyer ( , Eq. 4-26) gives the expression for the
acceleration of a body under the influence of a system of point masses in terms of v and :
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Note how, if v = § = 1, equation (5.6) becomes equivalent to equation (4.17), which is the original Einstein-Infeld-

Hohmann equation.

Equation (5.6) can be used in the fit of planetary ephemerides, which allows to solve for v and § instead of keeping
them fixed. However, these two parameters produce effects strongly correlated with those from the solar gravitational
oblateness Js ¢, . To overcome these effects, instead of fitting all three parametrers simultaneously (as Pitjeva and Pitjev,

; Verma et al., do), some authors opt for fixing some and estimating the others (Fienga, Bigot, et al., ;
A. S. Konopliv et al., ; Park et al., ) or even exploring the whole parameter space through random walks (Fienga,
Bigot, et al., ) or genetic algorithms (Fienga et al., ). Based on all the exisitng estimates for 5 and y based on
planetary ephemerides, Fienga and Minazzoli ( ) give their current known constraint

(B—1) = (—0.45 £ 1.75) x 1077

. 5.7)
(v —=1)=(0.55+1.35) x 107°.

In order to compute the value of -y in a disentangled manner from (3, another possibility is to take advantage of the
Shapiro delay (Shapiro, ), which describes how light gets curved due to gravitational influence and which only
depends on the value of vy (Fienga & Minazzoli, , Eq. 97). This was successfully verified by Bertotti et al. ( )
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using ranges to the Cassini spacecraft, and obtained a value of v — 1 = (2.1 4 2.3) x 1075, In their words, “this agrees
with the predictions of standard general relativity with a sensitivity that approaches the level at which, theoretically,
deviations are expected in some cosmological models”.

So far, planetary ephemerides tests have tried to fit v and S only, and Fienga and Minazzoli ( ) state that “several
studies still seem to be needed before being able to constrain the full PPN framework with planetary ephemerides”. Imperi
et al. ( ) expect an improvement of a factor 40 in the fitting of 3 and one order of magnitude in the fitting of - thanks
to future Bepi-Colombo data. De Marchi and Cascioli ( ) conducted a covariance analysis to assess how present and
future Solar System missions could additionally constrain other PPN parameters o1, e or (1, and found that the greatest
improvement would come from Bepi-Colombo range data, agreeing with Imperi et al. ( ) in expecting the estimation
of v to be improved by one order of magnitude. The authors also point out how Cascioli et al. ( ) already showed
how a Trilogy-like concept—or “a strategy based on the simultaneous data analysis of several missions”—might lead to a
further reduction of the formal uncertainties of the estimated parameters “thanks to a reduction of their correlations”.

Violations of the equivalence principle
The equivalence principle is a fundamental concept in both modern and classical physics. Today, it is commonly defined
through two definitions: the weak and the strong equivalence principles:

» The weak equivalence principle states that, in a uniform gravity field, all bodies undergo the same acceleration
regardless of their mass, composition or internal structure. As described by Will ( , p. 11), if Newton’s second
law is F = mja, where m stands for “inertial mass”, and the gravitational force is F = m pg, where m p stands for
“passive gravitational mass”, then the weak equivalence principle states that, for any body, m; = mp. This was an
assumption made by Newton, and it was later defined to be an intrinsic property of GR. Within GR, however, the
equivalence principle can be extended as follows:

» The strong equivalence principle states that “a uniform gravitational field is locally indistinguishable from an
accelerated reference frame” (Genova et al., ).

Genova et al. ( ) introduce the generalized formulation that relates gravitational and inertial masses without assuming
the validity of neither of two principles:

Q0
ma = my (1+5+”m,c2)’ (5.8)

where § accounts for violations of the weak equivalence principle and 7, which is the Nordtvedt parameter defined in
equation (5.5), accounts for violations of the strong equivalence principle. {2 is the gravitational self-energy, which is
proportional to GmZ,/ R, where R is the radial separation between the gravitational mass m¢ and the source of the gravity
field. As Genova et al. ( ) states, when proving the strong equivalence principle, “the test mass used in the experiment
needs to be sufficiently large so that the self-gravitational force is not negligible”, which makes planetary tests the most
suitable. If the weak and strong equivalence principles are truly valid, § and 7 must be, respectively, strictly equal to zero.
Both principles have passed all experimental tests so far (see Fienga and Minazzoli, , p- 60 for a summary).
Besides ground-based, laboratory tests, Touboul et al. ( ) used a space-based experiment and found “no [weak] EP
violation at the level of 2.7 x 10~15”. Regarding the strong equivalence principle, most tests (e.g., Hofmann and Miiller,
; Miiller et al., ) have been performed through LLR. Viswanathan et al. ( ) approached the problem by fitting
the solution of the INPOP17a model to the available LLR data set, and Genova et al. ( ) tackled the estimation of 7 by
means of the Mercury orbit fit based on MESSENGER observations. The method described in the latter takes advantage
of a theorized discrepancy in the computation of the Solar System barycenter (SSB), which coul only be observable if
1 # 0. The values obtained with each of the methods are displayed in Figure 5.5.
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Figure 5.5: Constraints on the Nordtvedt parameter according to recent estimates.

Future experiments expect the results from the Bepi-Colombo spacecraft to further reduce the uncertainties of
relativistic parameters. De Marchi et al. ( ) described a semianalytic model used to perform a covariance analysis on
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the expected determination of the Nordtvedt parameter, and concluded it will be estimated with an uncertainty that is of
the same order of magnitude as the recent values reported in Figure 5.5. In their words, “the uncertainties of the masses of
Solar System bodies degrade the precision of the estimation of 7 by about 1 order of magnitude”. Imperi et al. ( ), on
the other hand, psuh this figure to an expected two orders of magnitude improvement. Regarding the Trilogy concept,
Cascioli et al. ( ) found that the Venus-Earth-Mars configuration would yield to the most accurate determination of 7,
with a reported formal uncertainty of 6.7 x 1076,

Massive gravitons

The formulation of a space-decaying gravitational field (equation 5.4) is closely related to the theory of massive gravity.
This is a sub-field inside quantum gravity, which aims to fit gravity within the framework of particle physics, postulating
that the graviton would be the intermediary particle of gravity just as the photon is that of the electromagnetic force.
Massive gravity is the formulation in which the graviton is alleged not to be massless, contradicting GR. Although there
are multiple formulations of massive gravity (de Rham, ), in its simplest approximation, the observable effect of the
existence of a massive graviton is given by the modification of the Newtonian gravitational potential U caused by a point
mass as (Will, )

U=Uye ™, (5.9)

where )\, is the Compton wavelength of the graviton. The Compton wavelength of a particle is a well established concept
in quantum theory, and it is defined as the wavelength of a photon whose energy is equal to the rest mass energy of the
particle (Compton, ). It is related to massive particles with the known relationship A = h/(mc), where h is Planck’s
constant, m is the mass of the particle and c is the speed of light in vacuum. Hence, if the mass of the graviton were
mg = 0, then \; = oo.

The question remaining is of course whether or not a hypothetical finite value of )4, which would support the existence
of massive gravitons, is measurable. Will ( ) tackled the problem from the ephemerides approach, and claimed that
“data on the perihelion advance of Mars obtained from MRO leads to a credible lower bound on )\, between 1.2 x 10 km
and 2.2 x 10 km”. However, Fienga and Minazzoli ( ) reply that “because of the correlation between A, and other
parameters, any modification induced by a non-null [non-infinite*] value of A, may—at least in part—be reabsorbed by the
modification of other parameters of the ephemerides”. This issue is acknowledged by Bernus et al. ( ), who fit all the
ephemerides using the extra acceleration term resulting from (5.9) in their numerical integrator, yielding to the conclusion
that “the residuals of Mars orbiters, Cassini, MESSENGER, and Juno, degrade significantly when A, < 3.43 x 1013 km”.
Finally, Mariani et al. ( ) addressed problem with a Markov chain Monte Carlo approach and the most recent version
of the INPOP ephemerides, and found the bound for the graviton wavelength to be A, > 1.225 x 10'® km. This shows
a clear increasing trend in the lower bound of the hypothetical wavelength of a massive graviton, which may perfectly
suggest that there is actually no violation of GR in this regard.

5.5.4. Gravitational waves

General Relativity (GR) predicts the existence of GWs, which are deformations of space-time that propagate at the speed
of light. Ground-based detectors such as the Laser Interferometer Gravitational-Wave Observatory (LIGO) are constrained
by Earth scales and seismic noises, and this is why space-based detectors were starting to be suggested in the 20th century.
The concept of the Laser Interferometry Space Antenna (LISA) mission was first proposed by Danzmann et al. ( ) and
it is currently expected to be launched in 2037. Other missions with the same purpose have also been suggested: Taiji,
which is essentially the same as LISA but with a slightly larger arm, TianQin and DECi-hertz Interferometer Gravitational
wave Observatory (DECIGO), which would be placed in smaller geocentric orbits instead, and Astrodynamical Space Test
of Relativity using Optical Devices optimized for Gravitational Waves (ASTROD-GW), which would essentially work as

Table 5.3: Space-based gravitational wave detector missions currently under development/discussion. Adapted from Ming et al. (2020).
Name Arm length Spacecraft locations Reference
LISA 2.5 million km Heliocentric orbits Danzmann ( )
ASTROD-GW 260 million km Sun-Earth L3, L4 & L5 Ni( )
TianQin 170 thousand km  Geocentric orbits Luo et al. ( )
Taiji 3 million km Heliocentric orbits Hu and Wu ( )

DECIGO 1000 km Geocentric orbits Kawamura et al. ( )
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if the Trilogy concept were set to be based on free heliocentric orbits and had interferometric measurements available.
Table 5.3 presents a summary of the different proposals.

If Trilogy were equipped with the capability of conducting interferometric measurements, it might well be capable
of detecting the signatures of GWs. Preliminary calculations presented by Eubanks ( ) suggested that it would be
sensitive to GWs caused by more massive objects than LISA, although it wouldn’t reach sensitivity to amplitudes as small
as LISA will. The conclusions presented in the Workshop stated that numerical simulations of Kerr super-massive black
hole mergers and the corresponding detectable signatures from the Trilogy mission are strongly needed.
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Planetary simulation only

6.1. Description

Describe the ephemerides models, the asteroid masses, the planetary covariances and the true vs estimation models.
Covariance inconsistency to be developed here.

6.1.1. Simulation settings

Ephemerides models

The implemented simulations make use of the default ephemerides settings for the Solar System main bodies, which
consist of the set of states computed for the INPOP19a model (Fienga, Deram, et al., ). These are loaded through
the spice kernel inpop19a_TDB_m100_p100_spice.bsp, which is included in the Tudat bundle and can be accessed
through the official site!. In the implemented simulation, these are assigned to the main Solar System bodies during each
simulation setup through the function get_standard_body_settings ().

Regarding asteroid ephemerides, the default file included in Tudat is codes_300ast_20100725. bsp, which lists the
states of the 300 heaviest asteroids and which is directly provided by NASA’s Navigation and Ancilliary Information
Facility (NAIF)?. With the aim of overcoming this 300 asteroids limitation and being able to generate ephemerides for all
the 415 objects included in the SIMDA catalog (section 5.2), the implemented simulation makes use of JPL’s Horizons
database? instead, which includes ephemerides of 1,422,855 asteroids. To avoid storing a file with such a large amount of
information, Tudat offers the HorizonsQuery module, which can be used to retrieve information regarding an individual
object from the Horizons database. The implemented simulation creates an asteroid dictionary with the desired asteroids
at the beginning and stores the ephemerides of each of them by means of the get_true_asteroid_ephem() function,
which internally makes use of HorizonsQuery.

Asteroid masses
Information of asteroid masses is included in the spice kernel inpop19a_TDB_m100_p100_spice.tpc, which is included
by default in Tudat. This, however, only lists the masses estimated during the fit of the INPOP19a ephemerides, which
results in estimated masses that can be significantly different to the results of other mass estimation methods (section 5.2).
In order to get a more representative depiction of reality, the nominal mass values assigned to each asteroid ¢ have been set
to be the mass averages M; provided in the SIMDA catalog (section 5.2). These are the result of combining all individual
mass estimates of each asteroids with the Expected Value Method (EVM), which is described by Birch and Singh ( ).
Similarly, all mass uncertainties o y;, reported in the catalog, also computed with the EVM, are taken as representative es-
timates of the 1-¢ true uncertainties in our asteroid mass knowledge. In the implemented simulation, when the dictionary of
asteroids to be included in the system of bodies is created by means of the create _true_asteroids_dict_from_names()
function, each mass is assigned by caling the subroutine get_true_simulation_mass(). This can be called with
error_mode='None', which assigns to each asteroid mass M, the mean mass value reported in the SIMDA catalog,
i.e., M; + M;; or with error_mode='gaussian_one_sigma', which assigns a randomly generated mass from a
Gaussian distribution defined by the mean and 1-0 uncertainty reported in the SiMDA catalog, i.e., M; + M; with

Thttps://www.imcce.fr/recherche/equipes/asd/inpop/download 19a
Zhttps://naif jpl.nasa.gov/pub/naif/generic_kernels/spk/asteroids/
3https://ssd.jpl.nasa.gov/horizons/
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https://ssd.jpl.nasa.gov/horizons/
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- . . . . . T
M; ~N (Mi, o ]\71) Statistically, this is equivalent to assuming the vector of asteroid masses M = [M .7 N] to
have an associated covariance matrix
v
Py = . 6.1)
O Ny

Implicitly, this carries the assumption that all asteroid mass uncertainties are independent from each other. This is not
fully true, since a significant portion of available estimations (i.e., the ones coming from the fitting of ephemerides and
astrometric observations; section 5.2), have been conducted by computing several different masses in a joint estimation,
and the resulting post-fit covariance matrix is unlikely to result diagonal. The published results, however, rarely include
full covariance matrices but a list of formal uncertainties (i.e., diagonal terms) only. This is why, given the lack of any
extra information, Kretlow ( ) assumed independent errors when elaborating the SIMDA catalog and we follow the
same assumption. Notably, the fact that this catalog combines different estimations that are truly independent (i.e., carried
out with different methods and different teams), does support the assumed independence of the resulting uncertainties.
This mass covariance matrix is therefore also used to generate the a priori matrix during the estimation of planetary states
and asteroid masses.

Covariances of planetary states

In the implemented simulations, the states of Venus, the EMB and Mars are not taken from the ephemerides but propagated
and subsequently estimated. Similarly as with the asteroid mass uncertainties, it is required to use a covariance matrix
that describes the current uncertainty levels of such ephemerides, both in order to be used as a priori in the simulation
and to compare it against the post-fit covariance from using Trilogy observations, to assess how much the mission would
improve current planetary uncertainties. Unlike with the asteroid masses, however, it is not possible to assign a diagonal
matrix for the uncertainties of planetary states because depending on the settings of the dynamical model used, it might
diverge over time. A representative estimate for the true covariances of the planetary ephemerides should instead remain
approximately constant over time, and mimic the expected levels of true errors in planetary states. The method followed
to generate such planetary covariances is based on Zenk et al. ( ), which is in turn based on typical approaches to
tackle similar problems (e.g., Lainey, V. et al., ). This can be summarized as detailed in algorithm 4, which has been
implemented in the Lainey_covariance_oop.py file.

Algorithm 4 Obtention of covariances for planetary states

Require: Desired covariance levels for the planetary states in radial (R), along-track (S) and cross-track(/) positions.
Generate cartesian position observations of the bodies of interest during the desired time period
Apply a batch estimation (algorithm 1) with an identity weight matrix (P, = I) to find the initial states xq that lead to
a propagation that best matches the tabulated ephemerides with the dynamical model at use.
Initialize discrepancy metric ¢ and desired discrepancy level ¢,
while { > ¢y do
Tune the weights matrix W;
Re-compute the post-fit covariance P with equation (4.55)
Propagate the post-fit covariance with equation (4.47) to get Py (t).
Assess the discrepancy ¢ between the resulting propagated formal error levels and the desired RSW uncertainty
levels
end while

Although it is impossible, by definition, to know the true errors of planetary ephemerides models, the intercomparison
between different models can be used as an estimation. As detailed in depth in Appendix B.1, the planetary positions in
the RSW frame have been retrieved from both the INPOP21a (Fienga et al., ) and the DE440 (Park et al., )
models, and their component-wise RMS between 2010 and 2040 have been taken as desired error levels for each planet’s
R, S and W position. This results in error levels of ~ 100 meters for the alogn-track and cross-track positions of the three
planets, while radial positions agree within 1-2 meters for Venus and the EMB and ~ 20 meters for Mars (Figure B.5)

The “discrepancy metric” ¢ detailed in algorithm 4 allows to formalize the assessment of the disagreement between
the propagated formal errors and the desired covariance levels, but in the implemented simulation it has not been defined
as any particular numeric figure of merit. Instead, at each iteration of the while loop, the propagated formal errors have
been visually compared to the desired RSW error levels until the resulting curves (appendix B.2) were found not to match
any better with further refining of the weights matrix.


https://github.com/lrbusquets/master_thesis/blob/b65c7b43f84767a25fe4eb2a2ac14cb1c5947bdb/Lainey_covariance_oop.py
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Another important remark is that this weight matrix can only be set as diagonal in Tudat. This means that the cartesian
position observations (i.e., in inertial XY Z components) can be weighted differently in the X, Y and Z direction, but
not in the R, S and W directions, since this would require to apply the RESW/T potation matrix to each set of weights
diag(Wx Wy W) and would therefore result in non-diagonal weight matrix blocks. Since assigning different weights
in X and Y directions therefore does not replicate the effect of doing so in the R and S directions, the modification of
the weight matrix at each iteration of algorithm 4 has thus consisted of setting, for each planet, separate weight values
WX = Wy and Wz.

Simulation initial states

A key idea in which algorithm 4 is based is that the dynamical model at use needs to employ an initial state that makes the
whole propagation as close as possible to the known planetary ephemerides, and this is why the fit of the best initial state
X( is conducted before finding the best weights W to get the desired formal error propagation. For the sake of consistency,
planetary initial states should be assigned this best-fit X, in all subsequent simulations.

The implementation, however, was completed with the inconsistency of retrieving all initial states from the ephemerides
(function get_system_initial_state()), which therefore does not enforce such a good similarity between the prop-
agation and the expected real dynamics and makes the validity of the found covariance Py more dubious. In order to
check the impact of this inconsistency, the same covariance matrix P can be propagated with the variational equations
resulting from starting at the initial state given by the ephemerides instead of the found best-fit xo—the result of doing so
is presented in Figure 6.1. It can be clearly observed how the propagated formal errors are essentially identical to the
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Figure 6.1: Formal error propagation under the usage of the found optimal weights W found in algorithm 4 but when starting from the ephemerides xo
instead of the found best-fit xg. Dashed lines indicate the error levels presented in Figure B.5.

results shown in Figure B.11, hence supporting the usage of this covariance matrix even with the inconsistent initial state.
This, together with the reasonably close match between the dynamical model and the ephemerides even before finding
the best-fit x( (section 6.3.1), has led to giving validity to the results obtained from using the initial states given by the
ephemerides instead of the best-fit xg.

The starting date of the simulated Trilogy mission has been set to January 1st 2031 at 12:00:00 UTC. Although the
mission concept is still in a very preliminary phase and no particular dates are being considered (chapter 2), this follows
our judgment of a mission of this kind to be very unlikely to fly this decade. From the INPOP19a ephemerides model
used in this work (see Ephemerides Models earlier in this section), the planetary initial state is the one listed in Table 6.1.
This initial state is with respect to the Sun, which is a requirement of the chosen Encke propagator (section A.1). As
detailed in section 4.1.1, this propagates the difference between the true trajectory and the initial osculating orbit. The
Keplerian orbit therefore needs to be computed, and this requires a finite mass of the central body so that the Keplerian
orbital period is fixed.

6.1.2. True and estimation simulation dynamical models

In real life, Trilogy measurements will arise from the true behavior of the Solar System planets, and the resulting
observations will be used to constrain the state-of-the-art ephemerides models to be better adjusted to such real dynamics.


https://github.com/lrbusquets/master_thesis/blob/b65c7b43f84767a25fe4eb2a2ac14cb1c5947bdb/propagation_settings_function_2.py#L269
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Table 6.1: Initial heliocentric states of the Trilogy planets, retrieved from the INPOP19a ephemerides on January 1st 2031 at 12:00:00.

Venus Xy  86532732966.7914 m
Yy  -65893452417.6616 m
Zy  -5898764013.79623 m
vx 20997.233021226  m/s
vy  27726.2038991526 m/s
vz  -830.243854245838 m/s

EMB Xy -26630900076.0844 m
Yo 144669714579.773 m
Zp  -9984390.91359078 m
vx -29781.6480510734 m/s
vy  -5505.08112574243 m/
vz 0.552932511209 m/

Mars Xy -242261118382.045
Yo 56146016331.3576
Zy  T115530373.26066
vx  -4567.77846394081
vy  -21532.5236921280 s
vz -339.319581071984 m/s

3333

In order to assess the performance of this operation (chapter 7), the implemented simulation needs to account for two
different “true” and ‘“nominal” dynamical models, whose discrepancy mimics the expected difference between ephemerides
and real life. These have been defined as follows:

* Nominal model: all simulation settings are set according to the above description, i.e., the planetary initial states
are the ones described in Table 6.1 and the asteroid masses are the mean M; values reported in the SIMDA catalog
(section 5.2). The dynamical model includes the point-mass influence of the Sun, the eight planets and the 415
asteroids included in the SIMDA catalog.

* True model: with the same system of bodies as in the nominal model, planetary initial states are perturbed from the
one in Table 6.1 according to the multivariate normal distribution defined by the covariance matrix Py found in
algorithm 4, and asteroid masses are perturbed according to the covariance Py (equation 6.1).

6.2. Sensitivity of Trilogy vertices to third-body perturbations

Before running any estimation of asteroid masses based on range measurements obtained by Trilogy, it is worth assessing
how much such masses are expected to perturb the interplanetary ranges. The more perturbed these ranges are, the more
information content is expected to be encoded in the range measurements and thus the better the masses are expected
to be estimable. On the other hand, if a certain mass is expected to cause negligible perturbations to the interplanetary
distances, its value is not expected to be possibly reconstructed from the information of interplanetary ranges alone. As a
first approximation, the hard limit below which such perturbations can be considered negligible is the minimum expected
error level of ILR. As described in detail in section 3.2.2, this has both a random and a systematic component, both of
different strengths depending on the exact system employed. The order of magnitude of this measurement quality limit,
however, is overall expected to be below 1 cm and hardly below 1 mm.

In order to assess how many of the cataloged asteroid masses are expected to cause strong enough signatures to
the interplanetary ranges as to be estimated, their individual pre-fit signatures have been computed and are presented
in Figure 6.2 and Figure 6.3. Following the figures given by Smith et al. ( ) for the signature of solar mass loss,
we compute such signals by generating, for every body ¢, a propagated history of interplanetary distances with setup
where asteroid ¢ perturbs the orbit of the planets, and then subtracting the equivalent interplanetary distance histories
resulting from running an equivalent simulation but without asteroid ¢ . The rationale behind this analysis is that if the
impact of a certain asteroid on the interplanetary distance history is found negligible, then it is safe to assume the range
measurements will not encode enough information to estimate its mass and therefore it does not need to be included in the
fit. Alternatively, asteroids showing a great amplitude pre-fit signal are more likely to inflect a unique dynamical behavior
to the measured ranges, from which its mass can be fitted with better confidence.
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Figure 6.2: Pre-fit signals to the interplanetary distances of the Trilogy legs caused by four representative asteroids. .A: all asteroids included; A \ {¢}:
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Such pre-fit signatures of each asteroid ¢ can be computed two different ways: on the one hand, subtracting the
interplanetary distance history resulting from propagating the dynamics including all asteroids except ¢ from that resulting
from propagating the dynamics including all asteroids. On the other hand, subtracting the interplanetary distance history
resulting from propagating the dynamics including no asteroids at all from that resulting from propagating the dynamics
including asteroid ¢ only. The results for the two appropaches are marked with solid and dashed lines in Figure 6.2 and
Figure 6.3. It can be immediately observed how both methods give virtually the same pre-fit signatures, which suggests
that the expected impact of each individual asteroid to the interplanetary ranges is not affected by the nonlinearities
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introduced by other third-body perturbations in any significant manner.

In order to confirm such claim for the whole set of analyzed asteroids, Figure 6.4 shows the scatter plot of the resulting
maximum amplitude for all asteroids computed with both methods. As it can be observed, the equivalence is confirmed
by a linear regression with a fitted slope that differs from 1 by O(10~7) and an R? that differs from 1 by O(10~11). This
result suggests how the sensitivity of interplanetary ranges to asteroid masses can be assessed individually without any
need to run costly simulations with all perturbations acting at once. This motivates the development of analytical methods
to assess such sensitivity, which are developed in more detail in Appendix C.
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Figure 6.4: Maximum amplitude of individual pre-fit asteroid signals on the three Trilogy legs computed with the full dynamics (all asteroids vs. all
asteroids except for ¢) vs. simplified dynamics (only asteroid ¢ vs. no asteroids).

As a first order approximation, it could be expected that the main driver of such sensitivity is the mass of each asteroid.
To assess this hypothesis, a similar figure to Figure 6.4 but plotted against asteroid mass is presented in Figure 6.5. It can
be observed how, despite the direct proportionality is still evident, the possible different signature amplitudes for a given
mass can vary in a range of one and a half orders of magnitude. For instance, asteroids of GM = 0.1 km?/s? can cause
an amplitude to the oscillation in the EMB-Mars distance between a few tens of centimeters and 10 meters. The points
dispersed in an area of smaller amplitudes, significantly under the bulk where most asteroids are located, correspond to
TNOs, and hence cause a much smaller perturbation for the same mass value. This evinces how orbital parameters are
also a factor that plays a significant role in the expected signals introduced by asteroid masses to the interplanetary ranges.

Given the fact that masses alone are not found to be an accurate single predictor for the amplitude of the signals caused
by individual asteroids to the interplanetary ranges, the amplitude results from the numerical simulation (Figure 6.4 or
vertical axis of Figure 6.5) have been instead used to list the asteroids in order of priority to be estimated from Trilogy
measurements. This is consistent with Somenzi et al. ( ), who used the same method to list the asteroids that cause
“the highest variations of the relative interplanetary distance over the period considered”. The difference is that their
study estimated 15 asteroids and was based on Earth-Mars range measurements only. To cope with the usage of the triple
ranging link, we compute the sum of the absolute value of the three temporal signatures of each asteroid caused to the
three Trilogy links and we get its amplitude as its maximum. This procedure allows to order the 415 objects in the SIMDA
catalog in descending order consistently with the expected signal caused to the Trilogy legs in a mission spanning from
early 2031 to late 2035.

An extract of representative bodies in the resulting ordered list is presented in Table 6.2. It can be observed how
around 300 objects are responsible for signals of between 10 cm and 1 m in the Trilogy legs, and even objetcs in the lower
part (e.g., the TNO Eris) are responsible for individual amplitudes above the order of 1 cm, to which ILR is theoretically
sensitive enough. The few tens of objects causing a smallest signal are several orders of magnitude smaller in mass,
and mainly consist of near-Earth asteroids (NEAs) whose mass estimates have been conducted with methods other than
ephemerides or astrometric fits, mainly observations of binaries or individual radar tracking (Neish et al., ; Pravec
etal., ; Scheirich & Pravec, ). As seen in Figure 6.5, the signal of order 0.1 mm these bodies appear to break the
linearity pattern, which is due to the fact that the results are affected by numerical noise. This is consistent with the level
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Figure 6.5: Maximum amplitude of individual pre-fit asteroid signals on the three Trilogy legs vs. asteroid mass.

of rounding error reported to affect the simulations at play (appendix A.1).

These results evince how the fundamental limit in ranging accuracy and precision set by ILR technology (i.e., 1 mm -
1 cm) is theoretically able to capture not only signals caused by most of the main belt asteroids for which mass estimates
already exist but also to many more corresponding to other bodies for which they do not. This can be clearly observed
in Figure 6.5: for the two ranging legs that have Mars as one end, there is a significant gap of data points between the
main bulk of existing estimates and the limit of 1 to 10 mm. This gap exists because asteroids in this mass range are not
massive enough as to have measured their masses with current methods (section 5.2) and available technology. For the
Venus-Earth leg, on the other hand, asteroids lighter than the visible bulk cause smaller signals in comparison, being
mostly under the cm level. This is consistent with the other legs being the most sensitive ones to asteroid perturbations, as
seen in Figure 6.2 and Figure 6.3, which is due to the greater proximity (and thus sensitivity) of Mars to the Main Asteroid
Belt (MAB) (Kuchynka & Folkner, ).

From this result, a remark to be made is that if the purpose of a Trilogy-like mission is to allow asteroid mass
estimations, placing one of the vertices at Venus is potentially less useful than placing it closer to the MAB (e.g., a
triangle formed by the Earth, Mars and one asteroid will presumably encode more useful information for asteroid mass
calculations). Smith et al. ( ) suggested the usage of a Venus vertex due to its closer proximity to the Sun, which
makes it more sensitive to the signature of solar mass loss. However, their study also evinced how the orbit of Mercury is
reasonably more sensitive to this signal than those of the other planets, which is translated in greater pre-fit signatures of
solar mass loss in interplanetary distances with Mercury as one of the two ends. The Venus-Earth-Mars configuration can
be deemed as a reasonable trade-off that can allow for both estimations of solar mass loss and asteroid masses, but it is
only through further study and simulations that a final conclusion will be made in this regard.

