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Summary

Project Background Demands for bandwidth are ever increasing and free-space optical technology
is expected to meet these needs [41]. Compared to radio frequency, laser communication is safer, does
not occupy regulated frequency bands, requires less power and offers much higher data-rates. Satellite
constellations are expected to provide global, high-speed, secure communications [41], but Laser Inter-
satellite Links (LISL) remain difficult due to narrow beam divergence angles and fast relative velocities.
For the Pointing, Tracking and Acquisition system to acquire a LISL within 1-2 minutes, it requires initial
pointing knowledge, which is challenging to precisely determine on-board (OB) the satellite [20].

Mynaric develops Laser Communication Terminals (LCT) and are focused on aerospace applica-
tions. Mynaric was founded in 2009, as a spin-off of DLR’s Institute of Navigation and Communication,
which has worked on LCT’s for 20 years. Separate branches of terminals include LCT’s for ground com-
munications, LCT’s for aviation and for the space environment. Mynaric’s LCT’s for space applications
are called CONDOR terminals and are specialized for LISL.

The project aims to analyse, develop, and evaluate OB GNSS-based orbit determination (OD) and
prediction algorithms for Low and Medium Earth Orbit (LEO, MEO) satellite laser communication. To
meet OB limitations and laser communication accuracy needs, the algorithms’ computational load and
contribution to the pointing uncertainty cone will be quantified. A baseline of 0.5 mrad PE contribution
is set as a conservative threshold to evaluate whether the Orbit Prediction (OP) quality is sufficient.

Research Scope This research will be focused on improving the host and target satellite’s pointing
knowledge and quantifying its impact on the pointing UC for LISL in a LEO/MEOQO constellation. This
will be done with 3 focuses in mind.

1. Analyzing the LISL variables in a LEO/MEO Satellite constellation and quantifying the expected
available communication windows for terminals matching CONDOR Mk2 and Mk3 viewing limita-
tions.

2. Implementing and testing Novel Kalman Filters (KF), improving the Preprocessing Extended
Kalman Filter, quantifying expectations for GNSS-OD performance in the LEO/MEO Satellite Con-
stellation.

3. Evaluating performance of GNSS-based OD-OP algorithms in various link case scenarios and
testing their applicability for Satellite Laser communication.

Simulated LEO/MEO Constellation The orbital scenarios will be dictated by specific LISL cases.
These were determined by simulating a LEO-MEO satellite constellation in TUDAT and defining several
link cases, representative of increasingly challenging link dynamics. The constellation parameters are
based on previous link analyses and expected use cases- to provide global communication capabilities,
include MEO satellites and cover the most populated Earth regions.

Table 1: Orbital parameters of the circular Laser communication Satellite Constellation.

Constellation | h [km] | i[deg] | Nr. Planes [-] | Sat/Plane [-] | Nr. Total sat. [-]
LEO near-polar | 1000 89 13 14 182

LEO med. Incl. | 1000 53 13 14 182

MEO 13892 | O 1 5 5

Link Availability Implementing the pointing limitations and slant range limits of CONDOR Mk2 as
LCT1 and Mk3 as LCT2, it was determined how many links can potentially be established by the ter-
minals of each satellite. Over 2 hours, on a LEO Polar satellite, LCT1 would have a maximum of 227
links with LEO Polar satellites (mostly in the 10-15 minute region), 240 with LEO Inclined (mostly 5-10



minute long) and 9 with MEO Satellites (10-15 minute or 60 minute links). In the same orbital conditions,
LCT2 has 294 links available to LEO Polar satellites (mostly 10-20 minute), 327 to LEO Inclined (mostly
10-25 minute) and 9 to MEO satellites (40+ minutes). This showed that the wider angular coverage of
LCT2 enables both more and longer links from a LEO Polar Host.

The same analysis on a LEO Inclined and a MEO host was made for both terminals. Using LCT1,
it showed 154 links to LEO Inclined (1-15 minutes), 233 to LEO Polar (mostly 1-15 minute long) and
8 to MEO satellites (30- minutes). More links were again seen for LCT2 - 227 to LEO Inclined, 327
to LEO Polar and 9 to MEO links, with 5 minute longer link windows than LCT1. For MEO, LCT1 did
not cover the required pointing angles and did not have any available link windows. In contrast, LCT2
indicates over 700 possible links with LEO Inclined and Polar hosts over an 8 hour window with mostly
long windows (60+ minutes), where Earth occultation was the main limitation. 2 links were detected to
MEO targets, namely the nearest leader and follower in the MEO plane.

Table 2: Overview of the 6 selected link cases to be used to benchmark the OD-OP algorithms.

. . Max AE Max. Link | Min. Link
Link nr. | Length [min] | Host Target Rate [deg/s] | Dist. [km] | Dist. [km]
1 60 | MEO MEO 0 24000 24000

2 60 | MEO LEOI 2 23000 13000

3 60 | LEOP | MEO 0.3 22500 13000

4 60 | LEOP | LEOP 0 3500 3500

5 20 | LEOP | LEOI 4 7000 50

6 60 | LEOI | LEOI 0.4 3300 100

As shown above, six link cases were selected for the subsequent algorithm implementation. 3 were
chosen to cover links with MEO satellites and 3 between satellites in LEO. MEO links to each shell
were chosen- a co-planar link to a MEO follower representing the easiest linking conditions in terms
of PE due to prediction errors and slightly more challenging links to LEO Inclined and Polar satellites
flying directly under the MEO satellite. The LEO link cases were also chosen to vary the link conditions
difficulty. The easiest LEO link case was the co-planar LEO Polar satellite with constant distance and
pointing angles. The 5th LEO Polar-Inclined case was among the most difficult links, as the satellites
fly in opposite directions and have an extremely close approach. The sixth case included a cross-plane
link of LEO Inclined satellites, which also represented difficult link conditions due to high angular rates,
varying link distance and cross-track link direction.

4 Prediction window lengths were selected to evaluate the OD-OP algorithms. First, a 100 second
window for the minimum link acquisition time requirement. The remaining windows were 10, 30 and 60
minutes, covering most of LEO and MEO cases, respectively.

GNSS-0D Performance 4 KF formulations were implemented and tested with the single-frequency
L1 pseudorange measurements of GRACE-FO, CHAMP and Jason-3 satellites. Using elevation-based
measurements selection, the filters showed varying performances. The novel Single-propagation Un-
scented Kalman and Preprocessing Extended Kalman Filters (SPUKF and PEKEF, respectively) per-
formed similarly worse than the basic Extended Kalman Filter (EKF) and the Unscented Kalman Filter
(UKF). Using CHAMP data, the EKF indicated 3D RMS OD errors around 40 m and the remaining filters
around 100 m. For Grace-FO data, EKF performed at around a 10 m accuracy, while the remaining
filters had accuracies below 25 m. Using Jason-3 data, all 4 filters performed at a similar 50 m accuracy.
Although this showed that the Novel SPUKF and PEKF perform competitively with the standard EKF,
their added complexity and computational load indicate that EKF is the recommended choice.

An Improved PEKF was implemented, which utilized a higher efficiency Newton-Raphson Predictor-
Corrector (NRPC), leading to the NRPC-PEKF. The original PEKF used Newton-Raphson method in
the Preprocessing block. After comparison, the NRM-PEKF and NRPC-PEKF performed identically in
terms of accuracy. Additionally, it was found the the NRPC provided the same solutions as the original
NRM, while in rare occasions requiring more computations. It is also more complex and therefore, it
was concluded that the NRPC-PEKF shows no benefits over the NRM-PEKF in GNSS-OD.