As a closing remark, it is important to note that all these results are based on the figures given by the pre-fit effect
of each individual asteroid, i.e., they describe the impact of turning the asteroid on at ¢y without having estimated the
planetary initial states that best describe the perturbations observed by the interplanetary ranges. Therefore, although it is
a useful metric to set the initial picture of approximately how many asteroids can potentially be estimated, it only serves
the role of a rule of thumb that needs to be confirmed by the corresponding estimations.

6.3. Verification
6.3.1. Consistency of planetary dynamics

The first check that needs to be conducted to verify the simulation to be well implemented is to assess how well the
propagation results obtained with the simulation settings at use match the expected planetary motion. A good metric
for this is found in Appendix B, when presenting the results of algorithm 4 to obtain a representative covariance of
planetary states. The first step of the procedure consists of finding a best-fit initial state for the planets that matches the
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Table 6.2: Extract of the resulting list of individual asteroid/TNO pre-fit signal amplitudes to the Trilogy ranging legs in descending order.

Signal amplitudes (m)

IAU#  Name GM (km3/s?) Venus-EMB EMB-Mars Mars-Venus Aggregate
1 2 Pallas 13.674 66.985 1060.791 1030.413  2123.050
2 1 Ceres 62.565 70.751 1349.784 754.937  2118.066
3 4 Vesta 17.275 63.792 301.308 353.573 574.803
4 3 Juno 1.754 7.334 120.973 133.176 253.032
5 41 Daphne 0.410 2.787 102.628 72.595 174.863
50 40 Harmonia 0.223 1.087 8.271 8.891 17.025
100 56 Melete 0.305 0.921 4.200 4.773 8.282
200 505 Cava 0.093 0.472 2.000 1.163 3.224
281 134340 Pluto 867.1 0.333 0.995 0.757 1.367
300 449 Hamburga 0.012 0.125 0.699 0.292 1.113
370 136199  Eris 1107.2 0.038 0.134 0.052 0.179
400 35107 1991 VH 9.34x1078 <0.001 <0.001 <0.001 <0.001

tabulated ephemerides. In the figures showing the observation residuals during such procedure (Figure B.8, Figure B.9,
Figure B.10), it is evident how the pre-fit discrepancy (iteration 1) does not overpass the level of a few hundred kilometers
after the complete five-years period. This discrepancy is an order of magnitude smaller than the diameters of these planets.
Given the fact that the observations are direct cartesian positions retreived from the ephemerides, these residuals directly
measure the discrepancy between them and the results of the implemented propagator. It is therefore safe to assume that
the implemented dynamics mimic the expected planetary motion to accurate levels, even before finding the best-fit x by
means of algorithm 4.

6.3.2. Estimation performance

In order to make sure the simulation of asteroid mass estimations has been set up properly, a simplified test case can
be verified to converge to the expected solution. Figure 6.7 presents the mass estimation results (pre- vs. post-fit) of a
simulation case with a total of 30 asteroids in the dynamical model, all of which get their masses estimated. The two-way
range observations, presented in Figure 6.6 are generated once per day, with a random error of 10 mm and no bias. In
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Figure 6.6: Two-way range observations obtained by Trilogy between January 1st 2031 and December 31st 2035. Solar separation angle: 5°.

the “truth” dynamical model used to generate the observations, all asteroid masses are perturbed from their nominal
values according to their covariance (equation 6.1). The estimation then takes as a priori the dynamical model that has
all asteroid masses set to their nominal values (i.e., the mean masses M from the SIMDA catalog; section 6.1.1), and it
is expected to converge to the true mass values with the batch algorithm (1). This procedure also estimates the initial
states of the Trilogy vertices, which in this simple test case have not been modified in the true dynamical model from the
nominal dynamical model. The estimator has been run with the a priori covariance

Py = {Pxo 6.2)

-
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where PXO is the covariance of planetary initial states, obtained with algorithm 4, and Py is the covariance of asteroid
masses detailed in equation (6.1). The inclusion of this a priori matrix to the batch estimator is intended to prevent the
estimator from diverging from the true solution, thanks to the extra penalty term in the cost function (equation 4.53).

The aim of this analysis is not to draw any conclusions from the expected performance of Trilogy, but simply to verify
how the asteroid mass estimation performs as expected in a favorable case. In other words, if this case does perform
well but more complicated cases (e.g., more asteroids, non-perfect a priori planetary initial states, worse observations)
do not, the results of this simple case should support the conclusion that the cause of such poorer performance is not a
fundamental error in the implementation. The comparison between the pre- and post-fit asteroid masses after following
this procedure is displayed in Figure 6.7.
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Figure 6.7: Pre-fit (top) and post-fit asteroid mass errors in an estimation scenario with the first 30 asteroids and no perturbation of the planetary initial
states. Absolute GM values correspond to the left axes, relative formal errors to the right axes, and relative true errors to the color shading.

Figure 6.7 clearly evinces how all asteroid masses do converge to their true values as a result of applying the batch
estimation filter. The correct performance of the estimation is also supported by the post-fit residuals seen in Figure 6.8,
which are normally distributed with a standard deviation equal to 1 cm, which coincides with the observation noise level
used. Finally, the distribution of true-to-formal error ratios presented in Figure 6.9 is supposed to be consistent with a
standard normal distribution. Although the low number of data points is not enough to make the histogram truly reveal the
shape of the underlying statistical distribution, the fact that the standard deviation is of order of magnitude ~ 1 allows us
to assume that the estimation has performed as expected from the statistical standpoint.

This correct estimation behavior is however tested with a single data point in the full space of possible simulation
scenarios. In order to verify the numerical stability of the solution for different cases, the estimation simulation of 30
asteroids has been re-run for different configurations of observation noise and frequency. Initial states have also been
perturbed in the true dynamical model, from which observations are generated, with respect to the a priori dynamical
model. The performance of the estimation is assessed by two metrics: the behavior of the final formal errors as given by
the post-fit covariance matrix (equation 4.55), and the standard deviation of the true-to-formal error ratios after a full
estimation (e.g. Figure 6.9). The former are expected to be directly proportional to the observation noise o,ps and inversely
proportional to the square root of the number of observations used /V, while the latter is expected to be ~ 1 independently
of the estimation settings. This expected behavior of the true-to-formal error ratios is a consequence of the fact that, under
the lack of any dynamical mismodeling, the post-fit covariance is expected to be the true statistical distribution from where
the resulting true errors are realized.

For the sake of compactness, the results are presented for two of the 48 estimated parameters (18 initial state components
+ 30 asteroid masses), selected to be the masses of (5) Astraea and (704) Interamnia. Their resulting formal error as a
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Figure 6.8: Pre- and post-fit observation residuals in the test case of 30 asteroid mass estimations.
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Figure 6.9: Distribution of true-to-formal error ratios in the test case of 30 asteroid mass estimations.

function of the observation cadence and noise are presented in Figure 6.10, whereas the standard deviation of the resulting
true-to-formal error ratios along the same parameter space are shown in Figure 6.11. The dashed blue contours display the
geometric loci of the observation configurations that yield each post-fit formal error to be equal to the corresponding a
priori of each asteroid mass.
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masses) as a function of observation noise and observation frequency.

It is clear to observe how the formal errors do behave as expected for the whole tested domain: their proportionality
to the observation noise and the inverse of the square root of the number of observations is evinced by the fact that the
contour lines are parallel to the oqps/ V/N = ct. curves. Observing the bottom plots, however, it becomes evident how
many of these configurations do not allow the batch filter converge with good numerical stability—instead of the expected
~ 1 standard deviation of the true-to-formal error ratios for all configurations, high observation frequencies and low
observation noises (i.e., configurations that result in lower formal errors) result in a clear divergence, i.e., true errors much
higher than expected by the formal errors).
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Figure 6.12: Convergence of true and formal errors for the estimated masses of Astraea and Interamnia as a function of noise level for different
observation frequencies.

The reason behind this behavior can be understood looking at Figure 6.12, which shows the resulting true and formal
errors as a function of the observation noise level for different observation frequencies. As observed, while formal errors
show the expected geometric reduction (i.e., linear behavior in the logarithmic plot), true errors saturate at a certain
level, under which they do not keep converging as the formal errors do. The reason behind this discrepancy lies in the
mathematical nature of the differential correction step (Algorithm 1), i.e.,

i\l
Ay = (HTWH + P, 1) (HTWAZ n Ay) , 6.3)
and can be the result of multiple potential causes. Different possibilities are listed below:

» With too high observation weights W as a result of very low observation noise, the a priori term 15071 might
vanish when added to H ' W H due to the finite double precision. This might result in the failure to contain the
final solution close to the a priori value and hence divergence during the application of the batch filter.

* The vector of observation residuals Az might be subject to numerical errors arising from

— the integration error, or
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— the interpolation error when generating the observations from the tabulated state history,

which get significantly enlarged when mapped to the estimated parameter space.

* The condition number of the normal equations (6.3), which is found to be O(10%?) as a result of mixing parameters
of several different orders of magnitude (e.g., velocities and GM’s) in the vector of estimable parameters p, might
cause the numerical inversion of the system to be unstable.

A thorough investigation to confirm or refuse these hypotheses has not been finalized at the time of writing this manuscript.
Instead, the conclusion that has been drawn is that the estimation results given by the final implemented solution (section
7.2) must take this into account and confirm the solution found with the particular settings at play to fulfill statistical
consistency and numerical stability by means of a distribution of true-to-formal errors that has a standard deviation ~ 1.
Another key take from these results is that an analysis of the performance of Trilogy for asteroid mass estimations under
different observation configurations cannot be confidently run across the whole domain seen in figures 6.10 and 6.11,
other than based on covariance analysis results only. The limitation this entails is that, without simulating full estimations,
it is impossible to assess the level from which further reducing formal errors by means of higher observation cadences or
lower measurement noise becomes irrelevant due to other limiting factors such as high correlations between different
parameters or dynamical mismodeling not allowing the batch estimator converge to the true solution.



Final simulation including spacecraft

The aim of this thesis has been, from the beginning, to make a step forward in the assessment of the potential scientific
output of Trilogy by means of numerical simulations of higher fidelity than the existing studies up to date. A key aspect
that remains to be addressed in the studies by Cascioli et al. ( ), Fienga ( ), and Smith et al. ( ) is the impact of
imperfect orbit determination of the three transceivers, which can degrade the resulting planet-to-planet ranges. Finding the
most suitable approach to assess it has been a major challenge in this work, and different alternatives were consideredbefore
a decision was made on the final implemented solution. The failed and discarded alternatives are detailed in section
section 7.1, while the description of the final implemented approach is detailed in section 7.2.

7.1. Discussion on the considered solutions

7.1.1. Consider covariance analysis

Addition of consider parameters to planet-to-planet ranges

The first approach that was discussed was the usage of consider parameters (ref missing) with the aim of assessing how
much model errors are expected to map into the final formal errors of the estimated planetary parameters (i.e., initial states
and asteroid masses). As discussed in Equation 4.2.1, consider parameters are usually used to assess the effect of the
uncertainties in parameters that are assumed constant during orbit estimation but which are subject to uncertainty due
to imperfect knowledge or model errors. In orbit estimation around the Earth, observation range biases are sometimes
introduced as consider parameters to “represent possible errors in the measurements model and calibration process” (Cano
etal., ). In a comparable fashion, we can think that conducting the same planetary estimation as in section 6.3.2 but
adding range biases as consider parameters, which can account for the extra model errors due to imperfect spacecraft orbit
determination, can help determine its impact on the final estimated values of planetary parameters.

Figure 7.1 shows the pre- and post-fit relative formal errors in asteroid masses computed with the same settings as in
Figure 6.7, but with the addition of the formal errors arising from the consider contribution (orange). This contribution
results from applying equation (4.56) with a consider parameter matrix C' that represents the uncertainty in the parameters
to be considered. If such considered parameters are the observation biases of the Trilogy ranges, it takes the form

Ob,1

C = Ob,2 , (7.1)

where oy, ; is the uncertainty of each Trilogy leg ¢« measurement due to model or calibration error. If this is expected to
model the impact of the imperfect orbit determination of the spacecraft, the suitable choice is to interpret it as model
error and then assign it an order of magnitude of around one meter. The result of considering oy 1 = op2 = 03 = 1
m is presented in Figure 7.1 right, whereas Figure 7.1 left presents the result of assuming 041 = 032 = 05,3 = 0.0l m
instead, which would be more consistent with a pessimistic scenario of systematic error in the ILR system (section 3.2.2).

The significantly different formal error contributions resulting from the two cases evince how impactful unmodeled
measurement biases can be to the post-fit formal errors of the estimated parameters, but these results alone allow for
little conclusions to be drawn. First and foremost, because the level of formal errors given by a covariance analysis
does not truly represent the estimation capability of the problem under study—whether or not the batch estimation will
actually converge to the true solution with a confidence consistent with such formal errors depends on the amount of
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Figure 7.1: Asteroid formal errors with the consider contribution after assuming a diagonal observation bias consider covariance of 1 cm (left) and 1 m
(right).

significant correlations and the impact of any unmodeled planetary dynamics. Moreover, the usage of the consider
covariance as defined in equation (7.1) carries the assumption that such bias errors are Gaussian with a constant standard
deviation o}, through the whole observations period. Spacecraft orbit determination errors are however expected to be a
function of time, and modeling their time variability is challenging with he consider parameter formulation, which are
“assumed to be constant throughout a single orbit determination” (Montenbruck & Gill, 2001, p. 266). In Tudat, a possible
workaround would be to set different, independent bias parameters in different (short) propagation arcs by means of the
arcwise_absolute_observation_bias () function, but this was discarded in favor of other approaches expected to
take into account the time variability of the spacecraft position error more faithfully (section 7.1.2).

It should also be noted that the assumption of uncorrelated observation biases (equation 7.1) is hardly realistic, given
the shared measurement ends in the Trilogy setup. For example, if the Earth-to-Mars and Venus-to-Mars links are close to
parallel, the error in the orbit determination of the Mars spacecraft will likely affect both measurements in a correlated
manner. Computing an accurate representation of the C' matrix that accounts for such correlations depending on the
geometry of the Trilogy links would require a more elaborate process, that was not deemed worth attempting given the
aforementioned drawbacks of this approach.

Addition of consider parameters to spacecraft-to-spacecraft ranges

With the aim of using all the information available from the spacecraft-to-spacecraft measurements while also taking into
account the impact of their imperfect orbit determination, the following approach was considered: the post-fit covariance
of the estimation of planetary initial states and asteroid masses is computed with high-frequency spacecraft to-spacecraft
measurements, while assuming the orbits of the spacecraft to be fully known. Then, an extra contribution is added to such
resulting covariance mapping the effect of uncertainties in spacecraft state errors to the estimated parameters. Again, the
consider covariance formulation might be seen as a suitable alternative to apply this method.

This approach was implemented in script decoupled_sc_to_sc.py, without satisfactory results. The first drawback
found was related to the internal behavior of Tudat: if measurements are taken from spacecraft to spacecraft but such
spacecraft are not propagated but fixed around their host bodies (which are propagated during batch estimation) with
a set of given ephemerides, then Tudat sets the partials of the observations with respect to the state components of the
host planets to zero instead of taking into account the dependence through the spacecraft states. For this reason, the
implemented simulation had to propagate both spacecraft and planets concurrently during estimation, which means that
the set of estimated initial states includes those of both.

In summary, the implemented procedure consisted of: 1) propagate both spacecraft and planets concurrently; 2)
generate inter-spacecraft measurements 3) compute the covariance of all estimated parameters (i.e., spacecraft initial
states, planetary states and asteroid masses) based on such observations (equation 4.55); 4) Remove the covariance matrix
elements corresponding to the spacecraft initial states to get the remaining Py; 5) Get the rows of the design matrix
corresponding to the derivatives of the observations with respect to the spacecraft initial states to form H ., and keep the
remaining design matrix as Hy 6) compute the consider covariance contribution caused by the uncertainty in spacecraft
initial states with the consider covariance contribution equation (4.56), namely

P.= (POH,;r WXHC) C (POHXT WXHC)T : (12)


https://py.api.tudat.space/en/latest/parameter.html#tudatpy.numerical_simulation.estimation_setup.parameter.arcwise_absolute_observation_bias
https://github.com/lrbusquets/master_thesis/blob/b65c7b43f84767a25fe4eb2a2ac14cb1c5947bdb/decoupled_sc_to_sc.py
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where Wy is the weight matrix corresponding to the remaining H and C' is the consider covariance matrix, containing
the uncertainty of each spacecraft position components.

This evinces the other drawback of this approach: again, the consider covariance matrix C'is constant, but the behavior
of the spacecraft orbit determination uncertainty is time-dependent. The workaround of setting different C' matrices
for different spacecraft arcs, in this case, comes with a greater inconvenient, which is that the resulting design matrices
computed by Tudat become significantly larger due to the increased number of initial states to estimate. Although different
arcs can be assumed to be independent, Tudat is not sparse-matrix-friendly and thus the resulting computational cost
increases dramatically. For this reason, this multi-arc workaround was not addressed.

Before giving this option up, one could wonder if using a constant C' that accounts for the order of magnitude of
the expected spacecraft state uncertainties matrix might still give acceptable results. Figure 7.2 shows the results on the
resulting formal errors of the Martian initial states, after following the procedure described above in a simulation scenario
with one Trilogy measurement per minute during a total time of six months. The constant C' matrix used has been set to
o(rY)

o(ry
Xs/C U(TS/C)

Xs/c ’

s/c . (1.3)

Xs/c T

Xs/C

s/c
L o(vy )]
hence assigning the same diagonal covariance to each spacecraft position. The exact values of the error levels have been
varied to produce Figure 7.2, where the vertical axes of each subplot show the post-fit formal errors of each component of
the initial state of Mars, whereas horizontal axes represent the uncertainty level in the spacecraft position components

O’(T‘i/ C) and the different curves represent uncertainty level in spacecraft velocity components 0(’0?/ C).
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Figure 7.2: Formal errors in the estimated initial state components of Mars and consider contributions for different spacecraft position errors added as
consider parameters. Horizontal dashed lines indicate post-fit formal errors without consider covariance contributions.

It can be observed how even truly optimistic spacecraft state uncertainties (e.g., 1 cm in position and 0.001 mm/s in
velocity) make the final formal error of the estimated initial states of Mars increase by a factor of 105 with respect to the
post-fit formal errors given by the covariance matrix Py without any consider contribution. The results corresponding to
the initial states of the EMB and Venus are not reproduced here for the sake of efficiency, but they present an equivalent
behavior. These results are clearly not trustworthy, which is likely due to the assumption of a constant spacecraft covariance
given by equation (7.3) not being applicable in this case. Given the aforementioned efficiency drawbacks of applying
different arc-wise C' matrices, together with the limitations of a covariance analysis alone stated earlier in this section, this
approach was discarded in favor of the options detailed in section 7.1.2.

7.1.2. Addition of spacecraft orbit determination error to interplanetary ranges

Temporally-dependent random error approach
Despite real mission operations require the orbit determination of the interplanetary spacecraft to be conducted in order
to consequently generate the planet-to-planet range measurements to be used in planetary estimation step, preliminary
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mission analyses (Dirkx et al., ; van der Zwaard & Dirkx, ) commonly simulate the performance of the estimation
by generating planet-to-planet measurements directly, and assess the impact of the omitted spacecraft orbit determination
step in a simplified manner. One common approach is to add an extra error source to the generated range measurements to
account for orbit determination errors, besides the intrinsic random noise coming from the ranging system itself. This
way, if o, . is the ILR one-sigma noise level on the range measurement and o7y . are the components of the spacecraft
position uncertainty with respect to its host body after orbit determination, then it is assumable that the uncertainty of the
range measurement to the center of mass of the planet is

gﬂ(t) = Ops/c +|p- Orsc| > (7.4)

where p = p(t) is the unit vector in the direction of the ILR link to the spacecraft. It is therefore enough with having
an estimate for the uncertainty position vector of the spacecraft o, /o either constant or time-varying, to get the total
range measurement uncertainty o,. From here, range measurements can be sampled from planet to planet directly, with
the noise function given by o, (t) instead of simply the ranging system noise level o, Jc- Org e can be estimated with a
covariance analysis alone, removing the need to simulate full spacecraft orbit estimations, which is a key advantage of this
method. For the problem under study, the pros and cons of this approach are summarized in Table 7.1

Table 7.1: Pros and cons of the approach consisting of adding an extra error source to the noise level of the range measurements to account for the
spacecraft orbit determination errors.

Advantages Disadvantages
* Low computational cost. * Getting o, . from a covariance analysis
* Primarily, full spacecraft orbit determination of including ILR measurements is expected to be
the spacecraft not required (covariance analysis too optimistic by yielding uncertainties below
to get oy, . suffices). model capabilities, but doing so with Doppler

measurements only does not assess the benefit of
supporting orbit determination with laser ranging.

* The usage of o7, as a vector containing the
diagonal terms of the spacecraft position
covariance Pg,c omits the effect of any
significant correlations.

» Sampling interplanetary ranges at low frequency
when making use of equation (7.4) can introduce
aliasing effects, depending on the exact
combination of measurement cadence and the
nature of oy (?).

* When ILR is used, o, o > Opgcs potentially
making the results insensitive to the usage of
high-precision laser ranging instead of traditional
radio ranging.

This approach is followed by Dirkx et al. ( ) and van der Zwaard and Dirkx ( ) when studying, respectively,
the JUICE and MESSENGER/BepiColombo missions. A key difference with respect to this study, however, is that they
assumed the noise levels of the ranging system, i.e., o, Jo» 1O be between tens of centimeters and few meters, following the
traditional radio-based ranging system to be used in such missions. In the case of ILR, on the other hand, the term o, .
can be ~100 times smaller, and the potential scientific advantage of this improvement may become invisible if in equation
(7.4) it is still added to a completely dominant spacecraft position error term of order one meter. Such spacecraft position
uncertainty can be reduced if ILR measurements are used in orbit determination, yet assessing this improvement by means
of a covariance analysis only can be highly misleading: unlike with radio-based measurements, the millimetric precision
of laser ranging can result in formal covariances smaller than the dynamical mismodeling capabilities, and the impact of
such mismodeling in a precise orbit determination process can only be reproduced by simulating the full estimation.

On top of this, it can also be argued that the estimation including highly precise ILR range measurements is not
expected to be realistic unless the error in planetary positions is taken into account, since range measurements are highly
sensitive to those—ILR errors are in the range of some mm (section 3.2.2), whereas the errors in planetary ephemerides are
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several orders of magnitude greater (section B.1). The simulation of such full estimation including planetary mismodeling
finally yields to the decided implemented approach, detailed in section 7.2.

Temporal error function approach

A close variation of the previous approach consists of adding a deterministic temporal error signature that accounts for the
position error of the spacecraft after orbit determination, instead of taking it as an extra source of uncertainty to sample
noise from. This can be formulated in terms of the modified one-way ranges resulting from adding the extra error source
from each spacecraft’s position error. For a one-way range from spacecraft A to spacecraft B (by a laser pulse that departs

A at t; and arrives at B at ¢5; section 3.2), the modified one-way range 55311)4 becomes

§0 = sWh 4+ AsD) + ptr) - Ara(ty) + plts) - Arp(ta), (7.5)

where Asgzq ~ N (b, 0p /C) is the random error contribution of the ranging system, centred at the range bias b,; p is the
unit vector in the direction of the range measurement; and Arx (¢) is the true error in the position vector of spacecraft X
at instant t. With this approach, the planetary estimation can be conducted by generating planet-to-planet measurements
directly and adding the error contributions of all terms of equation (7.5) instead of just the noise contribution. The pros
and cons of this method applied to the problem under study are summarized in Table 7.2.

Table 7.2: Pros and cons of the approach consisting of adding an extra error temporal signature to the range measurements to account for the spacecraft
orbit determination errors.

Advantages Disadvantages
* Primarily, full spacecraft orbit determination of * Getting o7y, . from a covariance analysis
the spacecraft not required including ILR measurements is expected to be

too optimistic by yielding uncertainties below
model capabilities, but doing so with Doppler
measurements only does not assess the benefit of
supporting orbit determination with laser ranging.

* The required high sampling rate of range
observations makes the design matrix
significantly heavier and the simulation
significantly slower.

» Using a weight matrix defined by the observation
noise (equation 4.33) of ILR makes the
observations overly optimistic during estimation,
potentially leading to wrong convergence.

Unlike with the previous method, this requires a deterministic error function Ar x (¢) for the position of each spacecraft
X to be defined. This can be obtained by means of a full estimation, or by propagating an initial spacecraft state deviated
from its true solution in accordance with the covariance matrix resulting from a covariance analysis and comparing it to
the true trajectory. Getting the values of propagated formal errors directly as Arx (¢) would not be correct, due to the
strict positivity of the formal errors being in contrast with true error signatures, in which each of the orbital elements can
oscillate between negative and positive throughout an orbit.

The first downside of this method is essentially the same as in the previous approach: a covariance analysis only
can result too optimistic with the inclusion of ILR, whereas not adding it does not assess its benefits for spacecraft orbit
determination. Assuming a full estimation of the spacecraft orbits needs to be conducted, the correct settings to take into
account both spacecraft and planetary model errors lead to the final implemented approach (section section 7.2).

The idea behind this method is that using a high enough number of range measurements might end up mitigating the
spacecraft error signature, leading to the fundamental limit of the intrinsic ranging system error (section 3.2.2) being the
only dominant source of error affecting the planetary estimation. This can only be expected to happen if a high enough
number of range measurements is used, presumably at a higher cadence than the spacecraft orbital period (i.e., order of
minutes) to ensure proper averaging without any expected aliasing effects. The arising drawback is that the planetary
estimation therefore needs to be conducted with range measurements generated at a high sampling rate, which significantly
enlarges the design matrix (equation 4.31) and makes the estimation process much slower.
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Finally, this requires to carefully assess the weighting of the observations to be used in the planetary estimation step.
Classical weighting following the observation random error (equation (4.33)) might lead to the estimator not converging to
the true solution, since the observations would be weighted according to uncertainty levels of order mm while potentially
being off from the solution by several meters. If a weights matrix consistent with observation errors of order one meter is
used instead, then the whole procedure would be consistent (both regarding true observation errors and weight matrix
used in the batch filter) with the usage of classical radio-based ranging rather than highly accurate ILR.

This method was in fact implemented, applying equation (7.5) by means of generating the observations between the bod-
ies of interest after calling a method named add_sc_errors_to_state_hist_and_save_new_system_of_ bodies().
As its name indicates, it adds the temporal error of each spacecraft to the propagated state history of their corresponding
planets, and stores the updated state history as the new ephemerides for the planets from which observations are subse-
quently generated. After assessing all of the above-described drawbacks at play, however, it was decided to move on with
the final approach (section 7.2) instead, as it is assessed to more rigorously assess the impact of using ILR and it is not
affected by such drawbacks.

7.2. Description of the implemented approach

The final implemented approach that has allowed to obtain the results presented in Part IV is based on the classical
procedure for normal point generation from spacecraft orbit determination in real interplanetary missions (di Ruscio et al.,

; A. Konopliv et al., ; Park et al., ). In particular, the study by di Ruscio et al. ( ) addressing Cassini
orbit determination to improve the emphemerides of Saturn has been the main reference when reconstructing the full
algorithm to be applied. This method allows to compute precise planet-to-planet ranges to be subsequently used in a
planetary estimation where the spacecraft dynamics are ignored.

The main idea is to compute the multi-arc orbit estimation of the interplanetary orbiters including both Doppler and
range observations, and then use the observed range discrepancies between expected and observed ranges to correct the
virtual planet-to-planet observations generated from the a priori planetary model. The mathematically rigorous way to
do so is by means of estimating a constant bias parameter for every range link at each orbit determination arc, and then
add this bias to the virtual planet-to-planet range measurements. The main novelty of this work is to apply this method
not with a single Earth-to-planet link but with three ranging and two Doppler links simultaneously. The addition of the
Venus-Mars ranging link makes the orbit determination of the two interplanetary spacecraft not independent anymore, and
by conducting this simulation it is possible to assess how much potential this has for improving such orbit determination
and, ultimately, the generation of normal points for planetary estimation.

7.2.1. Planetary and spacecraft ephemerides

In order to proceed with the simulation, the “true” and “nominal” planetary ephemerides must be generated (section
6.1.2), together with the state history of each Trilogy spacecraft. The integration of the two is nuanced by the assumptions
regarding the Earth-Moon system, as detailed below.

Just as in chapter 6, the planetary simulation of the Trilogy setup does not consider the dynamics of the Earth-Moon
system around the EMB. Otherwise, the estimation could include the dynamics of the Earth and/or Moon around the
EMB, yet it would be needed to assess whether or not this would indeed allow any better constraint than the currently
introduced by LLR and lunar spacecraft such as LRO. Since adding these features was considered out of the scope of the
current work due to the increased complexity, the dynamics of the Earth and Moon around the EMB have been neglected
and only the state of the EMB is estimated (section 6.3.2). This is equivalent to assuming that Trilogy would not be
capable of providing any better constraints than the other systems providing measurements of the Earth-Moon dynamics,
which is in fact expected given the millimeter-level accuracy already achievable by LLR (T. W. Murphy, ). Analyses
assessing the potential of combining both Trilogy and LLR/lunar-orbiter range measurements seeking better constraints of
the Earth-Moon system are left for future work.