GNSS-OD-OP Analysis 3 OD-OP algorithms were defined to be evaluated in each link case with
different initial OD errors and OP methods. These were 1) Kinematic Algorithm (KA)- using only kine-
matic methods for OD and quadratic extrapolation for OP; 2) Basic-Dynamic Algorithm (BDA), using
pseudorange-based OD methods and basic J2 propagation, and 3) Complex-Dynamic Algorithm (CDA),
using carrier-phase OD methods and complex dynamic orbit propagation. The Initial OD errors for each
algorithm are shown below. For KA and BDA, the observed errors using Kinematic-OD and an EKF
with Jason-3 satellite data was chosen. The CDA initial errors were selected from literature for the
PROBA-2 satellite’s flight experience.

Table 3: State Errors for each Orbit Determination algorithm, showing the mean and standard deviation.

OD Algorithm Kinematic SPP | PR-based EKF | CP-based EKF
Radial Pos. Error [m] 11.0+/-46.0 6.5+/-33.6 0.5+/-0.5
Along-track Pos. Error [m] | -5.9+/-27.0 -4.1+/-28.2 0.3+/-1.2
Cross-track Pos. Error [m] | 0.7+/-32.0 -2.2+/-25.0 0.0+/-0.3

Radial Vel. Error [m/s] 0.0040+/-5.80 0.0230+/-2.51 -0.0030+/-0.0009
Along-track Vel. Error [m/s] | 0.2000+/-6.90 0.0130+/-2.86 -0.0001+/-0.0006
Cross-track Vel. Error [m/s] | -0.0004+/-12.80 | 0.0030+/-2.49 0.0001+/-0.0004

Short predictions for all 3 algorithms were done with predictions starting throughout different times
of the link window and evaluating the PE contribution after 100 s. The CDA showed minimum PE
contributions, peaking at 5 urad for the LEO Polar-LEO Inclined link. The KA and BDA performed
similarly, contributing below 100 prad for the 3 MEO link cases. For LEO link cases, supported the
LEO Polar link case with contributions below 200 prad. The LEO Polar- Inclined and cross-plane LEO
Inclined link PE contributions exceeded the 0.5 mrad threshold whenever the link distance was below
3500 km. At larger link distances, the PE contributions were 100-200 prad.

Results for longer predictions are shown below. Again the CDA’s impact on PE was found to be well
below the threshold of 0.5 mrad for link cases and windows. The BDA now outperformed the KA, as the
extrapolation-based predictions diverge severely for longer windows. For MEO cases, the KA could
still support a 10 minute window for Co-planar MEO satellites. The BDA could support all MEO cases
up to 10 minutes. Neither of the two could support any LEO link cases, although the BDA’'s impact was
at least 2 factors smaller than the KA’s at 10 minutes.

Table 4: 99.7th percentile of the maximum PE [urad] for the 10/30/60 min. predictions.

t pred. | Copl. MEO - MEO Inter-orb. MEO - LEO | Inter-orb. LEO P - MEO
[min] KA BDA | CDA | KA BDA | CDA | KA BDA CDA
10 400 300 0.2 7500 400 0.2 5400 400 0.2
30 9700 900 0.4 148100 | 2000 1.1 400500 1900 1.1
60 64000 1800 | 0.9 2153500 | 2500 1.2 1457400 | 3700 1.2

t pred. | Copl. LEOP-LEOP Inter-shell LEO P -LEO| | Intra-shell LEO I -LEO |
[min] KA BDA | CDA | KA BDA | CDA | KA BDA CDA
10 31600 2200 1.2 1590800 | 43300 | 21.3 | 5100 2800 3

30 154200 | 7800 | 3.1 1590800 | 43300 | 21.3 | 24100 15500 | 6.3
60 1038300 | 14500 | 4.6 - - - 2330800 | 127900 | 39.9

It was therefore concluded that with the considered OD performance, CDA can provide accurate
coarse pointing knowledge, while the KA and BDA can perform well in short-term predictions.