A problem arises when following this approach while considering spacecraft: the Trilogy vertex corresponding to
the EMB is based on a single spacecraft orbiting either the Earth or the Moon (section 2.2), but the planetary estimation
step considers a single body located at the EMB with the masses of the Earth and the Moon combined. With the aim of
dealing with this inconsistency, the implemented algorithm for the generation of planetary and spacecraft ephemerides,
which can be found in file full_SC_ephemerides_generation.py, is as follows:

1. The planetary ephemerides of Venus, the EMB and Mars are generated in accordance with the dynamical model
described in section 6.1.1. This step is conducted twice: one for the “nominal” model and the other for the “true”
model (section 6.1.2). These are labeled, respectively, Xy, Xg s and Xj; and Xy, Xgprp and Xy

2. Before proceeding with the generation of the spacecraft trajectories, new ephemerides of the Earth and Moon are


https://github.com/lrbusquets/master_thesis/blob/b65c7b43f84767a25fe4eb2a2ac14cb1c5947bdb/main_simulation_class.py#L437
https://github.com/lrbusquets/master_thesis/blob/b65c7b43f84767a25fe4eb2a2ac14cb1c5947bdb/full_SC_ephemerides_generation.py
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generated by setting their respective locations with respect to the EMB barycenter as given by the spice kernels
(section 6.1.1) around the “true” state history of the EMB generated in step 1.

3. The trajectories of the Venus and Mars spacecraft, labeled xg /Cy and Xg/c, , are generated with the two placed
around their host planets, each following their corresponding ephemerides generated in step 1. The trajectory of the
Earth spacecraft is propagated around the Earth, which is set to follow the ephemerides generated in step 2.

This procedure is summarized in Figure 7.3. These ephemerdies are then used in the full algorithm to simulate the
spacecraft-to-spacecraft observations (section 7.2.2).

1. Generation of planetary ephemerides 2. Generation of spacecraft ephemerides
Inputs: 29, ¢ Inputs: Xy, XgnmB, Xum

Xs/Cv

XEMB

Xy
° Earth and Moon are placed around the EMB
EMB is propagated as a single body witth the masses trajectory from the previous step
of the Earth and Moon combined
Xs/Cu
Xs/Cp 0/)
Earth spacecraft is e
XN propagated around
the Earth
Outputs: Xy, XgrmB, XM Outputs: Xs/Cy > XS/Cp»> XS/Car

Xv,XEMB> XM

Figure 7.3: Two steps of the ephemerides generation procedure: generation of planetary ephemerides (left) and spacecraft ephemerides (right)

7.2.2. Full algorithm

The description of the implemented estimation approach can be found in section 3.2 of Part IV, yet with the extension
constraints of the format of a scientific paper. In this section, the algorithm and the mathematical principles used are
described in more depth.

Generation of observations

The set of observations used consists of ILR measurements between the three Trilogy spacecraft and Doppler measurements
from Earth to the two interplanetary orbiters. As detailed in section 4.2.2, Doppler measurements are most suitable to
capture fast (spacecraft) dynamics, whereas range measurements best capture slow (planetary) dynamics. Although the
implemented simulation does not account for the estimation of high-order gravity field terms, which would clearly fall
into the set of fast dynamics, both types of measurements are still used with the aim of simulating the availability of the
two kinds of observables (hence, potentially more information) in a real operational scenario.

As detailed above, Trilogy ranges are used to estimate the location of the EMB only while considering the orbits of
the Earth and the Moon to be fully known around it. Additionally, we introduce the assumption of the Earth-orbiting
spacecraft to have its orbit fully known around the Earth-Moon system. This follows the state of the art of satellite orbit
determination on Earth, which is capable of achieving true errors at the cm/sub-cm level thanks to the availability of SLR
and GNSS (Selvan et al., ).

Given that the planetary estimation of the Earth-Moon system only takes into account the EMB by placing a single
body with the masses of Earth and the Moon combined, the generation of observations has been conducted by placing
the trajectory of the Earth spacecraft around the EMB directly. This is because the implemented method is meant to get
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planet-to-planet range measurements from the centers of mass of the two bodies being orbited by the two ILR ends of
each link (see Estimation Algorithm later in this section). More realistically, since the Earth spacecraft is orbiting Earth,
the resulting planet-to-planet ranges would be Earth-Venus and Earth-Mars, and the orbit of Earth around the EMB would
then be used to solve the state of the EMB. However, given our previous assumption that the dynamics of the Earth/Moon
are fully solved around the EMB (section 7.2.1), this approach is essentially equivalent to simply assuming the generated
ranges to be EMB-Venus and EMB-Mars (hence, the Earth spacecraft is directly orbiting the EMB) from the information
standpoint. The reason it is still important to generate the trajectory of the Earth spacecraft around the Earth as described
in section 7.2.1 instead of the combined Earth+Moon body at the EMB is that doing so would make the spacecraft subject
to a false orbital period as a result of the increased mass of its host body.

Finally, Doppler observations are also generated from Earth to the two interplanetary orbiters. To ensure consistency
with the ILR measurements to be used in a joint manner, these have been generated with respect to the EMB instead of the
actual Earth. Making Doppler measurements consistent with ground infrastructure limitations such as the locations of the
available stations on a rotating Earth has not been considered in this work—instead, all Doppler measurements have been
originated at the center of mass (hence, in this case, the EMB), and no observation viability related to ground stations has
been considered. Although this leaves the assessment on how much more realistically limited Doppler observations might
impact the final results for future work, it can also be interpreted as a representation of an optimistic scenario where the
ground infrastructure prioritizes Trilogy.

The combination of both ILR and Doppler observations yields to the final set of available observations from which the
final simulation of orbit estimation is conducted. The procedure for observation generation is summarized in algorithm 5
and Figure 7.5 left.

Algorithm S Generation of observation set z

Require: True ephemerides for Venus, EMB and Mars: Xy, XgrB Xps-
Require: True spacecraft ephemerides Xs,c,,, Xs/c,, and Xs/c, -
Set the ephemerides of the Venus and Mars spacecraft around Venus and Mars, respectively, and those of the Earth
spacecraft around the EMB.
Set observation times for Trilogy and Doppler observations.
for All observation epochs ¢ do
Generate the simulated observations z(t), consisting of
* inter-spacecraft Trilogy observations by applying equation (3.6); and/or
* EMB-centred range-rate (Doppler) measurements to the Venus and Mars spacecraft by applying equation (3.7)
end for

Orbit determination arcs

As detailed in section 4.2.2, orbit determination of interplanetary spacecraft is typically performed in a multi-arc fashion,
and as explained in section 3.2 of Part IV, we follow this approach instead of the more sophisticated alternatives such as the
constrained multi-arc (Alessi et al., ). Hence, in this simulation, each batch orbit determination of the interplanetary
spacecraft is independently conducted during a fixed window of time.

The arc duration can be set differently depending on the mission needs, but it usually spans between a few days and a
week (Yan et al., ). As detailed in section 3.3.3 of Part I'V, the chosen arc lengths for the simulated Trilogy orbit
determination have been 12 hours, following di Stefano et al. ( ) in the shorter arc duration with the aim of mitigating
the effect of unmodeled dynamics. Together with the production of one normal point per day, following Fienga ( ),
and the method that produces one normal point for each orbit determination arc (section 7.2.2), this results in one 12-hour
arc every calendar day for the whole mission duration.

A further nuance must be however stated, which is that Tudat is not robust to generating observations too close to the
start or end epochs of a propagation arc. This is because the range observation simulator must run a convergence loop
to solve the range with the emission and reception times that match the speed of light (equations 3.6, 3.5), and an error
can arise if during this procedure a time at which no propagation history exists is attempted. Some trial and error led to
finding a margin of two hours and a half to mitigate this problem for the whole range of dates attempted, hence it was
decided to set all arc propagations to start and end 2.5 hours earlier and later, respectively, than the start and end times of
the 12-hour period of generated observations. This means that the orbit propagation arcs are actually 17 hours, whereas
observations are available over a window of 12.

In practical terms, this means that the epoch of the estimated initial state is eatlier than the epoch of the first observation,
as observed in the sketch presented in Figure 7.4. This is not expected to affect the results in a significant manner, since
the convergence of the batch estimation (algorithm 1) is still solely based on the residuals of the observations that are
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available. The only real effect of separating the estimated initial state from the first observation by a too long period is
that the errors in the dynamical model can accumulate during this “blind time”, increasing the true error of the estimated
initial state. In this study, however, we do not assess true errors of the estimated initial states but rather in the complete
propagated arc (section 7.2.3).

Day i
A
r )
| | UTC
00:00 2:30 9:30 12:00 00:00  2:30 tme
X0
e — | e — |
Attempted observations arc ¢ — 1 Attempted observations arc ¢
I — e |
Orbit propagation arc ¢ — 1 Orbit propagation arc ¢

Figure 7.4: Representation of the definition of the individual orbit determination arcs. Xo corresponds to the initial state of arc <.

The orbit determination arcs set in real operations can typically contain several different observational windows (e.g.,
di Ruscio et al., ). Trilogy will be different because measurements will be nearly continuous, being only limited
by the operational constraints of space-based ILR (i.e., planetary occultations and Sun avoidance; section 3.3.3) rather
than the availability of ground infrastructure. Hence, orbit determination arcs can contain continuous ILR measurements
rather than a few batches corresponding to particular measurement windows. Doppler observations, although expected to
be less continuously available in real life, are treated equivalently to Trilogy regarding their availability during an orbit
determination arc (see Generation of Observations earlier in this section). Hence, in summary, both Trilogy and Doppler
observations are considered to be continuously attempted during the whole orbit determination arc, and they are only
subject to the viability constraints given by planetary occultations and Sun avoidance angles.

Estimation algorithm
Since the orbit of the Earth spacecraft has been considered to be fully solved, the orbit determination arcs are only meant to

T
estimate the states of the spacecraft around Venus and Mars. Hence, the estimated initial state is xo = [XOTS soy X(L s |
where each X, consists of the six cartesian components of the initial state, i.e.,
. . . T
xo, = [Xo, Yo, Zo, Xo, Yo, Zo] (7.6)

Additionally, constant range biases for each of the three ranging legs are introduced as estimable parameters with the aim
of absorbing the difference between the nominal and the true planetary positions. As described in more detail below, these
biases allow the generation of the planet-to-planet ranges to be used for planetary estimation. More rigorously, this is
done by adding such constant biases to the range observable equation (3.5, 3.6) which then becomes

s =W+ 58+ cotp + bpa, (1.7)

where bp 4 represents the bias of the sgL range measurement. The complete vector of estimated parameters y at every
orbit determination arc therefore contains 15 scalar components, corresponding to the initial states of the Venus and Mars

spacecraft and the three constant biases corresponding to the three Trilogy ranging legs:
T T T
¥s/c = |Xo5c,  Xossc,, by bve bVM} ) (7.8)
The a priori covariance matrix employed for the estimation of yg ¢ has been defined as

Os/cy,

Os/cpy

Py, = o} , (7.9
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where Py, . is the covariance associated to the initial state of spacecraft X and oy, is the standard deviation associated to
the biases to be estimated. The values of Py, Jox should come from the post-fit results of a preliminary orbit determination
(e.g., based on on-board navigation instruments) from which an a priori solution for the state Xsc, is generated. In this
work, however, this step is omitted and the P Jc,, Matrices are simply assumed to be diagonal with constant values in the
RSW frame:

RSW _ pRSW __ Ow
Py, e, = Poge,, = 2 . (7.10)

VW
This covariance matrix is used to sample a perturbation from the true states Xo ., to generate, at every arc, an a priori
state for the batch estimation (algorithm 1) as

X0s/0x NN(XOS/CX7POS/CX>7 (7.11)

from which the full a priori ys c is then set to

- =T =T T
Vsic = Mgy Moy, 0 0 0] (7.12)
Finally, the values of o}, are set to several hundreds of meters with the aim of allowing the estimated solution to truly
absorb the difference between true and nominal interplanetary distances, following di Ruscio et al. ( ).

The key of this method is that the values of the estimated biases at each orbit determination arc can be used to generate
precise planet-to-planet ranges. This method is typically used when improving the ephemerides of planets based on range
observations to interplanetary orbiters (A. Konopliv et al., ; Park et al., ), although the used formulation is based
on the particular method description given by di Ruscio et al. ( ). The main idea is that once the bias bp 4 is estimated,
virtual planet-to-planet measurements can be computed with equation (7.7), using the nominal planet ephemerides (i.e.,
Xv, XEgMm B, X)r) to compute the one-way ranges 353111 and 3541])3 (equations 3.5b, 3.5¢, 3.6b, 3.6¢), and setting the previously
estimated bias to bp 4. This way, the bias estimated during the orbit determination corrects the planet-to-planet range
expected from the nominal planetary dynamics, bringing it closer to the value resulting from the true dynamics. Following
di Ruscio et al. ( ), the reference time at which this planet-to-planet range is generated is set to the mid epoch of the
orbit determination arc at which the biases have been estimated.

The resulting planet-to-planet ranges are then used to run a batch estimation of the planetary parameters, which include
the initial states of the Trilogy legs and the masses of the asteroids of interest. Namely, the vector of estimated parameters
during this planetary estimation step is

y=[X, Xipw Xon MT]T, (7.13)
where X, is the state of body X at the simulation start epoch and vector M is the vector of asteroid masses. The a priori
covariance matrix associated to vector y is the one given in equation (6.2). The resulting best-fit propagation is then taken
as a new set of planetary ephemerides, and the whole procedure can be repeated until convergence is reached. The full
algorithm is detailed in pseudocode format in algorithm 6.

The convergence criteria displayed in algorithm 6 is denoted ( for the sake of readability, but similarly to algorithm 4
the convergence has been assessed visually: when the estimated planetary parameters do not show significant improvement
with respect to their a priori values, convergence is assessed to be reached. The whole procedure has been implemented in
two separate scripts: sc_joint_multi_arc_estimation.py, where the simultaneous spacecraft orbit determination
is performed and the arc-wise observation biases are stored; and main_only_planets_with_biases.py, where the
planetary estimation step is performed based on the stored biases. Each script can be set to run a different iteration (i.e., of
the outermost while loop in algorithm 6), which then stores or retrieves the corresponding set of estimated biases.

7.2.3. Full results of the tested cases

The nominal configuration in which the simulation described above has been conducted is the one described in section 3.3
of Part IV. Additionally, different sub-cases with tweaked settings described in section 4.2 of Part IV have been also run
to assess the sensitivity of the results to key design parameters. Although the description of the simulation configurations
is not replicated here for the sake of compactness, the full set of figures omitted in Part IV due to space constraints is
presented below.


https://github.com/lrbusquets/master_thesis/blob/b65c7b43f84767a25fe4eb2a2ac14cb1c5947bdb/sc_joint_multi_arc_estimation.py
https://github.com/lrbusquets/master_thesis/blob/b65c7b43f84767a25fe4eb2a2ac14cb1c5947bdb/main_only_planets_with_biases.py
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Algorithm 6 Implemented solution

Require: Nominal ephemerides for Venus, EMB and Mars: Xy, XgyB, X
Require: Spacecraft ephemerides xs/c , and xs/c -
Require: Observation set z
Set observation times for Trilogy and Doppler observations
Initialize convergence metric ¢ and desired convergence level (o
Initialize the estimation a priori covariance Py as defined in equation (6.2).
while ¢ < (y do
for All orbit arcs ¢ do
Take the observation subset z; corresponding to the observations generated during the timespan of arc i.
Use observations z; to compute the batch estimation (algorithm 1) of the estimable parameters y (equation 7.8)
Save the estimated biases bgas[i], bpv[i] and by ar[d].
end for
for All orbit arcs ¢ do
Compute the mid epoch of arc ¢, ¢;
Generate virtual two-way range measurements between the Trilogy vertices applying equation (3.6):
Eg}w (t;) = 55511)\4 (XenmB, X5 ti) + sﬁ&}E (XEnmB,Xnrsti) + cotyr
ngg(tz) = 3%/1)E (XeMmB,Xv;ti) + 3%\)/ (XeMmB,Xv;t;) + cotg
_(2 _ = _
5&/1)\4(@‘) = 591)\4 (Xnr,Xvs5t;) + sSS}V (Xnar, X5 t) + cotpy
Correct the three two-way ranges as
S (t) < 5 () + boarli]
S5 (t) S0 p(t:) + byl

870 (8:) < 30, (t) + by aali]

end for
Build the full planet-to-planet observation vector:
-
(2 ~(2 A(2 ~(2 A(2 (2
2= 82 (00) 82000) 3 (t0) - dD(tac) SZh(tar) S (tamr)]

Use this observation vector z to run a batch estimation (algorithm 1) of the planetary parameters y (equation 7.13).
Retrieve the best-fit propagation of Venus, the EMB and Mars (xy, Xgpsp and xj7) from the batch estimation.
Retrieve the vector of estimated masses M from the batch filter results.
Retrieve the post-fit covariance P from the batch filter results.
Update the nominal ephemerides models and asteroid masses as
Xy — Xy
XEMB < XEMB
X < X
M+ M
FQ — P
end while

Nominal case (iterations 1-2)
Figures 5, 7 and 9 in Part IV correspond to the last iteration of Algorithm 6. For the sake of completeness, their equivalent
results in iterations 1 and 2 are presented, respectively, in figures 7.7-7.9 and 7.10-7.12. Figures 6 and 8 in Part IV,
presenting the relative geometry of the Trilogy links and the spacecraft orbital planes, are not replicated here. The reader
shall refer there to verify the meaning of the dashed vertical lines in Figures 7.7 and 7.10.

One can verify how the figures corresponding to iteration 2 are essentially identical to those corresponding to iteration
3 presented in Part IV. This supports our claim that convergence of Algorithm 6 is reached after three iterations.

Modified subcase 1 (iteration 3)
The results of the last iteration of modified subcase 1, which is equivalent to the nominal except for a more pessimistic
assumption on spacecraft dynamcial mismodeling (section 4.2 in Part IV), are presented in figures 7.13-7.15.

These results, which are not included in Part IV for the sake of compactness, evince how the more pessimistic spacecraft
dynamical mismodeling does have a significant impact on the results: spacecraft orbit determination errors, although still
significantly reduced with respect to the case of a single range constraint (as evinced in the shaded areas of Figure 7.13),
is not reduced as much as in the nominal case (Figure 5 in Part IV) and it remains at the several tens of cm level. This
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1. Generation of observations 2. Simultaneous spacecraft orbit determination

Input: Xy, Xgpn B, XM» Xs/Cy s XS/C s XS/C Input: z, Xy, Xpa 5, Xar

Output: Xs/cy,» Xs/Cps Xs/Cur> VEM, DEV, Dyar

Xs/Cy

3. Generation of planet-to-planet virtual ranges

Input: Xy, XgmB, Xar, bev, bEV, bvm

Xs/Cur

Xs/Cg

The Earth spacecraft

is set around the EMB e

Output: observation set z

Figure 7.6 R R R
YLD o Qutput: S, Spvs Sy

Figure 7.5: aaa

Sxy = s(Tx,Ty)

Tx Sxy = s(Tx,Ty) + bxy

ry
rx

Figure 7.6: Generation of the (approximate) true planet-to-planet range between planets X and Y from the nominal (a priori) planet positions rx and
ry and the estimated bias bxy .

degrades the quality of the produced normal points (Figure 7.14; Table 4 in Part IV), and as a result the discrepancy
between their true errors and the formal errors of the fitted biases is much larger than in the nominal case (Figure 7.15
vs Figure 9 in Part IV). This supports our claim in section 4.2.1 of Part IV that the weighting of the observations for a
planetary estimation assuming a true-to-formal error ratio of 50 is likely to be inaccurate and thus a strong candidate of
causing the poor performance of asteroid mass estimations.
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Figure 7.7: True errors of spacecraft orbit determination at the first iteration of Algorithm 6 for the nominal simulation settings.
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fitted biases, for the nominal simulation settings.

Modified subcase 2 (iteration 3)

The results after the last iteration for subcase 2 of simulation settings (i.e., all spacecraft set to orbital periods of 12 hours)
are presented in Figures 7.16-7.18. As discussed in section 4.2.2 of Part IV, this is the subcase that produces the most
accurate planet-to-planet ranges (Figure 7.17), which we judge to be due to the optimal averaging of the spacecraft orbit
determination errors over a full revolution.

These errors are presented in Figure 7.16, where it is evinced how they are not generally lower than in the nominal
case (Figure 5 in Part IV). The fact that the three legs of planet-to-planet ranges do show a performance that pushes the
limit of ILR technology (i.e., only a few mm in standard deviation of true errors, Figure 7.17) suggests that the averaging
of the spacecraft orbit determination error over an entire orbit is indeed playing a significant role. One must also note that
the resulting spacecraft orbit determination errors appear much more modulated in time (Figure 7.16) than in the nominal
case (Figure 5 in Part IV). Although some peaks to appear aligned with the collinearity peaks (green dashed vertical lines,
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see Figure 8 in Part IV), many of them remain of unclear cause at the time of ending this study.

The reader will notice that in Figure 7.17 all normal point errors present a mean shifted from zero, which is consistent
with the constant bias introduced in the ILR observations, as explained in section 4.1.1 of Part IV. In this case, however,
the used bias is not -3.6 mm as in the nominal case but 2.4 mm. This is not judged to have any significant impact because,
as detailed in section 4.2.3 of Part I'V, the constant systematic errors of the ILR measurements are not found to have any
significant impact on the planetary estimation. This is due to the fact that the implementation of the algorithm assigns a
different, randomly distributed ILR bias at every different run. This is sampled normally with a standard deviation of 2
mm, following an optimistic combination of systematic errors as described in subsection 3.2.2.

Modified subcase 3 (iteration 3)
As described in section 4.2 of Part IV, subcase 3 uses ILR observations with 3 cm random noise instead of 3 mm. The
results are presented in figures 7.19-7.21.
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Figure 7.19 and Figure 7.20 look very similar to their counterparts in the nominal case (Figure 5 in Part IV). Closer
inspection evinces how the dips in the projections of the orbit determination error of the Venusian spacecraft do not reach
levels as low as in the nominal case, which shows how the usage of ILR can indeed improve the results with respect to
more traditional ranging methods. It must still be acknowledged, however, that Figure 7.19 still shows how the significant
factor in the reduction of spacecraft orbit determination is the presence of two range constraints from different directions,
which causes the dramatic reduction in resulting error with respect to the periods where only one range constraint is
available. In any case, the motivation to use ILR instead of radio ranging is still given not only by the observed slight
improvement both in spacecraft orbit determination (Figure 7.19) and asteroid mass estimations (section 4.2.3 in Part [V)
but also because of the need for large spacecraft antennae in the case of radio-based ranging (section 2.2).

Finally, one must also note how the normal point true-to-formal error ratios displayed in Figure 7.21 are much lower
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than those in the nominal case (Figure 9 in Part IV). This is not due to true errors being lower, as seen in Figure 7.20,
but due to the fact that the ILR observations in the orbit determination process have been weighted according to their
noise level of 3 cm instead of 3 mm (equation 4.33), hence resulting in a greater post-fit covariane matrix and thus greater
formal errors of the fitter biases.

Modified subcase 4 (iteration 3)
The fourth modified subcase in the sensitivity analysis (section 4.2 in Part IV) only differs from the nominal in the a priori
covariance used for the spacecraft orbit determination, which is set to a 1 cm one-sigma level in each position component.
The results arising from this configuration are presented in Figures 7.22-7.24.

Figure 7.22 is essentially equivalent to the nominal results (Figure 5 in Part IV), with the only difference that the
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Figure 7.21: Distribution of true errors in the planet-to-planet ranges generated at the last iteration of Algorithm 6, compared to the formal errors of the
fitted biases, for the simulation settings of subcase 3 (3 cm ILR random error).

spacecraft orbit determination error during episodes at which only one of the range constraints is available is contained to
the cm level as a result of the a priori. This evinces both the correct behaviour of the a priori constraint in the batch filter
(equation 4.53) and also how the true errors achieved by the two ranging links simultaneously do indeed outperform the
results of a hypothetical orbit determination accurate to 1 cm in position components.

Again, one noticeable difference between this subcase and the nominal one is that the true errors of the normal points
are seen to be centered at a different value: in this subcase, the systematic error of the ILR system has been set to 2.3 mm.

Modified subcase 5 (iteration 3)
Finally, the last of the modified subcases in the sensitivity analysis (section 4.2 in Part IV) consists of placing the Martian
spacecraft closer to the surface of the planet with the aim of allowing orbit determination arcs to span at least one full
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Figure 7.22: True errors of spacecraft orbit determination at the last iteration of Algorithm 6 for the simulation settings of subcase 4 (1 cm a priori
spacecraft position uncertainty)
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Figure 7.23: True errors in the planet-to-planet ranges generated at the last iteration of Algorithm 6 for the simulation settings of subcase 4 (1 cm a
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Figure 7.24: Distribution of true errors in the planet-to-planet ranges generated at the last iteration of Algorithm 6, compared to the formal errors of the
fitted biases, for the simulation settings of subcase 4 (1 cm a priori spacecraft position uncertainty).

revolution. The corresponding results can be seen in Figures 7.25-7.27.

The results evince how the spacecraft orbit determination errors of the Martian spacecraft become more comparable
to those of the Venusian one (Figure 7.25) than in the nominal case (Figure 5 in Part IV). As described in section 4.2.2 of
Part IV, this has the effect of an overall improvement in the produced normal points (Figure 7.26), although not as much
as in the case where all orbital periods are set to 12 hours. This evinces how making all orbital periods exactly match the
length of the orbit determination arcs is beneficial, although the extent to which this is only due to our assumptions of
unmodeled accelerations following the spacecraft orbital period remains to be tested. in this subcase, the constant bias
added to the ILR observations has been set to 0.85 mm.

Perhaps more notably, the orbit determination errors of the Venusian spacecraft (Figure 7.25) are found to be worsened
with respect to the nominal case (Figure 5 in Part IV), although its orbital configuration has not been modified in this
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Figure 7.27: Distribution of true errors in the planet-to-planet ranges generated at the last iteration of Algorithm 6, compared to the formal errors of the
fitted biases, for the simulation settings of subcase 5 (Mars spacecraft at lower altitude).

subcase. This evinces how the presence of the enclosed interplanetary links makes all orbit determinations dependent on
each other, and the configurations that allow to maximize their potential must be searched in a joint rather than individual
manner.

7.3. Verification

The implemented simulation makes use of the available propagation and estimation modules available in Tudat, which
have been already verified and validated in the past. The verification step of this work has therefore consisted of checking
the propagation to yield to the expected orbits and observation links, and assessing the results of a simplified spacecraft
orbit estimation case using Doppler observations and no dynamical mismodeling. These are presented, respectively, in
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sections 7.3.1 and 7.3.2.

7.3.1. Orbit geometry and interplanetary links

As a verification of the orbits resulting from the employed propagation settings, the interplanetary links used to generate
ranging and Doppler observations have been plotted in Figure 7.28 and Figure 7.29. It is immediate to observe how
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Figure 7.28: Geometry of the interplanetary links and spacecraft orbits on June 27th 2031 (Figure 2.1 left). Red: ILR links; Green: Doppler links.

the planetary positions in the XY plane coincide with those displayed in Figure 2.1. Given the fact that Figure 2.1 is
generated from data given by MATLAB’s planetEphemeris function, which is implemented independently from Tudat,
this serves as a confirmation that the implemented simulation behaves as expected.

The orientations of the different interplanetary links are consistent with Figure 2.1, as evinced by the top views in
Figure 7.28 and Figure 7.29. The ILR links are plotted in red from spacecraft to spacecraft, whereas Doppler links are
plotted in green from the center of the Earth to the spacecraft. All links are plotted at the mid epoch of the corresponding
orbit determination arcs, which span from noon to midnight every day. The function implemented to plot the observation
links checks whether or not the assessed instant is between (or member of) consecutive observation times (i.e., observation
times separated by the observation cadence only), and only plots a solid line if it is the case. As observed in Figure 7.28,
the Venus-Mars link is marked with a dashed line, which means there are no observations happening around the analyzed
epoch. This is consistent with the Venus-Mars-Sun angle being smaller than 5°, as clearly seen in Figure 2.1. This is also
consistent with the observation gaps shown in Figure 6.6, which confirms that the Sun avoidance viability function works
as expected.

Additionally, the animation of Figure 7.28 and Figure 7.29 throughout the entire orbit determination arcs allows to
check the proper behavior of the function checking observation viability due to planetary occultation. This verification
exercise allowed to find and patch a bug in the internal Tudat function applying this computation, as described in more
detail in appendix D.1.

7.3.2. Spacecraft orbit estimation with Doppler

The main addition between the “planets-only” implementation (chapter 6) and the final implementation (section 7.2)
is the set of Doppler measurements (subsection 3.3.4) to the two interplanetary orbiters, which not only support the
orbit determination together with ILR but are capable to support such orbit determination on their own. To test the
correct behavior of the implemented modules that introduce such observations, a full spacecraft orbit determination of
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Figure 7.29: Geometry of the interplanetary links and spacecraft orbits on September 28th 2032 (Figure 2.1 right). Red: ILR links; Green: Doppler
links.

the spacecraft around Venus and Mars is presented below. The simulation settings have been taken equal to those of the
nominal simulation case (Table 2 in Part IV), except for the lack of ILR and the fact that no discrepancy between the true
and estimation dynamical models has been introduced. This is implemented in the sc_multi_arc_estimation.py
script, which just as the implementation of the main algorithm is also based on the MainSimulationClass.

'
<

T
Earth-S/C Mars

Earth-S/C Venus

One-way avg
Doppler (km/s)
5
One-way avg
Doppler (km/s)
4

'
oo

I | | | | |
Sep 27 Sep 28 Sep 29 Sep 27 Sep 28 Sep 29
Observation date 2032 Observation date 2032

Figure 7.30: One-way averaged range-rate (Doppler) observations to the Venus (left) and Mars (right) spacecraft around September 28th 2032.

The range-rate observations to the Venus and Mars spacecraft obtained around September 28th 2032 (Figure 2.1 right;
Figure 7.29) are shown in Figure 7.30. Each curve clearly shows the result of adding a fast oscillation that coincides with
each spacecraft’s orbital period on top of the much more slowly varying relative velocity between planets along their
line of sight. These can be easily verified by assuming circular and coplanar orbits for the planets: the relative distance
between, for instance, Earth and Venus, and its corresponding time derivative are

dey = \/a? + a% — 2aya cos (), (7.14)

ddgy ayaplsin (0) (7.15)
dt V@i + a% — 2ayagcos () '

where @ is the relative angle between their position vectors and a stands for their orbital semimajor axes. Since their
relative angle is simply their difference in angular positions with respect to a common origin, its time derivative is simply


https://github.com/lrbusquets/master_thesis/blob/b65c7b43f84767a25fe4eb2a2ac14cb1c5947bdb/sc_multi_arc_estimation.py
https://github.com/lrbusquets/master_thesis/blob/b65c7b43f84767a25fe4eb2a2ac14cb1c5947bdb/main_simulation_class.py
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their difference in angular velocities or mean motions:

6=ng—ny =, |22 [E2 (7.16)
ay g

At the first epoch of the arc presented in Figure 7.30, the relative angle Earth-Sun-Venus is # = 104.5° (see Figure 2.1
right). Taking pe = 1.327124 x 10! km?/s2, ayy = 1.08210 x 10® km and ap = 1.49598 x 108 km!,

ddgy ayap < (e /H@) .
= — — ./ —= | sin(f) = —9.50km/s, (7.17)
dt \/a%, + a% — 2ayag cos () ay a3, ©) /

which coincides with the average value of range rate during the early epochs of the arc (Figure 7.30 left). The high
frequency oscillation is caused by the spacecraft orbit, which orbits at 10000 km above Venus’ surface. Its velocity gets
projected to the range-rate measurement from Earth with the cosine of the angle between its orbital plane and the Doppler
observation link. At the first instant of the orbit arc displayed in Figure 7.30, this angle is 54.7°, as given by

r X V. “(ry —r
(p = arcsin <( S/CV s/cv) (ry E)> . (7.18)

||I‘S/cv X VS/CV”HrV — g

The expected velocity oscillation can be then computed from the orbital velocity of the spacecraft around Venus. Taking
py = 324860 km?/s? and Ry = 6051.8 km, together with the orbital altitude hg scv = 10000 km, this results in

%
A=, /——————cos = 2.60km/s. (7.19)
' Bv + hs/cv (?) /

As seen in Figure 7.30, this coincides with the amplitude of the oscillation around -9.50 km/s (equation 7.17) at the initial
instant of this particular orbit arc. It can therefore be safely concluded that the Doppler observations coincide with the
expected values for the problem under study, which supports the correct implementation of the simulations employed.

These range-rate observations are thus used in a covariance analysis and full estimation of the spacecraft initial states.
The propagation of the resulting covariance (equation 4.55) yields the formal errors through time displayed in Figure 7.31,
whereas the correlations between the estimated parameters are shown in Figure 7.32.
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Figure 7.31: Propagated formal errors of the resulting orbit determination of the spacecraft around Venus (left) and Mars (right) during the orbit arc
displayed in Figure 7.30.

The level of obtained formal errors can be verified against similar cases in published literature. If these simulations had
been conducted through new implemented software, this verification should consist of reproducing the exact settings of a

Uhttps://nssdc.gsfc.nasa.gov/planetary/factsheet/venusfact.html


https://nssdc.gsfc.nasa.gov/planetary/factsheet/venusfact.html
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reference case to be used as a benchmark. Instead, since the orbit estimation modules in Tudat have already been verified
in the past, this is only used as a confirmation that the results are consistent with the expected order of magnitude and
behaviour. Cappuccio et al. (2020, Fig. 7), for instance, present similar curves to Figure 7.31 for the orbit determination
of JUICE around Ganymede, also obtained with Doppler measurements at 60 seconds of integration time and a gaussian
noise of 0.012 m/s. Their reported uncertainties are written as 3-¢ levels, and come from having used ~10 times less
observations due to shorter arc and ground station constraints. Hence, their results must be scaled by 1/ (3@) to
be comparable. Doing so, we get consistent values of few mm uncertainties for the radial (R) position, and ~ 10 cm
uncertainties for along-track (5) and cross-track (W) positions.

The behavior of the propagated formal errors through time is also consistent, showing that of the along-track direction
flat above the other two and that of the cross-track direction presenting a clear oscillation with half the spacecraft orbital
period. This means that the uncertainty ellipsoid remains roughly constant in the R.S plane whereas it shrinks and grows
twice every cycle in the I direction. Orbital mechanics are responsible for this behavior: an orbiting particle with
a perturbation in the .S direction of its initial state will remain ahead or behind its unperturbed counterpart until new
perturbations come into play, whereas a perturbation in the W direction will cause a perturbed orbit with a different
inclination that will still intersect the original one twice per revolution. A perturbation in the R direction will cause
progressive separation in the S direction due to a difference in velocity, yet the effect is still insignificant at the level of
formal error and arc length shown in Figure 7.31, hence its constant appearance.
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Figure 7.32: Correlation matrix of the estimated initial state of the spacecraft around Venus (left) and Mars (right) after the orbit determination arc
displayed in Figure 7.30.

This behavior is also consistent with the resulting correlation matrices displayed in Figure 7.32: the direct relationship
between along-track velocity vg and radial position R is materialized in a high correlation coeflicient between the two
variables. Although the exact correlation mapping between the different components of the initial state can be sensitive to
nuances such as the small eccentricity of the orbit or the gravity field perturbations introducing cross dependencies, a
resulting correlations matrix showing high correlations between most initial state components is consistent with what can
be found in literature (e.g., X. Zhu et al., 2021, Fig. 5), including a significantly less correlated radial component.

The observation residuals resulting of the orbit determination process with Doppler observations alone are presented
in Figure 7.33 and Figure 7.34. It can be clearly observed how, after convergence, they present a Gaussian behaviour with
a standard deviation corresponding to the 0.012 mm/s used as Doppler random noise, confirming that the estimator has
converged to a solution that minimizes the cost function as expected from the observations used.
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Figure 7.33: Pre- and post-fit estimation residuals corresponding to the initial state estimation of the spacecraft around Venus during the orbit arc
displayed in Figure 7.30.

The batch filter estimator has been run for 8 iterations, although not all of them are required to reach the final solution.
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Figure 7.34: Pre- and post-fit estimation residuals corresponding to the initial state estimation of the spacecraft around Mars during the orbit arc

displayed in Figure 7.30.

As the convergence curves for the individual components of the estimated intitial states evince in Figure 7.35, 3 iterations
are enough to reach the final levels of true errors. Further iterations leave the solution essentially equal to the found value
that minimizes the cost function, slightly off from the true solution due to the stochastic imperfections introduced by the

measurement noise (Figures 7.34 and 7.33).
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Figure 7.35: Convergence (error per iteration) during the application of the batch estimation algorithm (Algorithm 1) for the orbit estimation of the
spacecraft around Venus (top) and Mars (bottom) for the orbit arc displayed in Figure 7.30.

The inherent uncertainty remaining in the estimated solution, caused by the observation noise and described by the

post-fit covariance matrix and the corresponding formal errors (Figure 7.31), leads the estimated solution to be imperfect
and cause a discrepancy between the true and the estimated trajectories. This is plotted in Figure 7.36. The behavior of
the true error in the three position directions is consistent with the behavior described above for the formal errors, i.e., flat
along-track error and cross-track error oscillating with half the spacecraft orbital period. The oscillation observed in the
true errors of the radial direction are likely due to the fact that the frame conversion applied to generate Figure 7.36 has
been performed with the RSW frame history given by the estimated solution, which is slightly rotated from the true one
used in Figure 7.31.

In this simplified estimation scenario where the only source of estimation error is the random noise of the Doppler
observations, which is properly modeled (equation 4.33) by means of the weight matrix used in the batch least squares
filter (Algorithm 1), the formal errors are expected to be the true statistical distribution that defines individual realizations
of true errors. To verify whether or not this is consistent with the observed behavior, the distribution of component-wise
true-to-formal error ratios must be assessed to match a normal distribution of mean p = 0 and standard deviation
o = 1. Such distributions, combining the aggregate true-to-formal error ratios of all estimated orbit arcs, are displayed in
Figure 7.37. Both the results for the Venus and Mars orbit determinations are consistent with standard normal distributions,
hence we assess this test to confirm the correct behavior of the implemented simulation setup.
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Figure 7.36: True errors of the estimated trajectory of the Venus (left) and Mars (right) spacecraft during the orbit arc from Figure 7.30.
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ABSTRACT

Context. Our current knowledge of Solar System dynamics is limited by a combination of unknowns, including the masses of most
asteroids, the mass loss rate and oblateness of the Sun, and the potential presence of unknown trans-Neptunian objects. Interplanetary
laser ranging has been suggested as a useful technology to address these uncertainties by enabling range measurements between
planets at unprecedented accuracy, from which different dynamical phenomena can be reconstructed.

Aims. Following the mission proposal by the name of Trilogy, we simulate a triple interplanetary laser ranging setup obtaining
frequent range measurements between space-based transceivers orbiting the Earth, Mars and Venus over five years. We simulate the
generation of normal points from the orbit determination of the spacecraft and we use them to assess the extent to which the current
uncertainties of planetary ephemerides and asteroid masses can be reduced.

Methods. Starting from reasoned assumptions on the true errors of current planetary ephemerides, we simulate the fitting of range
biases during simultaneous spacecraft orbit determination that can account for such discrepancy. These biases allow the generation
of precise planet-to-planet ranges, which are then used in a batch estimation of planetary ephemerides and asteroid gravitational
parameters.

Results. We find that the presence of the range constraint from different directions can significantly reduce the orbit determination
error of the interplanetary orbiters, containing them to the centimeter level and achieving to produce millimeter-accurate normal points
as long as the orbit determination is averaged over at least one revolution and there are no significant force model errors corrupting
the estimated spacecraft trajectories. The resulting planet-to-planet range measurements are found capable of estimating the radial
positions of the three planets with millimetric true errors, whereas cross-track positions and asteroid masses are observed to improve
more modestly, failing to reduce current uncertainty levels in a significant way. The number of asteroids found to get their true mass
errors significantly reduced is found to be in the order of tens.

Conclusions. The usage of highly accurate range measurements to interplanetary spacecraft in different spatial directions has the po-
tential of significantly improving interplanetary orbit determination and producing highly accurate planet-to-planet ranges. Although
we confirm millimetric interplanetary ranges to be achievable, we find how the spacecraft orbit determination clearly limits their
achievable precision under the tested approach, and we suggest that other mission architectures (e.g., including a highly inclined
vertex) and/or more complex estimation methods (e.g., coupled, constrained multi-arc) shall be explored to maximize the scientific
output of a Trilogy-like mission.

Key words. interplanetary laser ranging — ephemerides — normal points — asteroids — Solar System mass distribution
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1. Introduction

Modern computations of planetary ephemerides typically in-
clude the estimation of several different unknowns besides the
orbits of celestial bodies. Different examples related to active re-
search fields include solar parameters such as the variation of
its gravitational parameter fi; (Pitjeva et al. 2021; Fienga et al.
2015; Pitjeva & Pitjev 2012) or its gravitational oblateness J, o
(Fienga et al. 2019a; Genova et al. 2018; Park et al. 2017; Pit-
jeva 2015), dynamical perturbations caused by the mass distribu-
tion of Trans-Neptunian Objects (TNOs; di Ruscio et al. 2020;
Fienga et al. 2020b; Pitjeva & Pitjev 2018) and asteroids (Pit-
jeva & Pitjev 2015; Liu et al. 2022), or relativistic parameters
in search for violations of General Relativity (GR; Bernus et al.
2020; Mariani et al. 2023). A key contributor to the sets of ob-
servations that enable such calculations are range measurements
to interplanetary spacecraft (section 2.1.1).

The Trilogy mission concept was proposed by Smith et al.
(2018) with the aim of obtaining precise enough range measure-
ments between Venus, the Earth and Mars to measure the ex-
pansion of the Solar System. This expansion is caused by the
variation of the gravitational parameter of the Sun, [, which
causes planetary orbits to increase their semimajor axis (Pit-
jeva & Pitjev 2012). An accurate measurement of this magni-
tude would not only shed light to the currently poorly under-
stood cycle of solar mass loss (Pinto et al. 2011; Pitjeva et al.
2021), which is essential for the understanding of the solar inte-
rior (Christensen-Dalsgaard 2021) and the predictions of future
solar activity (Nandy et al. 2021), but it could also reveal devia-
tions from GR by measuring a [t consistent with a non-constant
gravitational constant, i.e., G # 0 (Will 2014). Despite the tech-
nical challenge of accurately measuring the small signatures in
interplanetary ranges caused by [, these are within the theoret-
ical limits of measurement accuracy achievable by Interplane-
tary Laser Ranging (ILR; Degnan 2002; Dirkx 2015; Dirkx et al.
2019).

Subsequent studies analyzing the mission concept followed
the original proposal. Cascioli et al. (2019) confirmed the poten-
tial of the enclosed ranging triangle concept to reduce the present
uncertainties in G and Parametrized Post-Newtonian (PPN) pa-
rameters (Hohmann 2021); Bills & Gorski (2022) demonstrated
how the combination of measurements from the three ranging
legs can help locate sources of gravitational attraction via trilat-
eration; and Bills & Skillman (2022) highlighted the potential of
Trilogy as a planetary gyroscope to measure the rotation of the
Solar System better than current techniques. Finally, preliminary
calculations by Fienga (2023a), simulating the resulting covari-
ance of the INPOP planetary ephemerides (Fienga et al. 2021)
when using Trilogy measurements, found an expected signifi-
cant improvement in the formal errors of asteroid masses and
concluded the mission to have great potential for a better under-
standing of the mass distribution of the Solar System. Despite
the preliminary nature of all these results, the community has ac-
knowledged the potential of the Trilogy mission and it is being
considered in multiple reviews of future prospects of planetary
and fundamental physics research (Asmar et al. 2021; Bassi et al.
2022; Fienga & Minazzoli 2024).

With the aim of putting past studies together and defin-
ing future efforts, the Interplanetary Laser Trilateration Network
(ILTN) Workshop was held in February 2023!. The final min-
utes detailed that higher fidelity simulations of the mission were
required to further assess the expected quality of the science

! Slides and recordings available at https://grailteam.mit.edu/
Trilateration
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output. The aim of this study is to make a contribution in this
regard by simulating not only the result of using highly accu-
rate planet-to-planet ranges but a fuller pipeline of an operational
scenario, starting from the obtention of range measurements be-
tween spacecraft affected by not-fully-modeled orbital perturba-
tions.

Despite the original conception of the mission by Smith et al.
(2018) was focused on measuring the variation of the solar grav-
itational parameter, we expect this science objective to be chal-
lenging to assess without a thorough improvement in our un-
derstanding of the mass distribution of the Solar System: the
expected signature of fip to interplanetary ranges is expected
to be smaller than the one corresponding to the uncertainties
of many masses (section 2.1.2), and it has been in fact shown
how the estimation of asteroid gravitational parameters does de-
grade the fitting of fi, due to their high correlations (Pitjeva et al.
2021; Fienga et al. 2015). A similar story happens with PPN pa-
rameters, since uncertainties in Solar System masses have been
found to significantly degrade the fitted solutions (De Marchi
et al. 2016). As per the assessment of the Solar System rotation
(Bills & Skillman 2022), we judge it to be a science objective
less relevant than the understanding of mass distribution, given
its virtual lack of effect into the fitting of (1, and GR parameters
from ephemerides, and especially given the last advancements
(Liu et al. 2023) that constrain the current error of planetary
ephemerides reference frames to the sub-milliarcsecond level.
With this in mind, we focus this study on the estimation of plane-
tary ephemerides and asteroid masses from Trilogy observations
with the aim of assessing if they would suffice to constrain mass
uncertainties to the levels predicted by Fienga (2023a), who did
not consider any spacecraft orbit determination errors.

The structure of this article is as follows: section 2 summa-
rizes the state of the art of planetary ephemerides, our under-
standing of the mass distribution of the Solar System and ILR
technology; section 3 describes the implemented simulation to-
gether with the settings and values used, based on the description
given in the background section; and section 4 presents the re-
sults of the generated normal points and their usage in a batch es-
timation of planetary ephemerides and gravitational parameters
of the main Solar System perturbers. Full results for the nominal
scenario tested are presented in section 4.1, whereas alternative
settings to assess the sensitivity to different design variables are
summarized in section 4.2.

2. Background

This section summarizes the state of the art of the two main
topics at play in this study: our knowledge of Solar System dy-
namics and our ability to conduct highly precise interplanetary
range measurements via ILR. These are developed, respectively,
in sections 2.1 and 2.2

2.1. Solar System dynamics

The most up-to-date knowledge of Solar System dynamics is de-
scribed by planetary ephemerides, which are sets of tabulated
data of the state vectors of the different Solar System bodies
over time (Park et al. 2021; Fienga et al. 2021; Pitjeva et al.
2019). Modern models also include other parameters such as-
teroid masses and Kuiper Belt models, obtained as estimated pa-
rameters together with the planetary orbits. Such estimations are
conducted by computing the planetary orbits that adjust best to
a set of given observations (section 2.1.1). As of today, different
models still present different values for such parameters and thus
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desribe the Solar System dynamics in different manners. A good
example for the impact of such model uncertainties can be found
in the study by Farnocchia et al. (2021) when assessing the prob-
ability of Bennu impacting on Earth, who found that the usage of
different ephemerides models resulted in uncertainties of order
hundreds of kilometers in the Bennu-Earth miss distance. Un-
certainties in solar parameters (i.,e., mass loss and oblateness),
on the other hand, cause a 10-fold smaller error margin.

This section summarizes the state of the art of Solar Sys-
tem dynamics in two different sub-categories: uncertainties in
planetary orbits themselves, developed in section 2.1.1, and un-
certainties in the asteroid mass distribution, detailed in section
2.1.2.

2.1.1. Planetary ephemerides

The three main ephemerides models being independently de-
veloped and updated are the Developmental Ephemerides (DE)
by JPL (Park et al. 2021), the Intégrateur Numérique Planetaire
de I’Observatoire de Paris (INPOP) ephemerides by the Insti-
tute of Celestial Mechanics and Ephemerides Calculations (IM-
CCE) in France (Fienga et al. 2021) and the Ephemerides of
Planets and Moon (EPM) developed by the Institute of Applied
Astronomy of the Russian Academy of Sciences (Pitjeva et al.
2019). It is worth mentioning the recent addition of the PETREL
ephemerides (Tian 2023), which have been developed using DE
as a benchmark.

Ephemerides are computed by fitting numerically integrated
orbits to a set of different ground-based and space-based ob-
servations of celestial bodies (Park et al. 2021). This is typi-
cally done with least squares estimation techniques (section 3.1).
Around two thirds of the measurements used for DE and INPOP
are obtained through radio ranges to interplanetary spacecraft,
and around one third are optical angular observations (Fienga
2023b; Park et al. 2021). Very-Long Baseline Interferometry
(VLBI) has also been used in recent missions to track interplane-
tary spacecraft with increased accuracy (Duev et al. 2012; Jones
et al. 2014; Gurvits et al. 2023), and highly-accurate angular ob-
servations obtained by this technique are also included in the fits
of DE and INPOP, although accounting for <1% of total obser-
vations used (Fienga 2023b; Park et al. 2021). With the advent
of ILR in future missions like Trilogy, more precise range ob-
servations to interplanetary spacecraft are expected to be used in
the fits to decrease the formal errors and capture finer temporal
signatures.

Figure 1 shows the root mean square (RMS) of the discrep-
ancy over time between DE440 and INPOP21a, computed from
their publicly available spice kernels. The analyzed period has
been chosen to be centered at present day, to get a fair represen-
tation of current discrepancies, with an integration period of 30
years. This is assessed to be enough to average out any particular
error signatures of individual orbit revolutions while not being
large enough to be corrupted by the uncertainty of events too far
in the future. As observed, both models agree within hundreds of
meters to the positions of the inner Solar System planets. On the
other hand, discrepancies with respect to EPM have been found
to be larger (Wenxiao et al. 2021), whereas PETREL is reported
to match DE to the centimeter level for decades as a result of its
usage as reference (Tian 2023).

The intercomparison between different ephemerides models
can be used as an indicator of their true errors (Dirkx 2015; Im-
peri et al. 2018). Given that they have been independently devel-
oped, the increasing agreement between DE and INPOP (Fienga
et al. 2021) can indicate that the two are converging to the true
solution of planetary motion, while EPM may be missing some
nuance in its modeling. We judge this option to be more likely
than EPM being the most correct, simply because of the majority
criterion. Hence, we take the discrepancies reported in Figure 1
as a valid indicator of the order of magnitude of true errors of
state of the art planetary ephemerides. It is true, however, that
despite DE and INPOP are based on independently-developed
dynamical models, the two share most of the observations from
interplanetary missions used in their fits. Our judgement is there-
fore subject to the assumption that such used measurements are
not significantly affected by systematic errors pushing the dy-
namical solutions of DE and INPOP off in a common manner,
nor by any common mismodeling caused by erroneous dynami-
cal phenomena defined equivalently in both of them.

2.1.2. Mass distribution

Among the >1 million objects listed in JPL’s Small Body
database?, individual mass estimates only exist for around four
hundred. These are mostly the main perturbers (i.e., heaviest as-
teroids), but the bulk of smaller asteroids is estimated to account
for the remaining 10% of total mass of the asteroid belt (Pitjeva
& Pitjev 2015). Improving current asteroid mass estimates and
enlarging the catalog to smaller asteroids is particularly relevant
for the understanding of the Solar System formation (Hestroffer
et al. 2019), for planetary defense (Wie et al. 2017) and for po-
tential future asteroid mining mission plans (Ferus et al. 2022).

Methods of asteroid mass estimation can be grouped into
five categories (Fienga et al. 2020a), spanning a trade-off be-
tween higher accuracy and greater availability. The most accu-
rate methods consist of directly measuring orbital motion around
the asteroid (Carry 2012), either from a spacecraft or from a bi-
nary partner body, which allow to solve for its gravitational pa-
rameter via Kepler’s third law. Another approach is to combine
optical and radar observations to infer the non-gravitational ac-
celeration caused by the Yarkovsky effect, from which the mass
of the asteroid can be computed (Chesley et al. 2003, 2014). Fi-
nally, the most fruitful methods are the fitting of masses from
observations of asteroid-asteroid perturbations or asteroid-planet
perturbations.

The measurement of asteroid-asteroid perturbations, also
known as the astrometric method (Galdd & Gray 2002), con-
sists of obtaining angular observations of asteroids during peri-

2 https://ssd.jpl.nasa.gov/tools/sbdb_lookup.html
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Fig. 2. Distribution of mass uncertainties for the objects with existing
estimates. Data extracted from the SIMDA catalog (Kretlow 2020).

ods of close approaches to infer the mass of the heaviest from
the observed trajectory deflection of the lighter’. This method
relies on highly accurate astrometric observations of the aster-
oids during encounters, and ESA’s Gaia mission (Gaia Collabo-
ration 2016) has been a significant actor in this regard. Although
the mission’s data release DR2 was still found to involve sig-
nificant challenges regarding the instrument’s systematic errors
(Deram et al. 2022; Murray 2023), the most recent data releases
are already allowing mass estimations of improved accuracy (Li
et al. 2023; Fuentes-Muiioz et al. 2024). A significant result is
the recent mass estimation of (16) Psyche by Farnocchia et al.
(2024), with a reported uncertainty of +0.017 km?/s?. Mass es-
timates with uncertainty ranges of this same order of magnitude
for most of the main perturbing asteroids are expected within the
next years (Fuentes-Muiioz, 2024, priv. comm.). This is marked
as the “astrometry best” boundary in Figure 2.

Finally, the estimation of asteroid masses from perturbations
to the planetary motion is regularly conducted during the fits of
planetary ephemerides (e.g., Folkner et al. 2014). The commonly
accepted means of doing so is to introduce asteroid masses as
parameters p to be estimated in a least squares problem (section
3.1), although this can result in some masses resulting negative
if not properly constrained. To prevent this problem, Kuchynka
& Folkner (2013) employed the Non-Negative least squares al-
gorithm (Lawson & Hanson 1995), and Fienga et al. (2020a)
introduced constraints of taxonomic class densities. The latter
is representative of state-of-the-art asteroid mass estimation ca-
pabilities based on ephemerides fits, presenting 103 estimated
masses with reported uncertainties lower than 33%. Despite this

3 The estimation of the two masses concurrently has also been studied
(Baer & Chesley 2017), but the most recent studies still do not incor-
porate this method due to the associated accuracy challenges (Fuentes-
Muiioz, 2024, priv. comm.).
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method is still unable to provide individual mass estimates for
any other asteroids than the heaviest ~400, solid ring models
(Liu et al. 2022) are used to absorb the effect of smaller aster-
oids and better model the influence of the complete Main Belt.

The different studies applying the different methods with dif-
ferent observations and different assumptions on the employed
dynamical models have resulted in a list of many different es-
timated mass values for each of the main perturbing asteroids.
Conveniently, Kretlow (2020) gathered all of them into a single
catalog named Size, Mass and Density of Asteroids (SiMDA)*3,
which also offers an average mass and an average formal uncer-
tainty for each asteroid, resulting from combining all existing es-
timates with the Expected Value Method (Birch & Singh 2014).
Despite the possible argument against combining all past esti-
mates into a single uncertainty value due to the possible degra-
dation of the result by mixing older and less precise estimations
with newer and improved ones, the fact that this method is robust
to outliers allows us to assume the reported average uncertainties
in the SIMDA catalog to be a representative estimate of the true
uncertainties of known asteroid masses.

The distribution of masses and uncertainties listed in the
SiMDA catalog is displayed in Figure 2. It includes 19 Near-
Earth asteroids, 377 Main Belt asteroids and 20 TNOs. It is clear
to observe how most listed asteroids are around 10'® kg or 0.1
km?3/s?. Smaller asteroids are notably less present, not because
there are less of them in real life but because their masses have
never been estimated. Regarding existing estimates, the distribu-
tion of relative errors in the bottom plot evinces how the bulk of
main belt asteroids are estimated with uncertainties around 50%.

One can get an idea of the impact of these mass uncertain-
ties to the individual asteroid signatures on the Trilogy ranging
legs from the pre-fit signatures presented in Figure 3. Each curve
is computed by subtracting the history of interplanetary lengths
I(¢) after an numerical integration without (w/o) the asteroid from
the history of I(f) with (w/) it®, starting from the same initial state
and employing the same propagation settings as those described
in section 3.3.1. It is immediate to observe how the legs that have
Mars as one of the ends are significantly more perturbed than
the Earth-Venus leg, just as expected as a result of the greater
sensitivity of the Red Planet to the Asteroid Belt (Kuchynka &
Folkner 2013). For these legs, is clear how mass uncertainties
throughout most of the asteroid catalog map into range uncer-
tainties in the order of a meter or larger. Some signatures—e.g.,
(15) Eunomia or (617) Patroclus—show a clear frequency com-
ponent corresponding to the synodic period of the two leg ends
(Earth-Mars: 2.14 years; Venus-Mars: 0.91 years).

It is worth comparing these figures with the pre-fit signatures
to the Trilogy legs caused by the Solar mass loss, presented by
Smith et al. (2018)—these also follow the synodic period of each
planet pair, and present magnitudes of order one meter over a
similar timespan. Some uncertainty ranges shown in Figure 3
are larger than these signatures themselves, and this can cause
high correlations between the two magnitudes if estimated con-
currently. This is consistent with Fienga et al. (2015) and Pit-

4 Accessible at https://astro.kretlow.de/simda/catalog/

5> The following update is expected to come in late 2024 (Kretlow,
2024, priv. comm.)

¢ For every asteroid i, we observed these results to be essentially iden-
tical no matter if the followed approach is to subtract the propagation
with all asteroids except for i from the propagation with all asteroids or
to substract the propagation with no asteroids at all from the propaga-
tion with asteroid i only. This motivates the development of analytical
approximations, although this is not within the scope of this paper.
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jeva et al. (2021), who reported difficulties when computing fie
in the same estimation where asteroid masses are included as
estimable parameters. An assessment of how Trilogy measure-
ments can constrain the fitted value of [, therefore, still needs
to be verified against the impact of correlations with asteroid
mass uncertainties corrupting the solution. Instead, in this study,
we focus on the constraint of asteroid masses while ignoring the
much smaller signature of Solar mass loss. Demonstrating that
mass uncertainties can be significantly lowered would pave the
way for an estimation of fi; with expected lower correlations.

2.2. Interplanetary laser ranging
2.2.1. Overview

Nowadays, laser ranging is routinely conducted to measure dis-
tances to satellites via Satelite Laser Ranging (SLR; Combrinck
2010; Wilkinson et al. 2019) and to the Moon via Lunar Laser
Ranging (LLR; Murphy 2013; Miiller et al. 2014; Chabé et al.
2020). Both are based on the accurate measurement of the time
of flight of two-way laser pulses which is passively reflected
back to the emitting station thanks to a retrorreflector placed
at the measured end. Although this is unfeasible at greater dis-
tances due to the power decay with the fourth power of the dis-
tance as a result of the retrorreflector usage (Birnbaum et al.

2010), the employment of transceivers at both ends was sug-
gested as a feasible way to obtain accurate laser range measure-
ments between different planets (Degnan 1996, 2002). Just as
SLR and LLR, ILR can theoretically enable range measurements
accurate to the mm or sub-mm level (Dirkx et al. 2019; Jain et al.
2024), and this possesses great potential of scientific return re-
garding planetary science (Dirkx et al. 2014b, 2015; Smith et al.
2018) and fundamental physics (Degnan 2007; Turyshev et al.
2010; Dirkx et al. 2016).

Successful or partially successful demonstrations of this
technology have been conducted by the MESSENGER (Smith
et al. 2006), Mars Global Surveyor (Abshire et al. 2006) and
Hayabusa2 (Noda et al. 2017, 2023) missions. The Deep Space
Optical Communications (DSOC) payload onboard NASA’s
Psyche spacecraft has recently proven interplanetary laser data
transfer (Biswas et al. 2024a,b), and results on the quality of
collateral range measurements are expected to be released soon.
Although none of these tests has achieved to generate range mea-
surements more precise than current state-of-the-art radio rang-
ing methods (Border et al. 2020), it is worth mentioning that
they have also not used any hardware fully dedicated to ILR and
hence the technology has still not been pushed to the limits of its
capabilities (Dirkx et al. 2019).

Apart from the time-of-flight approach, laser links can also
be oriented to interferometric measurements. These allow highly
precise range-rate measurements (Jain et al. 2024), and differ-
ent approaches to extract ultra-precise range measurements ex-
ist (Lee et al. 2010). Interferometric inter-satellite ranging has
been successfully applied in the GRACE Follow-On (Abich et al.
2019) and LISA Pathfinder (Armano et al. 2016) missions, both
using closely spaced spacecraft in Earth’s orbit. Interferomet-
ric ranging at interplanetary distances has never been conducted,
and the most consolidated plan is currently the LISA mission
(Danzmann 2000), now expected to be launched in 2035. Al-
though its purpose of gravitational wave detection can be ful-
filled with the time-delay interferometry method, which only re-
quires an absolute ranging accuracy of order one meter (Thorpe
2010), recent calculations by Reinhardt et al. (2024) show how
the adequate processing of output data can achieve pseudorange
measurements accurate to sub-mm levels. In this work, however,
the greater technological maturity makes us stick to the original
suggestion to use time-tagged laser ranging for the Trilogy mis-
sion (Smith et al. 2018), in the line of present community trends
in planetary mission proposals (Jain et al. 2024).

2.2.2. Measurement principles

There is consensus regarding the fact that the most suitable mea-
surement architecture for ILR is two-way asynchronous (Deg-
nan 2002; Birnbaum et al. 2010; Dirkx et al. 2016; Smith et al.
2018). This means that the two transceivers are continuously fir-
ing pulses to each other, and these are subsequently paired from
the whole log of emitted and received transmissions at one end to
generate individual two-way observations. The alternative would
be to follow a synchronous—or echo—approach, where one of
the two transceivers only responds to the pulses received by the
other one, but the low signal-to-noise ratio (SNR) expected in
ILR signals makes this inconvenient due to the expected num-
ber of response pulses mistakenly fired by noise (Degnan 2002).
Another alternative would be to simply generate one-way ob-
servations by employing one end as emitter only and the other
as receiver only, but this has the inconvenient that the emission
and reception times are measured with different clocks and thus
the requirements of clock stability in both ends become much
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more stringent’ (Dehant et al. 2017). With this in mind, the mea-
surement principles detailed below correspond to asynchronous
two-way ranging.

Consider the following one-way range measurements: sgj is
the range corresponding to a laser pulse that has departed A at #;
and has arrived at B at 15; sf‘ll); is the range measurement corre-
sponding to the pulse that has departed B at #3 and has arrived at
A at 14; and otp is the difference otp = #3 —t,. The superscript (1)
indicates one-way. Following Dirkx et al. (2016), the two-way

range observable for 5332/1, is constructed with the combination of

the two one-way observations as
(2)

1) (1)

Spa, =SBA,+SAB,+C&B’ €))]
where
s(l)
sg/)\, =||rp (tl + %] —ra(t)|| + Asg/i; (2a)
(1) (1) (1)
SEAII)?, =||ra [n + % + 0t + %] —rp [tl + % + 613) + As%.
(2b)

rx(f) indicates the position vector of end X at time ¢, ¢ stands

for the speed of light in vacuum, As&l; is a correction term to
the one-way ranges (e.g., relativistic or atmospheric effects) with
respect to the assumption of Euclidean straight line light path
at velocity ¢, and subscript ¢ indicates that the measurement is
referenced at the transmission time #. As detailed in equation
(2), this means that all times are written in terms of #; only, which
is straightforward from the measurement equations

Sia

(1)
SAB

(3a)
(3b)

c(tr—t);

c(ty —13).

The formulation for the two-way observable referenced at the re-

ception time #4, sgi , has the equivalent formulation to equations

(1) and (2) but writing all times as a function of #,.

2.2.3. Measurement errors

The quality of ILR measurements will be limited by the intrinsic
nature of laser pulses, hardware imperfections and model errors.
Despite the challenge of accurately describing the exact proba-
bility distributions governing error sources and their time cor-
relations (Jain et al. 2024), it is generally accepted to assume
measurements to be affected by a normally distributed random
noise and a systematic error (Dirkx 2015). Table 1 presents a
summary of the main sources of both types.

The nature of the laser pulse limits the accuracy of the mea-
surements due to its nonzero width. Current hardware allows
pulses to be as short as 10 ps (Dirkx et al. 2014b; Dehant et al.
2017)—this introduces an uncertainty of 3 mm for each single-
shot measurement, although it can be reduced by VN by aver-
aging over N single-photon measurements (Dirkx et al. 2019).
Multi-photon measurements, on the other hand, introduce a sys-
tematic error due to the fact that the detector is more likely to

7 Although not strictly interplanetary, one-way laser ranging was at-
tempted by Bauer et al. (2017) to the Lunar Reconnaissance Orbiter
(LRO), but the encountered challenges related to clock noise prevented
it from being used at an operational level (Dirkx 2015). Largely based
on these results, one-way laser ranging is considered a worse alternative
than radio-based ranging (Dehant et al. 2017).
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Table 1. Summary of random errors (top) and systematic errors (bot-
tom) affecting laser ranging measurements

Error source Magnitude Reference
Pulse measurement 4-5mm  Exertier et al. (20006)
3-30 mm Dehant et al. (2017)
1.3-13 mm Dirkx et al. (2019)
Detector precision 3-6 mm  Exertier et al. (2006)
2mm Schreiber et al. (2018)
3mm Dirkx et al. (2019)
Timer 2-3mm  Exertier et al. (2006)
<1 mm Schreiber et al. (2018)
~ (0 Dirkx et al. (2019)
Clock 1 mm Exertier et al. (2006)
~ (0 Schreiber et al. (2018)
<l mm Dirkx et al. (2019)
Pulse measurement 2mm Schreiber et al. (2018)
Detector precision 0-12 mm  Schreiber et al. (2018)
Multi-photon pulses 0-8 mm  Dirkx et al. (2014a)
Hardware (other) 1-4 mm  Exertier et al. (2006)

be triggered by the front part of each photon pulse instead of its
centroid—if 100 photons are detected, the resulting bias goes up
to 2.5 times the pulse length (i.e., 7.5 mm for a pulse of 10 ps;
Dirkx et al. 2014a). On top of this, imperfections in the Gaus-
sianity of the pulse can be the source of an additional systematic
error of few millimeters (Schreiber et al. 2018).

The hardware components that can introduce measurement
imperfections are the detector, timer and clock used in a
transceiver station (Dirkx 2015). The detector introduces both
a random error of a few mm due to its discrete resolution (Dirkx
et al. 2019) and a systematic error due to the finite processing
time, which can be calibrated but never to a perfect level due to
its intrinsic instability (Schreiber et al. 2018). The finite resolu-
tion of event timers has historically also presented an additional
source of random error to a few mm (Exertier et al. 2006), but
newer technologies allow sub-ps precision and hence a negli-
gible error even at interplanetary distances (Dirkx et al. 2019;
Wilkinson et al. 2019). Finally, the clock can introduce a sig-
nificant error if its instabilities accumulate in a significant man-
ner during a range measurement. Notably, state-of-the art clocks
are already stable enough to make this contribution negligible
in SLR (Schreiber et al. 2018), and even considering interplane-
tary light time travels this is expected to yield to sub-mm errors
(Dirkx et al. 2019). In asynchronous two-way ranging, the clock
instability of the re-emmitting terminal accumulates during the
lapse of time 6t (section 2.2.2), which can introduce errors in
the time-tagging of pulses. However, this time lapse is usually
much lower than the light time travel and hence causes a negli-
gible effect, as long as the corresponding clock fulfils reasonable
stability requirements (Dehant et al. 2017).

Finally, environmental errors include the mismodeling of the
random and systematic effects resulting from atmospheric re-
fraction (Dirkx et al. 2014a), yet these do not play any role when
the transceivers are placed in orbit, as suggested for Trilogy.
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3. Methodology

The simulation settings chosen for the present study and the de-
scription of the implemented normal point generation approach
are developed below. All simulations have been conducted with
the TU Delft Astrodynamics Toolbox (Tudat)?, which includes
modules for orbit propagation, simulation of observations and
precise orbit determination.

3.1. Batch least squares

The batch estimation algorithm is based on finding the parame-
ters of a dynamical setup so that the difference between observed
and predicted observations is minimized. Let vector y, contain
all such parameters, including the initial states xy of each indi-
vidualbodyi = 1,.. ., np, and the constant environmental param-
eters p that affect the dynamical model (e.g., third body masses):

X0,

. xo
= . — . (4
Yo %o, [ p ] )
p

Now consider a vector z containing all available observations,
together with its associated covariance P,, and an a priori knowl-
edge of y, given by a reference y, and its associated covariance
Py. Then, the minimization problem can be formulated as

$o = argmin (”Z =kl + 5o _yonf’(;‘)’ )

where h is the function that maps y, to the set of expected ob-
servations z, and and the notation ||.|lw stands for the weighted
norm of a vector, i.e., ||x||%,v = x"Wx. The nonlinearity of the k
function can be tackled by assuming an initial guess for y, (gen-
erally equal to y,), and linearizing equation (5) around it. This
yields the least squares solution

Afo = (HTWH + Pg')_l (HTWAz + Pg'Agy) . (6)

where Az is the vector of residuals Az = z—h($,), Ay, is, equiv-
alently, Ay, = ¥ — 3, the weights matrix W is taken as the in-
verse of the covariance matrix of the observations, i.e., W = P;l,
and matrix H, named the design matrix, is the Jacobian of the h
function with respect to y,.

The covariance matrix of the observations is typically diago-
nal, which carries the assumption of different measurements be-
ing independent:

P, = diag(oy,...,0;), @)
where o, is the noise level of the observations. Building the de-
sign matrix, on the other hand, requires the computation of the
partial derivatives of the observable equations (e.g., equation 1
when the observations are two-way ranges) with respect to the
states x(7), as described by Moyer (2005); together with the com-
putation of the state transition and sensitivity matrices, i.e.,

o1, 1) = 20, Sm=%%l

- ®

which are integrated by means of the variational equations, as
described by Montenbruck & Gill (2001); Tapley et al. (2004).

8 https://docs.tudat.space/en/latest/; Dirkx (2022)

Equation (6) is applied in an iterative manner to update the initial
guess y, as

Yo < Fo+ A 9

until a certain convergence criteria is met. At every iteration, the
residuals Az, Ay, and the design matrix H are recomputed with
the updated y,. This procedure is also named “differential cor-
rection” (Milani & Gronchi 2010).

Equation (6) is commonly known as the set of “normal equa-
tions”. An important remark is that its left hand side after con-
vergence is the covariance matrix of the fitted solution, i.e.,
. -1
Py = (H'WH+P;') . (10)
The square root of the diagonal terms of Py is the set of for-
mal errors, which define the individual uncertainties of the fitted
parameters as long as the underlying assumptions of the batch
least squares estimation (i.e., Gaussianity of observation errors
with representative P,, absence of significant model errors) hold.
Finally, this covariance matrix can be linearly propagated by
means of the state transition and sensitivity matrices as

P(1) = Y(OP Y (1), (11)

where

W) = (@(8 t0) SY)) _

3.2. Description of the implemented approach

Orbit determination of interplanetary orbiters is commonly con-
ducted through a multi-arc batch estimation approach (e.g.,
Konopliv et al. 2011; Notaro et al. 2019; Andolfo et al. 2024),
where the spacecraft trajectory is divided into different arcs of a
few days and an independent orbit solution is computed at each
of them. This decouples the estimation of the spacecraft and the
planets’ orbits, since the former are mainly based on range-rate
(Doppler) observations and the latter are computed in a subse-
quent, single-arc estimation using range data without adjusting
the spacecraft orbit (Dirkx et al. 2019). The inconvenience of this
approach is that the errors in spacecraft position resulting from
the orbit determination affect the the range measurements to be
used in the planetary estimation in the form of an extra source of
model error. This does not represent any significant corruption
of the measurements as long as the inherent uncertainty of the
ranging system introduces an error of a similar or greater order
of magnitude, but with more accurate ranging systems such as
ILR this might no longer be the case.

The advent of these newer ranging technologies has moti-
vated the development of more sophisticated approaches, cou-
pling the estimation of the planetary and spacecraft parameters.
The batch estimation algorithm can still be applied in a con-
current estimation, although the fact that the spacecraft orbit is
still divided into independent arcs while the planet’s orbit is not
makes the variational equations to compute equation (8) more
complicated (see, e.g., Fayolle et al. 2022). This was success-
fully applied by Genova et al. (2018) when estimating the or-
bit of MESSENGER together with that of Mercury, who found
that the coupling helped reducing the systematic error related to
the spacecraft orbit determination. A further refined coupled ap-
proach was presented by Alessi et al. (2012), who suggested to
introduce a penalty term to minimize the discontinuity between
different spacecraft arcs. This has the advantage of not losing
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all the information that can be extracted from distant states of
the spacecraft (Lari & Milani 2019) while still allowing for the
multi-arc setup to mitigate the effect of unknown and/or chaotic
spacecraft dynamics.

Future missions employing ILR have been suggested to re-
quire a coupled estimation approach (Dirkx et al. 2019), due to
the fact that range observations are more sensitive than range-
rate to the slow dynamics such as planetary motion and the ex-
pected ranging accuracy can be orders of magnitude below the
spacecraft position error resulting from Doppler tracking, wh-
cich can easily be in the order of one meter (e.g., Cappuccio
et al. 2020). On the other hand, it is also reasonable to think that
precisely the usage of highly accurate ranging can potentially
improve the orbit determination of the interplanetary spacecraft,
just as it has been suggested for satellite constellations both in
Earth’s orbit (Davis & Gunter 2022) and interplanetary distances
(Hill & Born 2007). This might be especially true for the Trilogy
mission, since the presence of the closed triangle will potentially
constrain the orbit determination of the spacecraft in two differ-
ent directions. With the aim of assessing the validity of these lat-
ter claims, we chose to follow a decoupled estimation approach
in which the spacecraft orbit determination allows for the sub-
sequent generation of planet-to-planet ranges, i.e., normal points
for planetary estimation.

The implemented algorithm follows the classical method
for normal point generation from spacecraft orbit determination
(e.g., Park et al. 2017; Konopliv et al. 2020; di Ruscio et al.
2020), with the novelty of using three ranging legs simultane-
ously. This can be summarized as follows: each orbit determina-
tion (OD) arc is solved with a batch least squares filter including
both Doppler and range measurements in the observation set—
following the judgment by Dirkx et al. (2019) that missions em-
ploying ILR will still need Doppler tracking. During this estima-
tion, apart from the spacecraft initial state, a constant range bias
b for each ranging link is included in the set of estimatable pa-
rameters. The observation equation is adapted by simply adding
+b to the right hand side of equation (1), which makes its Ja-
cobian with respect to b equal to 1. The vector of parameters
y; estimated at each OD arc i is therefore 15 X 1, including the
initial states of the two spacecraft and the three biases:

¥i = [Xoigen (12)

The three estimated biases absorb the range difference between
the real interplanetary distances and the one given by the a pri-
ori planetary model. Planet-to-planet range measurements at any
arbitrary reference epoch ¢ during an arc i can be generated
by applying the measurement equation (1) while retrieving the
planet’s positions from the a priori ephemerides ¥, i.e.,

T A . 1"
0igen  PEMI bVE bVM,z]

(2) (I) = Y(]) (xEMB,xM, l) + SME (xEMB,xM, l) + coty (13a)
(2) (Z) = S(l) (xEMB,xV, [) + SEV (xEMB,xV, l) + CétE (l3b)
(2> 2 (1) = s\ Fu, Xys 1) + 8 (X, Fvs 1) + cOtu, (13¢)

but after completing the OD process for all arcs, the resulting
ranges are then corrected by adding the estimated biases in OD
arc i:

s () — s (1) + by, (14a)
<2> (1) « s + by (14b)
<2’ 2 (1) — s (1) + by (14c)

Following di Ruscio et al. (2020), the reference time ¢ at which
these planet-to-planet ranges are generated is set to be the mid
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epoch of the OD arc at which the corresponding biases are es-
timated. These corrected planet-to-planet ranges are then used
in a batch planetary estimation, from which new ephemerides
are computed. These new ephemerides and their corresponding
post-fit covariance now become the new a priori model in a sub-
sequent iteration, and the whole process is repeated until conver-
gence is met.

The accuracy of the normal points produced by this approach
will improve the more the random error of the range observa-
tions is averaged out through the OD arcs, and the same can be
expected for spacecraft position errors as long as they are con-
tained within reasonable limits and/or averaged over a sufficient
number of orbits. Systematic errors of the ranging system, on
the other hand, are a fundamental limit that cannot be mitigated.
This is because the estimated range biases at each OD arc will
absorb the true discrepancy between the a priori planetary model
and reality together with the range measurement bias into a sin-
gle scalar, so the two cannot be disentangled as long as the sys-
tematic error behaves truly as a constant, unknown observation
bias. Estimations for the time variability of the systematic errors
of the ILR system can help tackle this limit, yet this is highly
dependent on the exact specifications of the particular system at
use and hence is out of the scope of this study.

3.3. Simulation settings
3.3.1. Planetary dynamics

We simulate the dynamics of the Solar System by numerically
integrating the orbits of the three Trilogy vertices when subject
to the (Newtonian) gravity of the Sun and the third body per-
turbations of all other planets plus the 415 objects listed in the
SiMDA catalog (section 2.1.2). The choice of using Newtonian
gravity instead of taking into account the relativistic effects de-
scribed by the Einstein—Infeld—-Hoffmann equations as modern
ephemerides do (Park et al. 2021; Fienga et al. 2021) is moti-
vated consistently with Gomes et al. (2023): given the high-order
effects of GR, together with our assumption of GR to be valid—
at least enough not to introduce any significant effect on the mea-
surements at the accuracy levels under study (section 2.2.3)—the
difference between true and estimation models neglecting GR is
judged to be still representative of the difference between real-
ity and estimation models accounting for it. For the Earth-Moon
system, we propagate the position of the Earth-Moon Barycenter
(EMB) as if it were a single body with the masses of the Earth
and the Moon combined. We retrieve the states of the planets and
Sun from the INPOP19a kernels (Fienga et al. 2019b) and the
states of the asteroids from JPL’s Horizons database (Giorgini
2015).

Integration analysis led us to using the Encke formulation of
the equations of motion (e.g., Wakker 2015) with a fixed step
size Runge—Kutta—Fehlber (RKF) integrator of order 14. The
Encke formulation is found to clearly outperform other propa-
gators (e.g., Cowell, Gauss Modified Equinoctial, Unified State
Model) by containing the accumulated integration error over the
whole mission duration to a rounding error regime of magni-
tude below 10™* meters when using standard double precision.
The RKF14 integrator is used by fixing the step size in the
RKF14(12) formulation, which we consider to be reasonable
given the low eccentricity of the planetary orbits. With the Encke
propagator for the problem under study, we find RKF14 to con-
strain the integrated solution to the rounding error regime with
any step size below 2 x 103 seconds.
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The initial states of the EMB, Venus and Mars will be param-
eters to estimate from Trilogy measurements. In order to assess
how well such estimation will reduce the current uncertainties in
the ephemerides of the three vertices, we need to use a covari-
ance matrix for the intial states that is consistent with both the
estimated true errors of planetary ephemerides and the dynami-
cal model at use. Following Zenk et al. (2023), we obtain such
covariance with the following procedure:

1. Using cartesian position observations of the planets retrieved
from the ephemerides, we compute a best-fit intial state x(
by using the batch estimation algorithm (section 3.1) with
the dynamical model described above and an identity weight
matrix, i.e., W = L.

2. We re-compute the covariance (equation 10) but with mod-
ified weights W so that its propagation (equation 11) yields
formal RSW errors through time that match the levels of es-
timated true errors of the planet’s positions displayed in Fig-
ure 1. After iteratively choosing these weights, we take the
final covariance P to best represent planetary true uncertain-
ties consistently with our dynamical model.

This covariance is used as the initial a priori during the planetary
estimation step (section 3.2). Together with the asteroid mass
uncertainties reported in section 2, it also allows us to define the
two different true and nominal dynamical models to be used in
the simulations, with the idea that their discrepancy mimics the
true expected discrepancy between state of the art models and
reality:

— The nominal model integrates the planetary orbits as de-
scribed above, retrieving the planets’ intial states from the
ephemerides and assigning to every asteroid mass the mean
value reported in the SIMDA catalog.

— In the true model, the initial states of the planets are per-
turbed following the multivariate distribution given by the es-
timated covariance f’o, and all asteroid masses are perturbed
according to their corresponding +1-sigma uncertainties re-
ported in the SIMDA catalog (Figure 2)

3.3.2. Spacecraft dynamics

The dynamic effects that the Trilogy spacecraft will undergo
will depend on their orbital configuration, and the most suit-
able choice to place the individual Trilogy transceivers is cur-
rently unknown and subject to discussion. The original mission
assessment (Smith et al. 2018) described high planetary orbits to
be preferable, given the lower influence of high-order and time-
variable terms of the gravity field, the absence of atmospheric
drag and the lower eclipse/occultation time. On the other hand,
the higher the orbit, the greater the effect of the perturbation
by Solar Radiation Pressure (SRP), which can be challenging
to model, and the worse the orbit determination from range-rate
measurements might perform due to its lower velocity.

To get a clearer understanding of the dynamical effects at
play, the magnitudes of different sources of gravitational acceler-
ations affecting spacecraft around Mars and Venus are presented
in Figure 4. Solar Radiation Pressure (SRP), computed with an
area-to-mass ratio of 0.0067 m?/kg, is also plotted as a reference
for being the most significant non-conservative perturbation. The
left plots show the mean acceleration over a 7 day arc as a func-
tion of altitude, whereas the right figures map such accelerations
to the maximum position difference caused by each acceleration
over the same period. For SRP and third bodies, these are pre-fit
displacements computed by comparing the propagated trajectory

of the spacecraft with all perturbations vs. the result of turning
each perturbation off. For gravity field terms, on the other hand,
the pre-fit displacement caused by degree i is computed by turn-
ing off all terms of degree > i.

Other perturbing forces not seen in the figure include plan-
etary radiation, spacecraft antenna thrust and GR correction
terms. Each of them can introduce accelerations of the order
10719-10~° m/s? (Hugentobler & Montenbruck 2017), and con-
tributions of smaller magnitude are typically deemed negligi-
ble in Earth orbit operations (e.g., Bhattarai et al. 2022). In
real life, modeling non-conservative forces at these levels is ex-
tremely challenging due to the number of sensitive factors at play
that need to be precisely understood. These include, for exam-
ple, the accurate description of the spacecraft infrared radiation
(Shoemaker et al. 2012), the modeling of self-shadowing effects
caused by its attitude (Mazarico et al. 2009), the accurate predic-
tion of solar ray reflection paths (Li et al. 2018) or the precise de-
termination of the location of the spacecraft antenna phase cen-
ter with respect to its center of mass (Cascioli & Genova 2021).
Real orbit determination operations commonly deal with such
uncertainties by adding empirical accelerations as estimable or-
bit determination parameters that can absorb the remaining mis-
modeling, both for Earth satellites (e.g., Bock et al. 2014) and
interplanetary spacecraft (e.g., Yang et al. 2022). Additionally,
some missions are equipped with on-board accelerometers that
can be used to provide high-sensitivity measurements of non-
gravitational accelerations (Christophe et al. 2015; Santoli et al.
2020).

Figure 4 evinces how most third-body perturbations will be
completely insignificant in the OD of the Trilogy spacecraft:
all planets cause accelerations below 1071 m/s?, i.e., mostly
smaller than the limits of dynamical modeling, and which trans-
lates to displacements of few centimeters at most after a seven-
day arc. More importantly, even the heaviest asteroids cause even
weaker perturbing accelerations and sub-millimetric displace-
ments. It is therefore safe to conclude that while the signals of as-
teroid masses will be manifested into interplanetary ranges with
a measurable amplitude (Figure 3), no retrievable information
will be contained in the individual estimated spacecraft trajecto-
ries as long as they are computed with an unconstrained multi-
arc approach (section 3.2). The only exception to be considered
might be smaller bodies during episodes of close approaches to
the planets, although these are out of the scope of this study.

Simulating a precise dynamical model of the Trilogy space-
craft is not only out of the aim of this work, but impossible with-
out defined spacecraft designs and mission architecture. Instead,
we use true and estimation dynamical models so that their dis-
crepancy mimics the expected dynamical discrepancy between
the fitted solutions of a Precise Orbit Determination (POD) pro-
cess and reality:

— The true dynamical model is generated by integrating the
spacecraft orbits for the whole mission duration, including
cannonball radiation pressure, spherical harmonic terms and
the third-body perturbations of the Sun and all planets (the

list of exact simulation settings is presented in section 3.3.3).
— The estimation dynamical model is identical as the true one,

with the exception of an added empirical acceleration that
aims to account for any remaining mismodeled acceleration
after POD. The empirical acceleration takes the form defined

by Montenbruck & Gill (2001):
a = RI/RSW (@const. + Agin SINO + Ao COS ), (15)

where the a vectors are three different acceleration contri-
butions, 6 is the true anomaly of the spacecraft with respect
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Fig. 4. Magnitude of gravitational accelerations and SRP affecting spacecraft around Mars and Venus as a function of altitude (left), and corre-
sponding maximum trajectory deviation over a 7-day arc (right). Each curve for Spherical Harmonic (S.H.) of degree i is computed from the norm
of the vector sum of all contributions from order O to i. individual S.H. curves correspond to all degrees O to 19.

to the central body and R//RSW is the rotation matrix from

the spacecraft’s RSW frame to inertial frame. The values as-
signed to this empirical acceleration are re-initiated at every
OD arc, and depend on which scenario of dynamical mis-
modeling is considered:

— In the optimistic case, we sample the nine scalar compo-
nents of the empirical acceleration from a standard nor-
mal distribution scaled by 10~!'" m/s?. This follows from
di Stefano et al. (2023), where a highly accurate model of
nonconservative forces on the BepiColombo spacecraft
achieves flat ranging residuals after POD with uncertain-
ties of this order in the estimated empirical accelerations.

— In the conservative case, the empirical acceleration com-
ponents are sampled equivalently but with a x50 fac-
tor, i.e., with a variance of 5 x 107!% m/s2. This follows
from the acceleration residuals found by Htadczuk et al.
(2024) when assessing the accelerometer measurements
on GRACE-FO. Additionally, we add a mismodeling of
the SRP coefficient by scaling it by a factor randomly
sampled from 1 + 0.02, following the standard deviation
in the true error of estimated SRP coefficients found by
Rosenblatt et al. (2021) when simulating POD of a Venus
orbiter with similar area-to-mass ratio.

The results by di Stefano et al. (2023), which were obtained
during interplanetary cruise, might be too optimistic for Tril-
ogy if the planetary albedo and eclipse time introduces a sig-
nificant extra source of uncertainty. On the other hand, Bepi-
Colombo has large solar panels, and if the Trilogy spacecraft
turned out to be more compact and hence less sensitive to
these small forces, just as Cassini was (Bertotti et al. 2003),
our optimistic case might be perfectly reasonable (di Rus-
cio et al. 2020). On the other hand, the availability of an
accelerometer onboard of GRACE-FO can make the mod-
eling by Htadczuk et al. (2024) too optimistic with respect to
spacecraft that do not have one, but this mission is in a Low
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Earth Orbit (LEO) and hence more affected by atmospheric
drag and eclipses than in a higher altitude. In the end, the
optimistic and conservative cases presented here are simply
chosen as two representative points in the whole space of dy-
namical mismodeling possibilities, with the aim of offering
some insight on this aspect for the next stages of the study of
the Trilogy concept.

Finally, for the simulation settings under study, integration
analysis led us to choosing a fixed step size RKF integrator
of 10th order with the Gauss Modified Equinoctial Elements
(MEE) formulation of the equations of motion (Walker et al.
1985; Walker 1986). This is found to outperform other propa-
gators by containing the rounding error regime of the spacecraft
position after a seven-day propagation below 107 meters. The
integrator is set by fixing the step size of the RKF10(8) formu-
lation, and it allows to reach rounding error levels with any step
size below ~900 seconds.

3.3.3. Choice of simulation settings values

The numerical values assigned to the different design variables
for the main simulation case presented in this study are listed in
Table 2. These constitute a base case, which we then modify in
individual subcases to assess the sensitivity of the results to the
design parameters (section 4.2).

The spacecraft orbits are set to an altitude of 10000 km above
the surface of each planet, which we consider to be consistent
with the requirements outlined by Smith et al. (2018) of not be-
ing sensitive to too-high order terms of the gravity field, while
still not making non-conservative forces dominant (Figure 4).
This results in orbital periods of Sh 47°, 6h 14’and 13h 10’, re-
spectively, for the spacecraft around Venus, the Earth and Mars.
Inclinations are set to 80°, following the recommendation by
Smith et al. (2018) of avoiding purely polar orbits while ac-



Table 2. Nominal simulation settings

L.R. Busquets:

Spacecraft propagation

Orbital elements:

Altitude h 10000 km
Inclination (wrt. ecliptic) i 80°
Eccentricity e 1074
Dynamical model settings
Maximum gravity field degree/order 25
Third bodies (point masses) Sun + all planets
Radiation pressure factor C,A/m 0.008 mz/kg
Dynamical mismodeling case Optimistic
Measurement strategy
Trilogy (two-way range):
Cadence 60 sec
Random error (1-07) 3 mm
Systematic error (constant) -3.6 mm
Sun avoidance angle 5°
Retransmission time oty = 8tg = Oty 0 sec
Doppler (one-way averaged):
Cadence 60 sec
Random error (1-0) 0.012 mmy/s
Integration time 60 sec
Sun avoidance angle 5°
Estimation strategy
OD arc length 12h
OD arcs per day 1
A priori S/C Py 1 km
0.1 mm/s
Asteroids estimated 350
Mission duration 5 years

Start date

Jan. 1st 2031

knowledging that highly inclined orbits can lead to more fruit-
ful science related to the host planet, and the fact that near-
equatorial orbits are subject to more frequent occultations for the
ILR links. The eccentricity is set to a near-zero value, acknowl-
edging that there is no clear interest for placing the transceivers
at an elliptical orbit, while it is in practice impossible to reach an
eccentricity of absolute zero.

Regarding the spacecraft dynamical model, the choice of de-
gree and order 25 is made with the aim of introducing all grav-
ity terms relevant for individual OD arcs together with some
higher-frequency terms that can make the exact measurements of
inter-spacecraft two-way ranges more realistic in the frequency
domain, while not requiring too many computational resources
for the simulated OD process. SRP is defined with a cannonball
model, and the value used for the product of the radiation pres-
sure coeflicient C, and the area-to-mass ratio A/m can arise, for
instance, from C, = 1.2 (e.g., Yan et al. 2017), m = 1500 kg
and A = 10 m?, which is consistent with typical interplanetary
spacecraft with solar panels (Rosenblatt et al. 2021).

The observations from Trilogy and Doppler are set to be con-
ducted every 60 seconds. ILR systems can be fired at a higher
frequency, and in fact for the Trilogy concept Bills & Gorski
(2022) suggested to use one second. Retrieving observations at
lower frequencies can however reduce the random error contri-
bution by averaging different measurements, and in this study we

use one minute due to the lack of higher frequency dynamics to
be solved during our simulated OD process.

For ILR measurements we introduce a Gaussian noise of +3
mm, which is consistent with the optimistic case of a single 10
ps pulse length with no additional hardware errors or with the
averaging of several pulses with an extra random error intro-
duced by the detector (section 2.2.3). Additionally, we intro-
duce a bias of -3.6 mm, which is expected from multi-photon
signals of 5 photons with a pulse length of 10 ps (Dirkx et al.
2014a). For Doppler observations, on the other hand, we assume
a random error of 1.2 X 107> m/s at 60 seconds of integration
time (Cappuccio et al. 2020) and no systematic errors.Finally,
the retransmission time J¢ for the two-way range measurements
is set to zero—in real life, the pairing of one-way ranges to form
a two-way measurement (section 2.2.2) will result in arbitrary
(small) nonzero retransmission times, but this has no effect from
the standpoint of the information encoded in the measurement.

Finally, we consider both systems to work only when the so-
lar separation angle is greater than 5°, following the assessment
for ILR by Dirkx et al. (2014b). While radio-based links might
function at smaller angles (e.g., Cascioli et al. 2019), we are not
interested in assessing our OD scenario during these periods if
Trilogy measurements are not available.

With the aim of obtaining one normal point per day as in the
preliminary study by Fienga (2023a), we separate the starting
epochs of consecutive OD arcs by 24 hours. The duration of each
arc is a trade off between the effect of averaging out the result-
ing OD error, which is beneficial for the estimation of the range
biases, with the increase in this OD error caused by the dynami-
cal mismodeling being accumulated over time. Typical OD arcs
for Mars spacecraft span between two and seven days (Yan et al.
2017), although highly precise applications require shorter arcs
to mitigate the effect of unmodelled dynamics: e.g., di Stefano
et al. (2023) found that the observation residuals degraded with
arcs over 24 hours and fixed them to 6h. As a middle-ground
nominal case, but acknowledging that precise dynamical mod-
eling will be an important aspect of the Trilogy mission, we fix
the length of the OD arcs to 12 hours. This also accounts for the
fact that it is in practice impossible to have Doppler tracking of
interplanetary spacecraft available for 24 hours every day, due to
the limitations of the ground station infrastructure.

The a priori covariance for the spacecraft initial states is set
to 1 km in RSW positions, assuming only preliminary orbit de-
termination has been carried out before. If POD has already been
conducted without the Trilogy measurements for the sake of sci-
ence related to the host planets, this initial covariance may well
be smaller, yet we assume that [LR measurements will be used
for the POD of this mission from the very beginning.

Besides the exact settings of spacecraft OD, the planetary es-
timation process is also part of the algorithm outlined in section
3.2. In this step, we estimate the initial states of Venus, the EMB
and Mars together with the masses of 350 asteroids, updating
the a priori model from the nominal one described in section
3.3.1 at every new iteration. The number of selected asteroids is
comparable to the number of fitted masses in modern planetary
ephemerides (Folkner et al. 2014; Pitjeva et al. 2019), and they
are selected to be the ones expected to cause strongest signal
to the Trilogy range measurements: consistently with Somenzi
et al. (2010), we check the individual signal amplitudes of each
asteroid at its nominal mass (solid lines in Figure 3) and we com-
pute its signal strength as the average of the maximum ampli-
tudes between the three legs. Then, we take the first 350 aster-
oids from the list of signal strengths in descending order.
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Finally, the mission duration is set to 5 years, consistently
with the maximum duration considered in the preliminary study
by Fienga (2023a). The starting date is set to January 1st 2031,
following our judgment of a Trilogy-like mission to be very un-
likely to fly this decade.

4. Results

The results on the quality of both spacecraft OD and the pro-
duced planet-to-planet ranges are presented in this section: sec-
tion 4.1 lists them for the nominal settings described in section
3.3, whereas section 4.2 presents the impact of tweaking some
of the chosen settings.

As described in section 3.2, the implemented approach con-
sists of fitting range biases during simultaneous spacecraft OD
and using them to correct the planet-to-planet ranges resulting
from the a priori planetary ephemerides, then using these ranges
as normal points for a batch estimation (section 3.1) to obtain
further improved ephemerides, and iterating the whole process.
For all tested cases, we find that the resulting normal point errors
(i.e., the true errors in planet-to-planet ranges) remain essentially
identical between iterations 2 and 3, hence we don’t run further
estimations as convergence is assessed to be reached. All figures
presented below correspond to this final iteration of the process,
which represents the final solution of the simulated orbit deter-
mination.

4.1. Nominal case
4.1.1. Generation of normal points

As detailed in section 3.2, normal points to be used in the plane-
tary estimation are obtained form a simultaneous spacecraft OD
of the Venus and Mars spacecraft in which range biases are fit-
ted for each of the Trilogy legs. Given that the quality of the
spacecraft OD is expected to constrain the quality of the planet-
to-planet ranges, the two key questions to address are 1) to what
extent the presence of the Trilogy ranging links can improve the
OD of the interplanetary spacecraft and 2) how much this OD er-
ror degrades the quality of the generated planet-to-planet ranges.
To give some insight into these matters, the resulting spacecraft
true OD errors and the resulting normal point errors are pre-
sented, respectively, in Figure 5 and Figure 7.

The errors displayed in Figure 5 are computed as the RMS
along every individual arc of the norm of the vector differ-
ence between the estimated and true trajectories. Figure 5 also
presents the RMS of the projection of the vector difference into
the two directions of ILR links. Each shaded area indicates a pe-
riod where the corresponding link is unavailable due to the con-
straint on the solar separation angle not being fulfilled. Finally,
the resulting error after performing the equivalent OD process at
the same iteration (i.e., with the most updated planetary model)
but with Doppler observations only is also displayed for the sake
of comparison.

It is immediate to observe how the presence of the two simul-
taneous ILR links achieves to significantly reduce the resulting
true error to the centimeter level, in contrast with the several-
meter level achieved with Doppler only. The availability of a
single ranging link, on the other hand, constrains the error to this
level in its own direction only, without avoiding the true error
from reaching several meters due to the lack of precise ranging
constraint in a perpendicular direction. Finally, a distinct case
is also observed in may 2031, June 2033 and September 2035,
where the Earth-Mars link is inhibited for short (2-week) peri-
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ods. These happen to be the configurations where the Earth is
between the Sun and Mars, so that the two-way ranging link is
blocked but the one-way Doppler link to Mars does function.
The resulting OD error increases due to the absence of accurate
ranging from Earth, but in a much more modest way than in the
other solar conjunction events due to the fact that the available
constraints of position (from Venus through ILR) and velocity
(from Earth through Doppler) do still restrict two different spa-
tial directions.

Figure 5 also evinces how the average OD error of the Mar-
tian spacecraft is larger than the Venusian one, following a long
periodic signature that brings it up to 10 cm even with all Trilogy
links working. Additionally, the errors of both spacecraft present
certain peaks of varying amplitude at certain—and sometimes
common—instants. To get furher insight on the physical causes
of these, Figure 6 and Figure 8 present the time evolution of two
different relevant magnitudes: the angle between the spacecraft
orbital planes and the line of sight to the other two planets, and
the collinearity between the three vertices.

The former are found to have an impact on the spacecraft
OD error—this is evinced at the instants at which the angles
¢ between the ILR links and the spacecraft orbital planes are
maximum, which are marked with dashed vertical lines of the
corresponding color, both in Figure 6 and Figure 5. In the case
of the Venus spacecraft, it is evident to note how these “near-
perpendicularity” peaks with respect to the link with Earth neatly
coincide with the instants at which the projection of the space-
craft OD error to the line of sight of Earth is minimum. This is
consistent with the fact that if the spacecraft is located at a per-
fectly perpendicular orbital plane, the oscillatory component of
the range measurement that follows the spacecraft orbital period
is removed, resulting in one less degree of freedom to introduce
errors. The OD errors in the direction of the link to Mars do not
show as many dips, given the fewer near-perpendicularity peaks
(Figure 6) and the fact that most of them happen to coincide with
solar obstruction of the Venus-Mars link (Figure 5), as a result
of the particular chosen initial conditions. A good example of
more lucky conditions happens in September 2035: the Venus-
Mars link is nearly perpendicular to the orbital planes of both the
Venus and Mars spacecraft (Figure 6), and this is translated into
a clear dip in the spacecraft OD error in both directions (Fig-
ure 5). It must be noted that the total 3D position error never
goes below 1-10 cm, which is hardly possible to reduce due to
the challenges in dynamical modeling (section 3.3.2), but it is in
these optimal geometry windows that the projection of the OD
error to the directions of the ILR links can achieve mm or even
sub-mm levels.

On the other hand, the collinearity peaks seen in Figure 8
are also displayed in Figure 5 with dotted vertical lines, given
its expected impact in the resulting OD error—if the three plan-
ets were ever perfectly aligned, the dynamical constraints given
by the observations would no longer be established in differ-
ent spatial directions. This collinearity is computed as the in-
verse of the area enclosed by the Trilogy triangle—for perfectly
aligned points, their enclosed area becomes zero and hence
their collinearity blows up—both in its dimensional form A and
nondimensional form A, defined as
A = LZ/}’

(1)

where /; is the length of each of the three Trilogy legs. The fact
that the two magnitudes yield to the same peaks (Figure 8) sug-
gests that both are valid metrics to assess collinearity.

(16)
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It is clear to observe how collinearity peaks coincide with ¢ angles, ILR measurements are less capable of constraining the
true error peaks in the OD position error of the Martian space- spacecraft OD errors as much as they do with greater perpendic-
craft, namely, on April 2031, May 2034 and November 2034. In  ularity with the spacecraft orbital planes.
contrast, the collinearity peaks only seem to have an impact to As described in section 3.2, the range biases fitted during
the OD error of the Venusian spacecraft when they coincide with  gpacecraft OD are then used to correct the planetary a priori
small angles between spacecraft orbital plane and ILR links (i.e.,  model by adding such biases to the simulated planet-to-planet
late July 2033 and May 2034). This suggests that, at these low  two-way ranges. Figure 7 shows the resulting true errors in these
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two way ranges after having followed this procedure for the last
time (i.e., these are the errors of the normal points to be used in
the last iteration of planetary estimation).

The two metrics that best describe the quality of the pro-
duced normal points are the mean and standard deviation of their
true errors. As observed in the histograms of Figure 7, the three
links converge to a mean error that coincides remarkably well to
the 3.6 mm of true systematic error added to the measurements
(section 3.3.3). The link that does so with less precision (0.4 mm
or 11%) is the Venus-Mars link, which is consistent with the fact
that it is the only link of the three affected by the OD errors of
both the Venus and Mars spacecraft.

Random errors, on the other hand, appear to follow a more
complex behaviour. The aggregate statistical distributions show
how the Earth-Venus link is able to provide normal points with a
variance of about 2 mm, which is smaller than the 3 mm of ran-
dom error affecting the ILR measurements. Moreover, it is clear
how during the periods when the orbit of the Venus spacecraft is
determined with millimetric position errors in the Earth-Venus
line of sight (e.g., February-May 2033; Figure 5), the variance
of the produced normal points is significantly narrowed, possi-
bly reaching single- or few-mm levels. Looking at Figure 5 and
Figure 6, these periods appear to coincide with the times where
the angle between the orbit plane and the Earth-Venus link is
maximum, thus the OD error of the Venus spacecraft is mini-
mum in the direction of the Earth-Venus link.

The dispersion of normal point errors for the two legs with
Mars as one end, on the other hand, appears to be an entire or-
der of magnitude greater than for the Earth-Venus leg, showing
more than 3 cm of standard deviation. The error signal appears
clearly modulated in time, with an amplitude that is directly pro-
portional to the resulting position OD error for the Mars space-
craft (Figure 5). The interpretation that follows is that the orbit
of the spacecraft around the Red Planet is determined with an er-
ror level that is still dominant over the generated normal points,
whereas the slight increase in the accuracy of the orbit deter-
mination of the Venusian spacecraft is enough to let the normal
points reach levels of, at least, the original inter-spacecraft mea-
surement accuracy. The reasons behind this different behavior
are further analyzed in section 4.2.

As described in section 3.2, these planet-to-planet ranges are
now to be used in a batch estimation of ephemerides and aster-
oid masses, whose results are shown in the next section (4.1.2).
Before that, however, it is important to define how these ob-
servations will be weighted in the application of the batch fil-
ter (section 3.1), to ensure proper convergence of the estimator.
The common approach (e.g., di Ruscio et al. 2020) consists of
assigning the values of formal errors of the biases fitted during
the spacecraft OD step, 0, as observation covariances for the
corresponding normal points, so that

Wi =0} a7
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This is subject to the assumption that such formal errors are an
accurate representation of the true errors of the resulting normal
points, which is reasonable as long as 1) the normal point errors
are mainly driven by errors in the estimated biases, and 2) these
bias errors are in turn properly described by the post-fit covari-
ance after OD.

For the purpose of evaluating such assumptions, the over-
lapped distributions of range bias formal errors after OD and
true errors of the normal points generated with such biases, both
corresponding to the last iteration of the procedure, are pre-
sented in Figure 9. One can clearly observe how the true error
distributions are shaped considerably different than the formal
error ones in the cases of links including Mars, which are the
ones with highest and most modulated errors (Figure 7). In this
cases, the true-to-formal error factor has the order of several tens.
The Earth-Venus link, despite presenting a true error distribution
much closer in shape to that of formal errors, is still a factor ~10
ahead of the formal errors.

The conclusion that follows is that using the formal errors
of the fitted biases directly (equation 17) is too optimistic. This
is essentially equivalent to assigning a too small observation co-
variance P, to the cost function (equation 6), which can be prob-
lematic by potentially penalizing the true solution too much’ and
thus forcing the estimator to converge somewhere else. With this
in mind, we construct the diagonal'” weight matrix W to be used
in the estimator by assigning to each observation covariance the
square of the product of the formal error of the corresponding
fitted bias times a conservative true-to-formal error ratio of 50.
This is found to be valid for both iterations 2 and 3, while for
iteration 1 we use a true-to-formal error ratio of 3 x 103, Figure 9
only shows the results of iteration 3 for the sake of compactness.

In a real-world scenario, by definition, the true errors would
be unknown. However, running this analysis (with all simulation
settings matching the real mission) would enable using a valid
figure for the true-to-formal error ratios, so that the observations
used in the planetary estimation step can be weighted properly.
The correct convergence of the estimator observed in the results
(section 4.1.2) supports the validity of this method, suggesting
that the found true-to-formal error ratios can be deemed valid as
long as the mission configuration matches the used simulation
settings (Table 2).

® “Penalizing X solution” is short for “increasing the value of the cost
function associated to X solution”. The cost function of the batch esti-
mator (e.g. Montenbruck & Gill 2001) is defined by the interior of the
argmin operator in eq. (5).

10 Strictly, we should make use of the whole 3 x 3 post-fit covariance
matrix of the fitted biases, but we stick to the diagonal terms only due
to the impossibility to assign non-diagonal weight matrices in Tudat.
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4.1.2. Estimation of planetary ephemerides and asteroid
masses

As described in section 3.2, the normal points generated after
every iteration of spacecraft orbit determination are used in an
estimation of the initial states of the three Trilogy host bodies
together with 350 asteroid masses. The quality of this estimation
is then measured with the true errors in estimated planetary states
and asteroid masses, to check the extent to which true and formal
errors of the a priori model can be reduced.

The results of the initial state estimation at each of the three
consecutive iterations are presented in Figure 10, Figure 11 and
Figure 12. Each figure shows the pre- and post-fit states and co-
variances together with the true state given by the true model
(section 3.3.1), which is the one to be estimated. Each covari-
ance P is plotted as an uncertainty ellipsoid, which has the form

xPlx =P (18)
Given that x € R® is the state vector of the three position and ve-
locity components of a body, the confidence bound of the ellip-
soid is given by > ~ y?(v = 6), hence the ellipsoids plotted with
[ = 3 decribe a confidence region of 82.64%!!. It is important
to note that these are not 2D level curves resulting of partially
evaluating the ellipsoid at a given state, but projections of the
whole six-dimensional ellipsoid into different two-dimensional
subspaces.

It is clear to see how the final solution converges to the
true initial states within a centimeter in radial position, whereas
cross-track positions are unable to converge to less than some
tens of meters. To get better insight of the exact convergence
evolution, the values of true errors in the different RSW com-
ponents are listed per iteration in Table 3. From it, it is clear to
see how the second iteration still introduces some improvement
in radial positions and some velocity components, whereas the
change after the third iteration is marginal.

The results of asteroid mass estimations after the last itera-
tion are summarized in Figure 13 and Figure 14. Both figures
show comparisons between pre- and post-fit mass errros, yet it
is important to note that, rather than using pre- and post-fit er-
rors corresponding to a single estimation, the pre-fit mass val-
ues used correspond to those of the initial a priori model (i.e.,
the one based on the SIMDA catalog; section 2.1.2), while the
post-fit results correspond to those of the third (i.e., last) itera-
tion. Despite the a priori masses and covariance matrix are up-
dated with the results of every iteration for the following one,
this gives a better insight by encompassing the estimation results
of the whole procedure in a single figure. We acknowledge that

"' From the cumulative distribution function of the y? distribution:
F)(é(?)z) = 0.8264.

Table 3. True errors in initial states of Venus, EMB and Mars (top) and
asteroid mass improvement metrics (bottom) after the planetary esti-
mation step at each iteration. Post-to-pre true (t.) and formal (f.) error
values correspond to the median of the corresponding distributions.

Iteration number

1 2 3
Venus R —-0.0398 0.0022 0.0023 m
S 1.549 1.590 1.590 m
w -57.339 -57.628 -57.629 m
VR -0.507 -0.502  -0.502 x107°m/s
Vs 0.0181 -0.0031 —0.0032 x107°m/s
vw 20.878 20.670 20.671  x107% m/s
EMB R 0.1367 0.0106  0.00987 m
S —-4409 -4493 4493 m
w 116.761 116.257 116.264 m
VR 0.858 0.922 0.922  x107° m/s
Vs -0.0195 0.00060 0.00072 x107% m/s
Vw -2.722  -2513 -2514 x107°m/s
Mars R 0.0400 -0.0118 -0.0113 m
S -3.050 -3.080 -3.080 m
w 60.544 59.329 59.325 m
VR 0.292 0.277 0.276  x107° m/s
Vs 0.0281  0.00091 0.00102 x107° m/s
vw -16.561 -16.778 -16.779 x107%m/s
% improved 52.0 63.4 649 %
Post/pre t. err. 0.997 0.893 0.869
Post/pre f. err. 0.993 0.914 0.936
post/pre <0.5 12.00 27.71 27.14 %

individual asteroid mass improvements might be strongly sub-
ject to the particular settings used in this simulation case (e.g.,
randomly-generated value of true mass; section 3.3.1), hence the
following analysis is mainly focused on the statistical, macro-
scale performance of the estimation rather than any specific as-
teroids.

Figure 14 shows the distribution of errors after the last iter-
ation divided by the corresponding true errors of the a priori
model. A true error ratio smaller than 1 means the estimated
mass is closer to the true one than before estimation. As seen
in the left histogram, this happens for 65% of asteroids, which
represents a modest overall improvement. The median of the dis-
tribution is taken as a representative metric for the GM error im-
provement, given that it is not directly determined by the actual
magnitude of errors and masses and hence is not biased towards
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Fig. 10. Results of initial states after the planetary estimation step at iteration 1. The a priori covariance (blue) is the one described in section 3.3.1.
All ellipses are 2D projections of the 6D ellisoid given by the covariance matrices with /> = 9 (i.e., p = 0.826)
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Fig. 12. Results of initial states after the planetary estimation step of iteration 3. The a priori covariance (blue) is the post-fit covariance from
iteration 1 (Figure 11). All ellipses are 2D projections of the 6D ellisoid given by the covariance matrices with /> = 9 (i.e., p = 0.826)

being more representative of large asteroids. In Table 3, this is
listed for all three iterations as “Post/pre error”, and it is clear to
see how the first iteration provides a marginal improvement and
it is only after the planetary initial states have been better solved
that the post-fit overall accuracy is more significantly increased.
The limited reach of the mass estimation improvements is also
evinced by the last row of Table 3, showing how around 27%
of asteroids get their true errors reduced by a post-to-pre error
ratio smaller than 50%. As it can be seen in the left histogram
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of Figure 14, asteroids with more significant (e.g., < 90%) im-
provements are scarce.

Despite the limited global improvement expressed by this
metric, Figure 13 evinces how it is significant for asteroids with
particularly high true errors in the a priori model. A good indi-
cator for this is the color shading, which displays the relative im-
provement of each individual asteroid: a stronger green therefore
means that the GM error reduction is of a similar order of mag-
nitude as the true mass itself. Among the first 50 asteroids with
largest pre-fit true errors, stronger green is completely dominant,
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and stronger red—indicating a significant worsening of the mass
estimate relative to the true asteroid mass—is significantly less
present in the whole figure. The dominant whiter shading corre-
sponding to the ~100 asteroids with smallest a priori errors, on
the other hand, indicates that any significant improvements or
worsenings in absolute mass are less relevant relative to the in-
dividual masses. These include asteroids with large masses and
lighter asteroids with small true a priori errors.

Formal errors, as seen in the right histogram of Fig-
ure 14, mostly remain similar to the used a priori uncertainties,
which are taken from the SIMDA catalog (section 2.1.2). This
evinces how the information available in the observations, when
weighted as detailed in section 4.1.1, is not enough to constrain
the estimated mass uncertainty ranges in a significant manner.
This is in clear contrast with the significant formal error reduc-
tion in asteroid masses found by Fienga (2023a) when studying
the Trilogy concept in a preliminary manner, which is due to
the fact that this study assumed true submillimtetric (1076-10~*
m) precision and no systematic errors in the normal points to be
used. With the bias formal errors and true-to-formal error ratios

with the 350 asteroid masses.

found in the present study, however, these assumptions are not
found to be met.

Figure 15 shows the distribution of true-to-formal errors in
the third (i.e., last) iteration of planetary estimation. This figure
is expected to have the appearance of a standard normal distri-
bution under correct performance of the batch estimator (Mon-
tenbruck & Gill 2001). Its consistent shape supports the validity
of the planetary estimation results and, by extension, of the un-
derlying assumptions such as the weighing of the observations
based on the estimated true-to-formal error ratios (section 4.1.1).

Finally, the correlations between all estimated parameters are
displayed in Figure 16 and Figure 17. Low correlations between
asteroids are a result of the initial a priori constraint, which is
diagonal. This can be seen to be more dominant the higher the
asteroid index (i.e., lower in the covariance matrix) as evinced
by the increasingly white color gradient from the top-left to the
bottom-right. Since the asteroids have been ordered following
their signal strength to the Trilogy legs (section 3.3.3), this ap-
pears to confirm that asteroids causing smaller signals are less
likely to encode enough information to the measurements to in-
troduce any improvement to the a priori constraint. The correla-
tions between initial states of different planets, on the other hand,
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Fig. 17. Correlations of the estimated initial states displayed at the top
left of Figure 16, transformed to the RSW frame

are more pronounced, consistently with being significantly nar-
rowed from the a priori based on observations always involving
two of the estimated bodies simultaneously. For every body, it is
clear to observe how the correlations between R, S and W po-
sitions are low, consistently with the ellipses with axes parallel
to these directions represented in the top plots of Figure 12. The
high correlation between vg and vg, on the other hand, is clear
from the inclined ellipses of the bottom-right quadrants. Finally,
the null correlations between the W positions and all other vari-
ables of the planetary initial states are consistent with the fact
that in this last iteration it has not modified its a priori covari-
ance, as evinced by the overlapping pre- and post-fit covariances
in W direction in Figure 12.

The correlations between the initial states of different bod-
ies (i.e., off-diagonal blocks in the correlations matrix), which
are not visualized in Figures 10-12, present the same correla-
tion scheme between individual components. This suggests that
the ellipsoid projections in the 2D subspaces equivalent to those
plotted in the figures but with a different body at each axis would
present a comparable appearance. These correlations might in-
troduce the effect of some estimated initial state components of a
body being wrongly absorbed by another one, but given that the
true errors visualized in Figure 12 are caused by the estimated
parameters remaining in their a priori value instead of mistak-
enly going to a wrong one, we do not judge this effect to play
a significant role. Strategies to mitigate these correlations might
include adding angular (i.e., VLBI) observations in the estima-
tion, yet these are still not expected to fully remove correlations
between the Earth and the other planets as long as these observa-
tions are Earth-based and the state of the EMB is still estimated.

4.2. Sensitivity to design parameters

All results presented above have been obtained with the nominal
case configuration presented in section 3.3.3. In order to examine
the sensitivity of the results to some of the design parameters, we
also present summarized results after following the same proce-
dure (section 3.2) with the modified cases below. Each of these
is identical to the nominal, except for its own modified design
parameter.

1. The pessimistic dynamical mismodeling scenario is used in-
stead of the optimistic one.

2. All spacecraft orbits are fixed to 12 hour periods. This
means orbital altitudes of 18804 km, 20240 km and 9300
km, respectively, for the Venus, Earth and Mars spacecraft.
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3. The random error of the Trilogy range measurements is in-
creased from 3 mm to 3 cm.

4. The a priori orbit determination uncertainty of the spacecraft
is reduced from 1 km in RSW position and 0.1 mm/s in RSW
velocity to 1 cm in RSW position and 1 nm/s in RSW veloc-
ity.

5. The Mars spacecraft is placed at a lower altitude of 1350 km,
which has an orbital period of 2h 49°.

The summarized results for the final iteration of each subcase
are presented in Table 4. The values listed under “normal point
errors” correspond to the fitted standard deviations of true errors
in the generated normal points, which for the nominal case are
shown in Figure 7, and the results under “post-fit true errors”
and “asteroid mass estimation” are the equivalent of Table 3. The
results of the last iteration of the nominal case are reproduced in
the first column to facilitate comparison.

4.2.1. Spacecraft dynamical mismodeling

The results of reproducing the same simulation but assuming
the pessimistic spacecraft dynamical mismodeling scenario in-
stead of the optimistic one (section 3.3.2), listed under case 1
in Table 4, evince how the generated normal points perform sig-
nificantly worse, reaching order 10 cm. The Venus-Earth link,
despite performing better than the other two, shows a X27 wors-
ening factor, and none of the three ranging links are found to
yield normal points at the accuracy levels of the inter-spacecraft
measurement system. Spacecraft OD errors, although not repro-
duced here for the sake of compactness, are between 10 cm and
1 m for most of the OD arcs even when all Trilogy links and
Doppler observations are available.

The dramatically worse performance of asteroid mass esti-
mations likely indicates the invalidity of the assumptions on true-
to-formal errors when weighting the observations rather than an
intrinsic limitation on the estimation capabilities with this range
of normal point errors. We make this judgment based on the fact
that the normal point errors through time, although not repro-
duced here as in Figure 7, appear to be nearly randomly dis-
tributed with few temporal modulation, but with a significantly
larger spread, as seen in the & values reported in Table 4. Hence,
given that ILR observations have the same amount of noise and
are thus weighted the same way, yielding to the same OD formal
errors as in the nominal case, the true-to-formal error ratios are
significantly larger than those shown in Figure 9. As described
in section 4.1.1, poor observation weighting can cause the batch
estimator to converge to false solutions, which is what we judge
to happen in this case for the asteroid mass estimation.

The estimation of planetary initial states, on the other hand,
performs comparably to the nominal case. This suggests that,
unlike with the mass determination of most asteroids, the infor-
mation encoded in the set of enclosed range measurements is
enough to properly constrain the planetary motion—especially
in the radial direction, and to some degree in the along-track di-
rection. The only noticeable difference is the final true error of
the planets’ radial component of the initial state, which remains
at the centimeter instead of millimeter level for Venus and the
EMB (Table 4). This suggests that the larger normal point error
might make it harder for the planetary estimation to reach such
millimeter-level true errors, although the fact that the value cor-
responding to the radial initial state of Mars in does achieve a 5
mm true error indicates that this is not a hard limit and might be
due to the statistical behavior of this particular tested case.
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Table 4. Results on normal point precision, planetary initial state true errors and asteroid mass estimation improvements after the last iteration for

the five variations of the nominal case configuration

Nom. 1 2 3 4 5
Tmismod. 7T =12h o=3cm Py~1lcm | hs/cMars
Normal point errors (&)
E-M-E 353 116.4 1.91 29.9 33.7 3.61 mm
V-E-V 2.3 62.1 1.79 4.2 2.3 5.38 mm
V-M-V 36.9 132.5 2.90 32.1 36.6 8.29 mm
Post-fit true errors
Venus R 0.0023 -0.0234 0.0094  -0.0021 0.0035 0.0068 m
S 1.590 1.435 -7.431 2.535 1.601 61.757 m
w -57.629 —57.651 214.276 —51.862 -57.721 98.65 m
VR -0.502 -0.444 2.374 -0.807 -0.506 -19.72  x107° my/s
Vs —-0.0032 0.0027 0.00057 —0.00079 -0.0034 -0.0291 x107® m/s
Yw 20.671 20.628 1.351 20.996 20.702 -51.491 x107° my/s
EMB R 0.00987 0.0216 0.00004 0.0110 0.0095 0.0013 m
S —4.493 -4.662 -3.461 -3.079 -4.479 98.206 m
w 116.264 116.161 -210.221 111.450 116.439  -240.068 m
VR 0.922 0.950 0.708 0.630 0.920 20219  x107° m/s
Vs 0.00072 0.0075 0.0027 0.0011 0.00022 -0.0167 x107° my/s
Vw -2.514 —2.465 -40.978 -3.811 -2.516 14.241  x107° m/s
Mars -0.0113 —0.0049 -0.0102 —0.0052 -0.010 -0.0066 m
S -3.080 -3.407 —4.590 -0.602 -3.054 154.851 m
w 59.325 60.124 -450.774 46.600 59.638 52.535 m
VR 0.276 0.319 0.410 0.060 0.274 -13.701 x107° m/s
Vs 0.00102 0.0128 0.0094  -0.0029 0.00008 -0.266 x107° m/s
v -16.779 -16.773 17.723 -16.459 -16.815 37.589 x107% m/s
Asteroid mass estimation
% improved 64.9 35.1 63.1 62 64 62.6 %
Pre/post true error 0.869 1.33 0.928 0.933 0.9315 0.948
Pre/post formal error 0.936 0.936 0.935 0.974 0.946 0.943
% Pre/post true <50% 27.14 15.43 22.86 20.29 26.00 2343 %

4.2.2. Spacecraft orbital altitude/period

In the nominal case, where all spacecraft are placed at 10000
km altitudes, their orbital periods are 6h 14’ 5h 47’ and 13h
11°, respectively, for Venus, Earth and Mars spacecraft. These
have been checked to remain essentially constant throughout the
whole mission duration, even with all orbital perturbations at
play. A reasonable explanation for the reason behind the Martian
normal points being significantly worse than for Earth-Venus
(Figure 7) is that the OD arcs of 12 h are long enough to let
the OD position error average out along two almost complete
orbits for Venus, whereas they are less than an entire orbital rev-
olution long for the Martian spacecraft and therefore this aver-
aging is not achievable to the same extent. To test the validity of
this hypothesis, simulation case 2 assesses a similar scenario but
with all spacecraft forced to follow 12-hour period orbits. It is
clear from its results in Table 4 how this produces the highest-
quality normal points, with the three legs reaching millimeter
levels below the actual random error of the ranging system. The
figures equivalent to Figure 5 and Figure 7 are not reproduced
here for the sake of compactness, but we point out how the re-
sulting distribution of normal point errors through time does not
show strong temporal modulation and it is more similar to pure
random noise.

The interpretation that follows is that taking OD arc dura-
tions that do allow for at least one full spacecraft orbit revo-
lution does have the effect of improving the generated normal
points by enabling the averaging of OD position errors, yet the
generalization must be done with care since it might be strongly
dependent on the exact assumptions considered for this simula-
tion case. Particularly, we assess the remaining dynamical mis-
modeling by adding an empirical acceleration that has two out
of three components oscillating cyclically with the true anomaly
(equation 15), hence with the orbital period. To further assess
this fact, we simulate a last subcase, number 5, which is identi-
cal to the nominal except for the Martian spacecraft being placed
at a much lower orbit of 1350 km, which is equivalent to a period
of 2h 49°.

The results listed in Table 4 evince how the true normal point
errors arising from this case do degrade with respect to the case
where all spacecraft followed 12-hour periods, which is in ac-
cordance with the claims on the dependence of the empirical ac-
celeration cycle stated above. However, the normal points of the
three ranging legs still achieve sub-centimeter levels, improv-
ing the results from the nominal case for the Earth-Mars and
Venus-Mars spacecraft and hence suggesting that letting the OD
position error average out through at least one complete revolu-
tion is beneficial. It is nevertheless important to note that such
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a low orbit around Mars would make our considered optimistic
dynamical mismodeling case very unrealistic, and further varia-
tions of the design variables should be analyzed, together with
different mismodeling assumptions, to confirm what orbital con-
figuration around the Red Planet is optimal for the production of
high-quality normal points.

4.2.3. Measurement errors

The tested subcase number 3 used a random noise for the rang-
ing system with a standard deviation of 3 cm instead of 3 mm,
which is achievable with state of the art radiometric ranging
(e.g., Cascioli et al. 2019; di Stefano et al. 2023). The results
listed in Table 4 show how the worsening of the resulting nor-
mal points is not dramatic, with the best case (Earth-Venus link)
increasing from 2.3 to 4.2 mm with respect to the nominal case.
The observed performance in the estimation of planetary initial
states is essentially equivalent, while the improvement of aster-
oid mass estimations is more noticeably degraded, reaching a
post-to-pre-fit true error ratio of 0.93 instead of the nominal 0.87.
This evinces how sensitive the estimation of asteroid masses is
to the error levels of the used normal points, yet we acknowl-
edge that this might be subject to the exact specifications of our
estimation setup (e.g., number of asteroids estimated, exact val-
ues of a priori constraints) and thus might not be a conclusion
extensible to the setups of modern state of the art ephemerides.

An important argument against the usage of radio-based
ranging is pointed out by Smith et al. (2018), who mention the
need for large spacecraft antennae, in contrast to ILR. In a plane-
tary orbit where blackbody radiation and eclipses come into play,
this can introduce significant dynamical modeling challenges,
and hence make the optimistic scenario used for this simulation
subcase too irrealistic. Notably, when the pessimistic scenario is
at use, as seen in section 4.2.1, the spacecraft OD error becomes
a much more dominant source of error to the normal points than
the actual ranging error.

The other error component that deserves attention is the con-
tribution of systematic errors. In this study, we assumed them to
be constant throughout the whole mission and this is seen as a
clear mean shift in the normal point true errors (Figure 7). If sys-
tematic errors were instead randomly re-initialized at each OD
arc, this would appear as an increased random noise in the final
normal point error distribution, which would in turn present an
equivalent performance similar to the results shown in this par-
ticular subcase. In reality, the behavior of systematic errors is
likely to behave somewhere in between, and more advance mod-
eling techniques can be employed to mitigate them further.

As a test exercise, we ran the same planetary estimation from
the third iteration of the nominal case but removing the system-
atic error contribution to the normal points (i.e., shifting them by
3.6 mm). The results behave virtually identically, also achieving
to improve 64.9% of asteroid mass estimations. The conclusion
that follows is that systematic errors present in state of the art
ILR are not expected to be a dominant error source in the esti-
mation of planetary variables from range measurements.

4.2.4. Spacecraft prior orbit determination uncertainty

The tested subcase number 4 is equivalent to the nominal one
but with a spacecraft prior uncertainty if 1 cm in RSW posi-
tion instead of 1 km. This follows the assumption of an already-
conducted precise OD being available as a priori, with an ac-
curacy level similar to that expected for instance, from a GNSS
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system around Mars (Kozar et al. 2016). As observed in the re-
sulting normal point errors and post-fit true errors (Table 4), this
behaves essentially identically to the nominal case, meaning that
such a priori covariance is not enough to effectively constrain
the resulting spacecraft OD error to smaller levels. This is be-
cause the covariance component arising from the observations is
still smaller than an an a priori of order 1 cm in position, which
is due to the high weighting of the range observations in accor-
dance with their millimeter-level errors. This is a clear case of
post-fit covariance resulting from observations being too opti-
mistic due to not taking dynamical mismodeling into account.

Some trial and error has evinced how, in order to constrain
the spacecraft to its true trajectory—hence making the a priori
contribution more dominant than the observations—the levels
of position uncertainty to introduce are completely unrealistic,
going down to micrometric levels. The conclusion that follows
is that we do not expect to achieve better performance of the
normal point generation procedure by running the estimation
algorithm after a previous precise orbit determination has al-
ready narrowed the true errors in spacecraft position to the limits
achievable by the state of the art.

5. Conclusions and recommendations

This study had the aim of simulating a realistic operational sce-
nario for the Trilogy mission concept as suggested by Smith et al.
(2018) to assess the expected improvement in the ephemerides
estimation of Venus, the Earth and Mars and whether or not the
current uncertainties of asteroid masses can potentially be re-
duced as much as predicted by the covariance analysis performed
by Fienga (2023a). We have conducted this assessment by sim-
ulating the classical method for normal point generation from
unconstrained multi-arc spacecraft orbit determination, which
we perform to the two interplanetary spacecraft simultaneously
while including the range measurements from the three Trilogy
legs.

Our results suggest that the presence of the range constraint
in two different spatial directions can significantly improve the
orbit determination of the interplanetary orbiters, constraining
their true 3D position errors to cm levels as compared to the er-
rors 10-100 times larger when using only Doppler observations
or Doppler combined with range from the same direction. This
level of interplanetary spacecraft true errors has the potential of
enabling the generation of planet-to-planet two way ranges ac-
curate to a few millimeters.

This result is highly dependent, however, on the exact con-
figuration of spacecraft orbits and any remaining errors in their
force models. We find these millimeter-level normal points to be
achievable in cases where residual accelerations are of the order
of 10~'"" m/s?, which is optimistic but within the limits of the
state of the art as long as the dynamical model is not corrupted
by significant eclipses and planetary radiation (e.g., di Stefano
et al. 2023). Moreover, we assumed this remaining mismodeled
acceleration to be composed of a sum of constant and periodic
terms following the spacecraft orbital period, and it remains to
be seen how the results are affected with higher frequencies of
residual forces. A mismodeling of order 2% of the Solar Radia-
tion Pressure coefficient, on the other hand, appears to be enough
to worsen the generated normal points up to the several centime-
ter level, making the usage of laser ranging less relevant as op-
posed to traditional radio-based ranging, which is already able
to achieve this range of error levels. This evinces how the space-
craft dynamical modeling is expected to be a strong limitation
in the generation of planet-to-planet ranges, and we encourage
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further analyses to assess middle ground scenarios and more so-
phisticated forms of dynamical mismodeling (e.g., adding higher
frequency unmodeled accelerations) to determine the exact re-
quirements the Trilogy mission shall fulfill.

Regarding orbital configuration, we find that allowing the
length of the spacecraft OD arcs include at least a full orbit rev-
olution seems to help mitigate the impact of the positioning er-
ror to the generated normal points. As per the spacecraft orbit
configuration, we notice that the quality of the spacecraft OD
in the direction of a given range link seems to maximize the
more perpendicular such range link is to the orbital plane of the
spacecraft. When this geometry is fulfilled, the generated normal
points appear to be able to reach single-mm precision levels as
long as there are no dynamical mismodelings that significantly
worsen the estimation. This opens the possibility of optimization
problems that aim to maximize this effect as much as possible for
the three legs during the whole mission duration, taking into ac-
count the dynamical evolution of the orbital planes when subject
to orbit perturbations.

Another important line to assess in future studies is related
to the orbit determination of the Earth spacecraft, which we have
considered to be fully known around the Earth-Moon system
given the availability of GNSS. Our finding of the interplanetary
spacecraft achieving centimeter-level orbit determination errors
needs to be assessed when introducing the uncertainties around
the Earth vertex as well. These should include the inclusion of
GNSS and/or Satellite Laser Ranging signals to the Earth space-
craft during the simultaneous orbit determination we simulated,
together with the uncertainties in the positioning of the Earth
around the Earth-Moon barycenter. This analysis could include
the assessment on the suggestion by Smith et al. (2018) to let the
Earth vertex of Trilogy be an orbiter around the Moon instead,
with potential scientific output for the Earth-Moon system when
complemented with Lunar Laser Ranging.

When using the generated normal points to constrain Solar
System dynamics, we find that the positions of Venus, the EMB
and Mars can be narrowed down to millimetric levels in their
radial directions and 1-10 meter levels in along track directions,
whereas cross-track is found to be less constrained and true er-
rors of order 100 meters can easily remain. At 1AU, these 100
m are at the measurement limits for highly accurate angular ob-
servations using VLBI (e.g., Jones et al. 2014), with the most
optimistic future prospects expecting to improve by one order of
magnitude (Gurvits et al. 2023). To assess how Trilogy at its full
potential compares, we suggest to study the performance of the
mission with one of the vertices placed at a higher inclination
orbit, as suggested by Bills & Gorski (2022). It is also important
to note that the final error levels of the planetary initial states ap-
pear to be achievable even in the tested cases with higher ranging
error or spacecraft force model errors, which evinces how these
achievable error levels come from the large-scale mission param-
eters (namely, duration and measurement configuration) rather
than from the usage of highly precise laser ranging.

As per the constraints on the asteroid masses, the quality of
the generated measurements is found to allow modest improve-
ments only with respect to the present uncertainties, achieving
post-to-pre errors of around 0.8-0.9 and only some tens of as-
teroids getting their true errors reduced by more than 50%. De-
spite most of the ~400 cataloged asteroids are found to affect
the interplanetary ranges with amplitudes greater than the error
levels of the used normal points (Figure 3), the batch estima-
tion fails to accurately converge to the true solution for a signif-
icant portion of them. This evinces how the measurements used,
with their found levels of error and according weighting, do not

encode enough information to significantly reduce their a pri-
ori constraints, which is in contrast with the covariance analysis
performed by Fienga (2023a). The reason of this discrepancy is
that this study assumed sub-millimetric normal point accuracy,
which we find to be virtually impossible to achieve on a regular
basis with the mission configuration tested in our work.

Future studies shall address the optimization of the orbital
configuration to maximize the quality of the generated normal
points and confirm whether or not sub-millimetric levels are
achievable for the entire mission time span. Further refined ap-
proaches may include constrained multi-arc spacecraft orbit de-
termination (Alessi et al. 2012), which has the potential of taking
advantage of the information of planetary dynamics encoded in
the long-term evolution of the spacecraft orbits. Coupling the es-
timation of the spacecraft and planetary dynamics, as suggested
by Dirkx et al. (2019), can also improve the results of planetary
estimation by making its errors less dependent on the spacecraft
orbit determination erro—which, as shown above, is a strong
limiting factor for the quality of the produced normal points. Al-
though coupled analyses have been confirmed to reduce such de-
pendency (Genova et al. 2018), it remains to be tested whether
or not this still marks a significant difference with respect to fol-
lowing the classical approach when using not one but two simul-
taneous high-precision ranging links.
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Conclusions

8.1. Overview

The Trilogy mission concept has been assessed to possess significant scientific potential by a number of different studies
addressing different research sub-fields (section 2.1). Among these, the improvement of current constraints in estimated
masses of asteroids is one with a potential high impact, not only due to the possibility to improve our understanding of
Solar System bodies but due to its current effect in hindering estimations of other unknowns such as solar mass variation
(section 5.5.1) or relativistic parameters (section 5.5.3).

Asynchronous two-way interplanetary laser ranging (ILR) has been confirmed to have the potential to enable range
measurements accurate to sub-centimeter levels (section 3.2.2), which is within the required quality to reduce several of
present Solar System dynamical uncertainties. Despite the lack of past missions fully dedicated to ILR, the technology is
mature and different experimental tests have proven its feasibility (section 3.3.2).

Although future missions employing ILR have been suggested to require the coupling of the computation of both
natural and artificial bodies in a single estimation to take the most scientific output out of the generated data (section 4.2.2),
in this work we followed the classical approach of generating planet-to-planet ranges based on an independent, multi-arc
estimation of the interplanetary spacecraft (Algorithm 6). The novelty is the usage of three ranging legs simultaneously,
which links the orbit determination of the different spacecraft (section 7.2). The results have suggested how this suffices to
generate highly accurate planet-to-planet ranges (in the most optimistic cases, down to the level of millimetric true errors;
section 7.2.3), which can subsequently be used in a batch estimation of ephemerides and asteroid masses. The conclusions
following from this are detailed in more detail below (section 8.2) and in section 5 in Part I'V.

8.2. Response to the research questions
1. What is the expected sensitivity of Trilogy to the present uncertainty in asteroid masses?

As observed thanks to the computed pre-fit signatures of the asteroids with cataloged masses to the interplanetary
distances of the three Trilogy vertices (figures 6.2 and 6.3 and table 6.2), most of the asteroids for which mass
estimations exist are expected to cause perturbations of an amplitude above the limits in measurement quality
theoretically achievable by ILR over a mission of five years. Such measurement quality is also below the amplitude
of the uncertainty ranges of such signals caused by the mass uncertainties of many asteroids (Figure 3 in Part IV),
which suggests that such measurements have the potential of constraining them further.

Additionally, light asteroids for which mass estimates do not exist (i.e., the bulk of bodies with masses between
102 and 10~2 km?/s2) are expected to perturb the Venus-Mars and Earth-Mars range legs with amplitudes above
1 ecm (Figure 6.5), which is also within the capabilities of the ILR technology and within the limit of achievable
quality of generated planet-to-planet ranges under the tested simulation scenario (Part IV). In summary, it is safe to
conclude that the Trilogy mission, as suggested by Smith et al. ( ), is significantly sensitive to the effects of a
quantity of asteroids that outnumbers the extension of existing asteroid mass catalogs. Direct alternative methods
for asteroid mass estimations, which mainly consist of astrometric observations (section 5.2), are not expected to be
as sensitive to such a high number of asteroids in the next few years (section 2.1.2 in Part IV)

2. How well can the existence of enclosed, highly accurate inter-satellite range measurements at interplanetary
distances improve the spacecraft orbit determination and the quality of the generated planet-to-planet ranges?
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Chapter 8. Conclusions

The main finding reported from the results of the main simulation scenario carried out in this work is that the
presence of the highly accurate range constraint from different spatial directions has the potential of containing the
true 3D errors of interplanetary spacecraft to the few centimeter level, which represents an improvement of between
one and two orders of magnitude with respect to the traditional approach of using range-rate measurements alone
or range-rate combined with range from a single spatial direction (subsection 7.2.3). This allows the generation
of planet-to-planet ranges accurate to few mm, although under the tested simulation settings this is found subject
to two conditions: first, planet-to-planet ranges are found to achieve these quality levels if the spacecraft orbit
determination arcs in which they are obtained last (close to) one orbital revolution, which allows the impact of the
accumulated orbit determination error to average out to some extent (section 4.2.2 in Part IV). Second, these error
levels have been found to arise with a spacecraft dynamical mismodeling of order 10~ m/s? and acting in constant
components and oscillatory components with the period of the spacecraft orbit around their host planet. Higher
levels of dynamical mismodeling (i.e., including residual accelerations 50-100 times higher), on the other hand, are
found to degrade the spacecraft orbit determination further, but still perform significantly better than in the cases
where range constraints from two directions are not available, containing true errors below 1 m (Figure 7.13). The
resulting planet-to-planet ranges in this case are produced with an accuracy of some centimeters, also showing signs
to improve with a full averaging over one orbit determination arc (Figure 7.14) Finally, it is relevant to mention that
in the favorable cases where spacecraft orbit determination is constrained to the cm level thanks to the two range
constraints and no significant mismodeling, planet-to-planet ranges are found to be best reconstructed when the
corresponding inter-spacecraft link is nearly perpendicular to the orbital plane of the spacecraft at its ends (Figures
5-6 in Part IV). This opens the door for optimization problems that can seek to exploit this behavior as much as
possible, which we leave for future work (section 8.3).

. Is this measurement quality enough to get current uncertainty levels in planetary ephemerides and asteroid

masses significantly reduced by using a straightforward batch estimation?

When applying the planet-to-planet ranges resulting from the implemented simulation scenario, the planetary
ephemerides have been found to significantly reduce current uncertainties in the radial directions of the Trilogy
planet positions, reaching millimeter-level errors, whereas cross-track errors mainly remain in the order of 100
meters and along track errors are found to result in a middle ground between the two (Figure 12 in Part IV). On the
other hand, most of the estimated asteroid masses do not become significantly reduced from current uncertainty
levels (Tables 3-4 in Part IV), which indicates that the Trilogy mission, at least in its variant of five years duration
obtaining one daily precise planet-to-planet range under the estimation settings employed in this study, is not
expected to generate enough or precise enough measurements to significantly reduce the formal errors in existing
asteroid mass estimations. Most asteroid mass formal errors thus remain roughly at their a priori values (Figure 14
in Part IV), which we have taken from representative estimates of current asteroid mass uncertainties (section 5.2,
equation 6.1). Consequently, the corresponding post-fit true errors do not show a significant improvement with
respect to those resulting from their a priori values. With the same normal point accuracy, formal errors—and
thus expected true errors—can be further reduced by using more frequent measurements (Figure 6.10). In our
approach, each orbit determination arc produces one normal point, but more complex approaches such as more
frequent, partially overlapping orbit determination arcs might lead to more frequent normal points to use in the
estimation. We suggest to explore these possibilities in future research (section 8.3).

It is important to note, however, that this limited performance is subject to two particular choices regarding the
employed simulation settings: first, the simulated estimation of asteroid masses has not included some of the most
advanced features that present research employs to facilitate satisfactory estimations, such as the addition of mass
constraints given by taxonomic classes (Fienga, Avdellidou, & Hanuvs, ) or the combination of range data
from different missions (e.g. Folkner et al., ) plus astrometric observations combined with the range data.
Additionally, all asteroid mass a priori ucnertainties have been assumed to be uncorrelated due to lack of data.
A more faithful simulation of a full asteroid mass estimation based on Trilogy measurements when including
these features is still required to assess the full science potential of Trilogy in this regard. Second, the estimation
simulation has been performed by assigning observation weights based on the formal errors of the fitted biases in
the different orbit determination arcs, multiplied by a conservative true-to-formal error ratio of 50 (section 4.1.1
in Part IV). This has been maintained in all tested simulation sub-cases, although the true-to-formal errors seen
for the Venus-Earth link in Figure 8 of Part IV evince how this can go down to ~10 in optimistic scenarios. Such
magnitudes can be achievable for all three Trilogy links given the proper orbital configurations of the spacecraft
(Figure 7.18), and using this factor 10 instead of the used 50 would reduce the post-fit formal errors with respect to
the levels resulting in the tested cases. Smaller formal errors means a corresponding reduction of expected true
errors of the batch filter results (see expected true-to-formal error distribution, Figure 15 in Part IV), although
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8.3.

it is not expected that a simple factor ~ 5 introduces any dramatic improvements with respect to the estimation
performance reported under the employed settings.

Recommendations for future research

Considering the points mentioned above, the following recommendations can be made for future studies:

Re-run the implemented simulation with more variations of the spacecraft orbital configuration: for instance, test
cases in which all orbiters are fixed to have periods of 11 to 6 hours around their host planets, while still using orbit
determination arcs of 12 hours. These results, compared to the tested case where al orbiters are fixed to 12 hours,
will give a more solid insight on the actual impact of setting such orbit determination arcs to span over an integer
number of spacecraft orbits.

Address the optimization problem of keeping spacecraft orbital planes as perpendicular as possible to the ILR
Trilogy links. This can take advantage of the perturbations caused by the high-order terms of the planets’ gravity
fields to seek the optimal evolution of spacecraft orbit plane orientations during the whole mission.

Remove the assumption of the Earth spacecraft being fully solved, introducing the estimation of its state together
with those of the two interplanetary orbiters at every orbit determination arc. Assess how this supports or compares
to orbit determination of Earth satellites using GNSS, and check whether this degrades the results presented in
this study regarding the orbit determination quality of the other two orbiters. This will also require to remove the
assumption of the Earth spacecraft orbiting the EMB directly (Figure 7.5), and place it around the Earth or Moon.
The dynamics of the two bodies around the EMB will need to be considered in the estimation, instead of assuming
a single body directly at the EMB as we did in this study (section 7.2.1).

Introduce more realistic dynamical mismodeling scenarios, such as unmodeled accelerations with higher frequencies
or accurate representation of dynamical effects introduced at eclipse zones.

Explore the possibilities to increase the frequency of normal point generation without hindering their resulting
quality: for instance, perform the same independent, arc-wise orbit determination but with overlapping arcs starting
every one hour instead of every 24 hours.

Re-do the simulations changing the Venus vertex for a spacecraft around a highly inclined asteroid, e.g., (2) Pallas.
This would not only increase the sensitivity of the third Trilogy leg to asteroid perturbations, potentially improving
the resulting asteroid mass estimations, but it might constrain the cross-track direction of planetary motion in a
more significant way than if the range measurements are taken closer to a single plane, hence improving the results
in expected planetary cross-track W position constraints presented in this work.

Implement the simulation of a coupled estimation of spacecraft states and planetary parameters and compare the
results with the ones presented in this work. This has the potential of removing the fundamental limit of ILR
systematic errors as an accuracy floor for the generated planet-to-planet ranges (section 7.2.3), but since this effect
has not been found to significantly degrade the estimation results (section 4.2.3 in Part IV), it is unclear if this will
introduce any significant advantage.

Assess the constrained multi-arc approach (Alessi et al., ) to evaluate if it can help reconstruct long-period
dynamics to the Trilogy spacecraft, such as third-body perturbations, besides relying on the perturbations to planetary
orbits only. These perturbations are found to cause negligible effects for typical orbit determination arcs (Figure 4
in Part IV), but it remains to be tested what the expected impact is after several months or years of orbits.
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Integrator analyses

The implemented simulations are based on numerically integrating the equations of motion (section 4.1.1) to propagate
the states of the bodies of interest, either the Trilogy host planets when subject to the third-body influence of all considered
asteroids or the spacecraft around these host planets. In order to produce trustworthy results, it is imperative to use a
numerical integration configuration that does not corrupt the results by introducing too large integration errors.

The Global Truncation Error (GTE) of a fixed-step size numerical integrator of order p is known to grow with the step
size At as O(At?) (Dirkx & Cowan, ). This means that the results of two different integrations, one using At and
the other using At/2, will have a relative GTE of

GTE(At)

GTE(AY)
Tudat has several different integrations available, which can be set through the class CoefficientSets. Among these,
four have been chosen as a representative sample between low and high order.

* RK4: Runge-Kutta of order p = 4;

RKDPS87: Runge-Kutta-Dormand-Prince of order p = 7 with an embedded 8th order;
RKF108: Runge-Kutta-Feagin of order p = 8 with an embedded 10th order;

* RKF1412: Runge-Kutta-Feagin of order p = 12 with an embedded 14th order.

It must be noted that the three last methods have embedded integrators of higher order. This is because they are variable
step-size methods, and the embedded integrator is internally used to estimate the error levels for step size control. Here,
however, in order to assess the integration error by making use of equation (A.1), these have been forced to follow a fixed
step size by setting equal minimum and maximum step sizes.

The key idea behind this analysis is that the GTE in the propagated position history r(t) after integration with step size
At will be much larger than that in the position history r’(¢) after integration with step size At/2 (equation A.1). Hence,
in the difference between r(¢) and r’(t), the error contribution of the former will be dominant and thus this difference is a
good metric for the integration error in the propagated state after numerical integration with step size At. Applying this
principle, it is possible to compute the expected integration error for any given step size At and plot their relationship,
which should follow a line of slope p in a logarithmic plot (equation A.1). This behavior does not, however, extend all
the way down to infinitesimally low errors, but saturates at a certain error level due to the limited numerical precision of
floating point numbers. The following analysis facilitates the assessment of both the expected error levels achieved by
different step sizes and the step size and error level at which this rounding error regime begins.

The integration error is also dependent on the exact formulation of the equations of motion used (section 4.1.1).
We chose to test all formulations available in Tudat (TranslationalPropagatorType) except for the Gauss Planetary
Equations with Keplerian elements, given the singularities they exhibit (Wakker, ). In the implemented code, both the
propagator and the integrator are defined inside the planets_and_asteroids_propagation_settings () function,
when creating the propagator settings.

~ 2P (A.D)

A.1l. Planetary integrator

Cowell propagator
The integration error curves for the analyzed integrators using the Cowell formulation of the equations of motion (section
4.1.1) are presented in Figure A.1. It can be observed how higher integration orders reach the rounding error regime with
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Figure A.2: Convergence curves of planetary integration error with the Encke formulation of the equations of motion and Runge-Kutta integrators

higher step sizes, as expected due to their steeper error reduction curve. This rounding error regime, however, remains
between the centimeter and meter level. This is not precise enough to confidently capture signals in the order of centimeters
(section 6.2) with confidence that they are not corrupted by integration error.
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Figure A.3: Convergence curves of planetary integration error with the Gauss-ME formulation of the equations of motion and Runge-Kutta integrators
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Figure A.4: Convergence curves of planetary integration error with the USM-quaternions formulation of the equations of motion and Runge-Kutta
integrators.

Encke propagator

The integration error curves for the analyzed integrators using the Encke formulation of the equations of motion (section
4.1.1) are presented in Figure A.2. It can be observed how the rounding is of order 10~* meters, significantly lower than
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Figure A.5: Convergence curves of planetary integration error with the USM-MRP formulation of the equations of motion and Runge-Kutta integrators.
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Figure A.6: Convergence curves of planetary integration error with the USM-Esponential Map formulation of the equations of motion and Runge-Kutta
integrators.

the one resulting from Cowell. This is likely due to the fact that in this formulation the integrated vector has a much
smaller magnitude than the actual state vector itself (Wakker, 2015), which brings the limiting numerical precision of
floating point numbers away from the millimetric levels.
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Gauss' planetary equations propagator with Modified Equinoctal Elements

Figure A.3 presents the integration error curves resulting from the usage of the Gauss formulation of the equations of
motion with Modified Equinoctial Elements. The rounding error regime yields errors of order 1-10 cm, which outperforms
Cowell, but is still significantly worse than Encke. A positive remark to be made is that, for a given integrator type, this
propagator achieves to reach rounding error levels with generally higher step sizes than Cowell and especially Encke.
For the problem under study, however, low errors are a stronger objective than speed, since no optimizations are being
addressed and the estimations to be simulated are expected to be sensitive to signals in the order of centimeters (section
6.2).

Unified State Model propagator

Finally, the convergence curves resulting from the usage of the USM in its three different variations (section 4.1.1) are
presented, respectively, in Figures A.4, A.5 and A.6. As observed, all of them achieve rounding error levels of order 1-10
cm, which is comparable to the errors achieved by the Cowell and Gauss formulations of the equations of motion.

Final choice on optimal integrator and propagator

Generally speaking, the integration error requirement must be between 1 and 2 orders of magnitude stricter than the
general accuracy requirement for the problem under study. For the Trilogy case, where signals to be measured are expected
to be as low as few centimeters or even some millimeters (section 6.2), numerical integration should aim for an accuracy
requirement of 10~% meters, which is only fulfilled by the Encke formulation of the equations of motion (Figure A.2). It
is evident from the figure that any step size At < 10° seconds can yield such level of integration errors if the RKF108
or the RKF1412 integrators are used. In order to make a safe choice (i.e., allowing for slight changes in the dynamics
without needing to re-run the whole integration analysis again), we chose to use an Encke propagator with a fixed-step
size RKF1412 integrator.

The analysis based on fixed step sizes is generally used to define a benchmark integration configuration, for which
error is known to be very low, and then test other configurations allowing for variable step sizes with different tolerances
in order to find more efficient setups that fulfill the requirements. In our case, however, the best configuration found (i.e.,
rounding error regime with Encke propagator) is already at the limit of the requirements, so it is directly used as the most
suitable propagation configuration. Fixing the step size is not expected to be significantly less efficient than allowing
variable step sizes, given the low eccentricity of the planetary orbits, which are expected keep a variable step size close to
constant.

A.2. Spacecraft integrator

The spacecraft trajectories around the Trilogy host bodies will also be propagated by means of numerical integration. A
proper integrator analysis should be run as well, in order to verify that the results of the orbit determination simulations
are not corrupted by significant integration error. The analysis has been run for a propagation arc of seven days, which is
the maximum duration typically considered for Mars orbiters (Yan et al., ). As in section A.1, the same integrators
and propagators are tested and the resulting convergence curves are presented below.

Cowell propagator

As observed in Figure A.7, the Cowell propagator is able to reach a rounding error level between 0.1 and 10 mm, depending
on each particular spacecraft. It is also worth noting that too large step sizes cause the integration to diverge, reaching > 1
AU errors, likely due to the fact that the resulting integration error causes the spacecraft to be wrongly modeled to enter
escape trajectories with respect to their host bodies.

Encke propagator

As observed in Figure A.8, the rounding error level reached when the Encke propagator is at use instead spans between
10~7 meters and 10~* meters, depending on the exact spacecraft and integrator to be used. This significantly outperforms
the Cowell formulation, which is likely due to comparable reasons as the ones causing this same behavior for the planetary
propagation (section A.1): given that the main component of the propagated trajectories is their Keplerian contribution
(Figure 4 in Part IV), propagating the difference with respect to such Keplerian orbit allows for more numerical nuance to
be taken into account without being truncated by the finite precision of floating point numbers. It is also worth highlighting
that, for large enough step sizes, the resulting errors diverge in a comparable way to the observed when the Cowell
propagator is at use (Figure A.7).
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Figure A.7: Convergence curves of spacecraft integration error with the Cowell propagator and different fixed-step Runge-Kutta integrators
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Figure A.8: Convergence curves of spacecraft integration error with the Encke formulation of the equations of motion and Runge-Kutta integrators

Gauss' planetary equations propagator

It can be noted from Figure A.9 that the Gauss propagator with Modified Equinoctial Elements achieves rounding error
levels in the order of 10> meters for all spacecraft analyzed. This is a comparable performance to the one resulting
from using the Encke propagator, with the plus that such rounding error regime is reached with higher step sizes (e.g.,
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Figure A.9: Convergence curves of spacecraft integration error with the Gauss-ME formulation of the equations of motion and Runge-Kutta integrators
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Figure A.10: Convergence curves of spacecraft integration error with the USM-quaternions formulation of the equations of motion and Runge-Kutta
integrators.

when using RKF1412, the Gauss-ME propagator achieves the rounding error with ~ 2000 seconds, whereas the Encke
propagator does so with ~ 500 seconds. Moreover, large step sizes are not observed to lead to such high divergences as
with Cowell and Encke.
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Figure A.11: Convergence curves of spacecraft integration error with the USM-MRP formulation of the equations of motion and Runge-Kutta
integrators.
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Figure A.12: Convergence curves of spacecraft integration error with the USM-Esponential Map formulation of the equations of motion and
Runge-Kutta integrators.

Unified state model propagator
The convergence curves resulting from the usage of the three variations of the USM are presented in Figures A.10, A.11
and A.12. They present comparable performances, reaching rounding error levels between 10~ and 10~* meters with
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step sizes of ~ 1000 seconds, if RKF108 or RKF1412 are used. Similarly to the Gauss propagator (Figure A.9), high step
sizes do not yield dramatic divergence as Cowell (Figure A.7) and Encke (Figure A.8) do.

Final choice on optimal integrator and propagator

Given the fact that the range measurements generated by Trilogy will be generated from spacecraft to spacecraft, the
accuracy requirements applicable to the integration of the host planets’ orbits are equally applicable to the integration
of the spacecraft around them. This means that, in order to be confident about the simulation of the centimeter level
signatures captured by Trilogy (section 6.2), this integration error shall be in the < 1 mm level.

The Encke propagator is able to reach rounding errors below 10~° meters (Figure A.8). The Gauss-ME propagator,
however, is able to reach 10~° meter error levels with higher step sizes (e.g., for RKF108, ~ 800 seconds, in contrast
to the = 200 seconds required for Encke). This also slightly outperforms the USM, both in terms of accuracy and step
size allowed. Given the fact that the orbit determination of the spacecraft will need to run several independent arcs,
performance is a somewhat greater concern than in the case of planetary motion only (section A.1), hence the usage of
RKF108 is more preferable than the usage of RKF1412 for similar step sizes. With all this in mind, and allowing for some
margin in case of slight changes in the dynamics, we chose to propagate the spacecraft orbits with the Gauss Modified
Equinoctial Elements propagator and a RKF108 fixed-step integrator with a step size of 600 seconds.

Similarly to the case of planetary orbits, the outcome of this analysis is the setting of a propagator configuration that is
expected not to yield truncation errors but only rounding errors, contained to requirement-fulfilling levels. Although new
tests could be run from this point to assess variable step size configurations that are also compliant, we do not judge it to
be necessary due to both the near-circularity of the integrated orbits and the closeness of the found resulting errors to the
initial requirement of sub-millimetric errors. Additionally, the lack of optimization processes that require a large number
of runs of the same settings do not make performance a significant enough concern as to optimize the run time of the
propagation further.






Covariances of planetary ephemerides

This chapter presents the figures corresponding to the results of the obtention of planetary covariances as detailed in
algorithm 4. As described in section 6.1.1, this method is used to obtain a covariance matrix that is consistent with both
the dynamical model at use and the expected true errors of planetary ephemerides. These true errors can be estimated by
means of comparing different ephemerides models, and the two that are presenting a most clear convergence are DE and
INPOP (section 5.1). The computation of such discrepancies from the publicly available spice kernels of the two models
is presented in section B.1, whereas the results of the application of algorithm 4 are presented in section B.2.

B.1. Comparison hetween DE and INPOP ephemerides

As described in section 6.1.1, an acceptable metric for the approximate true errors of current planetary ephemerides is
the intercomparison between different models (Dirkx, 2015). Figures B.1, B.2, B.3, and B.4 present, respectively, the
difference between INPOP21a and DE440 for the four rocky planets (subscript D stands for DE and subscript I stands for
INPOP). Mercury is included because at the early stages of this work it had not been discarded from potential iterations
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Figure B.1: Differences in Mercury’s heliocentric state between DE440 and INPOP21a ephemerides for years 2010 to 2040.
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of the Trilogy mission configuration to be tested besides the original Venus-Earth-Mars (Smith et al., 2018). These
differences are presented in four figures, showing, respectively, the difference in position and velocity norms, the norms of
position and velocity differences, and component-wise differences in both position and velocity in the RSW frame. The
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Figure B.2: Differences in Venus’ heliocentric state between DE440 and INPOP21a ephemerides for years 2010 to 2040.
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Figure B.3: Differences in the heliocentric state of the EMB between DE440 and INPOP21a ephemerides for years 2010 to 2040.
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Figure B.4: Differences in Mars’ heliocentric state between DE440 and INPOP21a ephemerides for years 2010 to 2040.

plots presenting component-wise differences display two overlapped curves for each component: the one resulting from
transforming the two XY Z states to RSW by means of the rotation given by the DE state, and the one resulting from
doing so with the rotation matrix given by the INPOP states. When computing component-wise differences between the
two states, transforming each of them with their own RTSW/T before subtraction yields to misleading null differences in
radial direction, since the R direction of each particular body is, by definition, aligned with its position vector.

Figures B.1, B.2, B.3, and B.4 match the results presented by Fienga et al. (2021), who show similar comparison
figures between INPOP21a and DE440 in their appendix. In particular, the differences in heliocentric distances (the
topmost plots in each figure) are replicated and can be checked to fully match—despite the irregularities in the curves for
Venus and the EMB, the appearnace of Mercury can be confirmed to match with its maximum in 2025 and two minimums
around 2013 and 2036, and that of Mars can also be verified to match the significant discrepancy increase after 2020. This
behavior is due to the fact that both DE and INPOP ephemerides have been computed by fitting range observations to
Mars available up to 2021, when the two models were released (Fienga et al., 2021; Park et al., 2021).

These figures showing component-wise differences over time evince how the discrepancies between the two models
oscillate, with a clear frequency component equal to the orbital period of each planet around the Sun. In order to get a
single figure that describes the approximate average discrepancy levels, we compute the RMS of the component-wise
temporal signals seen in figures B.1, B.2, B.3, B.4 over the entire represented period of time (i.e., 30 years, centered at
present day). These are shown in Figure B.5, and are taken as the best estimate of true error levels of ephemerides models.
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Figure B.5: RMS of component-wise position and velocity differences between DE440 and INPOP21a for the inner planets
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B.2. Covariance obtention with dynamical model in use

As described in algorithm 4, the dynamical model at use must be fit to the planetary states given by ephemerides with the
aim of finding an optimal initial state x, that matches them as closely as possible. This Xy must be found for January 1st,
2031, as it is the starting date of the Trilogy mission simulations conducted in this work. Given the simulation settings
that take INPOP19a as ephemerides model at use (section 6.1), observations consisting of the Cartesian positions of the
planets are generated with a cadence of one day. These are presented in Figure B.6.
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Figure B.6: Cartesian position observations obtained from planetary ephemerides

A batch estimation (algorithm 1) is then performed, taking these Cartesian positions as observations. The weights
matrix is taken as the identity, i.e., W = I. The minimization of the observation residuals that leads to the final solution
of X is presented in figures B.7, B.§, B.9 and B.10. Four iterations of the differential correction step have been found
to yield to convergence (i.e., observation residuals not significantly changing afterward). Each figure shows the pre-fit
residuals, i.e., observation differences when taking the initial state equal to that of the ephemerides and propagating it with
the dynamical model at use (iteration 1) and post-fit residuals, i.e., observation differences when using the optimal initial
state found instead (iteration 4). As discussed in section 6.3.1, the fact that the pre-fit residuals match the ephemerides
down to the level of some hundred kilometers even after 5 years of propagation is a good indicator of the validity of the
implemented dynamical model.

The second step of algorithm 4 is to tune the weights of the post-fit covariance matrix so that its propagation yields
formal errors that match the expected levels of true errors of planetary ephemerides. These levels are taken from the
RMS values reported in Figure B.5. It is important to note that the observations used only correspond to position (and not
velocity) components, hence the final formal errors in position components are more directly affected by the weight tuning
than those in velocities. For this reason, the weight-tuning analysis is focused on leading to RSW position component
errors that match the desired levels of position errors (Figure B.5 left), while the resulting levels of velocity errors remain
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Figure B.7: Mercury observation residuals at the first and last iteration when fitting the dynamical model to the states observed from planetary

ephemerides
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Figure B.8: Venus observation residuals at the first and last iteration when fitting the dynamical model to the states observed from planetary ephemerides

consequential to those.

As described in section 6.1, the position weights cannot be tuned in the RSW positions but only XY Z due to
the impossibility to assign non-diagonal weight matrices in Tudat. For this reason, weights corresponding to ob-
servations of X and Y positions are tuned solitarily. The final weight combination found to yield optimal match-
ing between the propagated true errors and the desired error levels (Figure B.5) is listed in Table B.1. In the im-
plemented code, the method covariance_analysis_method() inside the MainSimulationClass has the option
to call the set_observation_weights() function with the option mode="custom", which makes use of Tudat’s

Wx Wy Wz
Mercury 4 %1077 4x1077 1.2x1077
Venus 7x 1078 7x 108 5x 108
EMB 55x 1078 55x10°% 2.1x10°8
Mars 3x 1078 3x 1078 1x 1078

Table B.1: Combination of weights found to yield to the propagation of initial state covariance matching the desired levels (Figure B.11)


https://github.com/lrbusquets/master_thesis/blob/b65c7b43f84767a25fe4eb2a2ac14cb1c5947bdb/main_simulation_class.py#L271
https://github.com/lrbusquets/master_thesis/blob/b65c7b43f84767a25fe4eb2a2ac14cb1c5947bdb/main_simulation_class.py#L34
https://github.com/lrbusquets/master_thesis/blob/b65c7b43f84767a25fe4eb2a2ac14cb1c5947bdb/propagation_settings_function_2.py#L1179
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Figure B.10: Mars observation residuals at the first and last iteration when fitting the dynamical model to the states observed from planetary
ephemerides

set_constant_single_observable_and_link_end_vector_weight () function to set individual weights for the
X, Y and Z observation components.

The result of the covariance propagations resulting from the combination of weights from Table B.1 is presented in
Figure B.11, where the dashed lines mark the error levels shown in Figure B.5. It can be observed how the propagation
of the formal errors in S and W positions does match the desired levels reasonably well, whereas those in R positions
happen to be much larger. This is a direct result of the fact that weights cannot be tuned individually in R, S and W
components. Although this effect could have been mitigated by adding, for instance, radial observations on top of the
Cartesian ones, we kept this somewhat conservative results on the radial uncertainties by judging it to have little expected
impact on the results. As the results show (Part IV), radial uncertainties can still be reduced to sub-mm levels, which is
still below the assumed levels of true errors (Figure B.5). This backs up the assumption that the usage of this conservative
covariance matrix does not influence our final conclusions in a significant way.

Finally, the correlations matrix resulting from the found optimal covariance is presented in Figure B.12. As expected,
despite having performed the batch estimation of all planetary initial states concurrently, correlations between initial states
of different bodies are zero. Additionally, the only high correlations are found to be the ones between radial position and
along-track velocity and vice-versa, which is consistent with the fact that, in nearly-circular orbits, orbital velocity depends
mainly on radial distance. Mercury shows a higher correlation between radial velocity and radial position, which is due to


https://py.api.tudat.space/en/latest/estimation.html#tudatpy.numerical_simulation.estimation.CovarianceAnalysisInput.set_constant_single_observable_and_link_end_vector_weight
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Figure B.11: Linear propagation of the final covariance matrix of planetary initial states after adjusting weights. Dashed lines mark the error levels
shown in Figure B.5.

its higher eccentricity. Finally, cross-track position and velocity have almost null correlation with all other components for
Venus, the EMB and Mars, which is due to their low inclinations, whereas the higher inclination of Mercury translates to



150 Appendix B. Covariances of planetary ephemerides
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Figure B.12: Correlations matrix corresponding to the final covariance matrix after applying algorithm 4.

higher correlations between cross-track velocity and other components.



Analytical calculation of third-body
perturbations to planets caused by asteroids

In the early stages of this work, when the final approach to be followed (Algorithm 6) had still not been decided, a secondary
research objective related to the analytical modeling of the sensitivity of Trilogy measurements to asteroid masses was
addressed. The main idea was to develop an analytical figure that could serve the role of the amplitude figures presented in
section 6.2 with no need of numerical simulations. It was discussed that a good starting point was the Lagrange Planetary
Equations, which describe the evolution of the orbital elements of an orbiting body affected by the perturbations of a

conservative gravitational potential R (Vallado, , Eq. 9-12):
da 2 OR
E = %78]\40’ (Cla)
@_1762 OR  V1-e?0R, (C.1b)
dt ~ na2e OM, nale Ow’ '
di 1 OR OR
— = cos(t)=— — = ¢ ; C.lc
dt  na2y1— eZsin(i) { ( )8w 39} (€I
dw VI—¢20R  cot(i) OR, (C.1d)
dt  na?e de na2y1—e2 0i '
dQ} 1 OR
—_— = —; C.le
dt  na?v1—e2sin(i) 0i (o)
_ .2
dM, ~ 1-¢"0R 2 0R C.19)

dt ~ naZe e nada’

where n is the mean motion and a, e, i, (), w and M is the classical orbital element set. In this context, these equations
can be applied to assess the evolution of the orbits of the planets due to asteroid mass perturbations.

Given the third-body perturbation potential of an asteroid with GM = p,, situated at a heliocentric position r,, its
potential on a planet at a position r is
1 r-r,
R=—p ( 2 ) , (C2)

e —rpll ey ?

which can be re-written as

! — % cos(0) | , (C.3)

R— _
Hp 5 5 ,
\/r +72 =211y, cos(0) p

where r = ||r

,7p = ||rp|| and @ is the relative angle between the two inertial position vectors. With the help of Sympy,
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Effect of (136108) Haumea on the orbit of Venus
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Figure C.1: Influence of Haumea on the orbital elements of Venus, the EMB and Mars. Their numerical derivatives (orange), computed from the results
of each pre-fit signature (blue), are compared against the result of evaluating the set of LPE (green).

its relation to the orbital elements of the planet and asteroid orbits is found to be

cos § = sin(¢) sin(ip) sin(w + v) sin(wp, + vp)—

—sin(Q2 — ) cos(7) sin(w + v) cos(wp, + v2)+

+ sin(2 — Q) cos (i) cos(w + v) sin(w, + vp)+ (C4H
+ cos(Q — Q) cos(i) cos(iy) sin(wr) sin(wy, + 1)+

+ cos(Q2 — Q) cos(w + v) cos(wp + vp).
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Figure C.2: Influence of Ceres on the orbital elements of Venus, the EMB and Mars. Their numerical derivatives (orange), computed from the results of
each pre-fit signature (blue), are compared against the result of evaluating the set of LPE (green).

This relationship can be used in equation (C.3), which can in turn be introduced to the Lagrange Planetary Equations (C.1)
to compute the expected rates of change of the orbital elements of the planets as a result of the gravitational perturbation
caused by each analyzed asteroid. The results of doing so with two representative perturbing objects are presented in
Figure C.1 and Figure C.2: the former shows the impact of the TNO Haumea and the latter shows the influence of the
asteroid Ceres.

In each figure, the blue curves represent the pre-fit impact on the orbital elements caused by the particular object.
Similarly as in section 6.2, this pre-fit impact is computed two different ways (i.e., effect of all bodies minus all bodies
except ¢; and effect of body ¢ alone minus effect of no bodies at all), both of which are shown to coincide as the dark and
light blue curves look overlapped to each other. The orange curves are the result of numerically differentiating these pre-fit
effect curves, and the green curve is the straightforward application of the Lagrange Planetary Equations (C.1). It can be
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noted how the orange and green curves coincide remarkably well for most of the orbital elements, with the exceptions of
the argument of pericenter w and true anomaly v.
The reasons behind such disagreement have not been fully clarified at the end of this thesis. Published studies
addressing similar problems typically use the framework of the Circular Restricted 3-Body Problem (Alessi & Sanchez,
; Neves et al., ), and their perturbing potential functions R are not fully equal to (C.3). Although these results
show the potential of obtaining analytical approximations considering all orbital elements and without the need for circular
restricted assumptions, it must be further confirmed whether the approach followed here is valid or some inconsistencies
or mathematical nuances present in the literature have been overlooked.



Tudat limitations and improvements

During the development of this work, some issues related to Tudat have been encountered, some of which have been
resolved and some of which have not. The aim of this chapter is to leave a record of them so that anyone finding similar
issues in the future can have a description of the observed misperformance in the past, in case it is of any help to find the
required solutions.

D.1. Occultation calculation bug

During the implementation of the spacecraft orbit estimation with Doppler observations, an odd behavior related to
observation gaps due to planetary occultations was noticed. This is shown in Figure D.1 and Figure D.2, which were
obtained with the spacecraft placed at low altitudes. The resulting observation gaps are therefore expected to last roughly
half of the orbital period in the most unfavorable geometry (i.e., observation direction parallel to the spacecraft orbital
plane) and to be non-existent in the most favorable geometry (i.e. observation direction perpendicular to the spacecraft
orbital plane). However, the observed behavior shows more complex features, with some links displaying several short
occultations in a single orbit cycle (see links to Venus in Figures D.1 and D.2). This is impossible given the quasi-spherical
geometry of the planet and the orbit of the spacecraft around it.
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Figure D.1: Wrong observation occultations observed before patching
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Figure D.2: Wrong observation occultations observed before patching
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Revising the Tudat code led to finding a bug present in the OccultationCalculator: :isObservationViable ()
function causing this issue. The cause of the problem was the computation of the epoch at which the planet location was
used to check for link occultations, which was coded to always be the mid epoch between the sending and reception times.
In the case of observations to spacecraft close to other planets, this epoch should be taken much closer to the epoch at
which the spacecraft sends or receives the pulse instead.

After finding this issue, a patch was implemented and shared in the Tudat issue # 224. Although the technically correct
way to code this would be through a convergence loop that computes the predicted time of interception of the observation
signal to the location of the body that can cause occultations, the suggested patch makes use of a simpler linearly weighted
mean to compute the proper epoch at which the position of the occulting body needs to be retrieved to check for the
occultation condition. This is conceived to be a general approach, working for any arbitrary location of the occulting body
with respect to the two ends of an observation.

This patch was observed to work just as expected for one-way observations, and this is how the observation settings
remained in the main simulation. The correct behavior of Doppler observations can be observed in Figure 7.30. Two-way
observations showed the appropriate gap lengths and distribution (i.e., no multiple, small gaps in a single spacecraft orbit),
although occultations seemed delayed by a few minutes with respect to the periods they should appear. Further revision by
the Tudat team lead to pull request 263, which introduced the fixed occultation computation together with a new function
to compute the value of occultation. This is now part of the main branch of Tudat, after tests for both one-way and N-way
observations passed.

D.2. Poor integration convergence

During the stage of integrator analyses, a couple configurations were found to unexpectedly worsen the convergence of the
numerical solutions. These are developed below.

D.2.1. Effect of non-integer step sizes

The first strange effect was observed when generating the figures of integration error convergence after a planetary
integration (section A.1), at different step sizes generated with a np.logspace () vector (Figure D.3). These yielded to
strange behavior of the resulting integration error, which was fixed by simply adding a np . round () to the vector of step
sizes to test. At the delivery date of this thesis, it has not been clarified whether the cause of this effect is some internal
inconsistency (e.g., in decimal precision) between different Tudat functions or a more superficial effect introduced by the
particular implementation of the planetary integrator analysis. This finding remains open under Tudat issue #209.

Fixed step size RKF78 - Encke propagator Fixed step size RKF78

Figure D.3: Wrong integration convergence (left) vs right integration convergence (right). The only difference between the two figures is that the step
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https://github.com/tudat-team/tudat/blob/a08ea11bd2fc00e4af03a6c61e40518c85b11f4b/src/astro/observation_models/observationViabilityCalculator.cpp#L164
https://github.com/tudat-team/tudat/issues/224
https://github.com/tudat-team/tudat/pull/263/files
https://github.com/lrbusquets/master_thesis/blob/b65c7b43f84767a25fe4eb2a2ac14cb1c5947bdb/com2com_integration_analysis.py#L4
https://github.com/tudat-team/tudat/issues/209
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D.2.2. Effect of eclipsed Solar Radiation Pressure

The second situation in which integration convergence was not found to perform as expected was in the spacecraft integrator
analysis (section A.2) in the case where SRP occultation due to planetary eclipses was introduced. This is presented in
Figure D.4, where the only difference between the two figures is that the right one accounts for eclipses whereas the first
one does not. This setting is modified by a single line in the add_SC_to_system_of_bodies() function.
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Figure D.4: Integration convergence when the SRP eclipse setting is turned off (left) vs. when it is turned on (right)

The reasons for this behavior have not been identified at the end of this thesis, and the workaround used has been to just
ignore eclipses for SRP in the implemented simulations. Given the fact that the chosen orbits are relatively high (section
3.3.3 in Part IV), the effect of eclipses is not expected to impact the results of the simulations in any noticeable manner.


https://github.com/lrbusquets/master_thesis/blob/b65c7b43f84767a25fe4eb2a2ac14cb1c5947bdb/propagation_settings_function_2.py#L180
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