For future research, it was recommended to analyze the impact of different numerical integra-
tors, state representations and the impact of simplified rotation/ephemeris models. Also, as only
pseudorange-based models were implemented during this research, it is recommended to also imple-
ment a carrier-phase based OD algorithm to test whether its performance is in-line with the expectations
in literature. The benefit of having the analyzed CDA for OD-OP is immense, as long-term predictions
could be made with minimal PE contributions. However, in order to cope with CP-based OD issues
such as cycle-slips, a robust real-time method to determine the quality of an OD solution would be
needed.
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Introduction

The goals for this introductory chapter are explaining the importance of Satellite Laser communication,
necessity of relative navigation knowledge and where this research fits in the industrial and academic
fields. This is done by first providing background of the project in section 1.1. Subsequently, previous
laser communication missions and communication satellite constellations and the constellation used for
this research are documented in section 1.2. Afterwards, attention is be brought to orbit determination
and prediction options in section 1.3, where the analysed methods are defined. The research aims and
their importance are discussed in section 1.4, where the central research questions are listed. Finally,
the outline of the entire report is presented in section 1.5.

1.1. Project Background

In subsection 1.1.1, the benefits and potential applications of laser communications are introduced. In
subsection 1.1.2, the importance of Pointing, Acquisition and Tracking schemes are mentioned. Finally,
the background of Mynaric and its developed and manufactured laser communication terminals are
documented in subsection 1.1.3.

1.1.1. Laser Communication Benefits

Laser communication provides various benefits over typical Radio Frequency (RF) communication.
Compared to RF, optical communication requires considerably less power, does not occupy regulated
frequency bands, provides much higher data rates, has lower risk of jamming and are much safer due
to having a beam width of around 10 urad [50]. With the demand for bandwidth continuously increasing,
RF communication systems have the inherit issue of restricted and limited spectrum usage, whereas
optical communication does not have frequency usage restrictions. Additionally, optical frequencies
can be reused, which is made possible by the small beam divergence of communication laser beams
[20]. Due to all the aforementioned benefits, free-space optical technology is expected to meet the ever
increasing bandwidth needs [41].

Optical links can be further utilized for space applications. Specific use cases include relay of high-
resolution Earth observation data or providing global internet connectivity. Laser Inter-satellite Links
(LISL) can be used for communication between individual satellites or entire satellite constellations.
Links are also possible from space to aircraft or UAV’s. The potential optical link categories are shown
in Figure 1.1. These technologies can provide connectivity to commercial aircraft, enable high-speed
communication between satellites, enable capabilities to downlink higher volumes of Earth Observa-
tion. Finally, providing global communication would connect all- urban, rural and areas that cannot be
reached by radio-towers, even providing maritime connectivity.

1.1.2. Pointing, Acquisition and Tracking

Although LISL have extremely favourable qualities, they also require significant efforts. Optical beamwidth
for long-range communication is in the range of 10-30 urad. In contrast, Pointing Errors (PE) due to
platform motion, Point-ahead angles, imperfect initial relative position and attitude knowledge are in
the mrad range- over 100 times larger than the beam divergence. Thus, a Pointing, Acquisition and

1
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Figure 1.1: System architecture diagram of the Mynaric laser communication network. [43]

Tracking (PAT) system is critical to compensate for these PE and systematically acquire, and maintain
a LISL [20].

In order to reduce the PE from mrad to sub-urad levels, the PAT system first performs an acquisition
scan of the initial Uncertainty Cone (UC), searching for the receiving beacon, then links the beams,
switches to narrow beam communication and maintains alignment. At this point, communication can
be initialized and tracking follows.

A critical goal is to minimize the link acquisition time and maximize acquisition success rates, leading
to overall more communication time. Link acquisition by itself is a key technology for satellite laser com-
munication. However, this will not be looked into during this thesis, as in general- the bigger the initial
Pointing UC is, the more time and lower success rates for link acquisition can be expected. Therefore,
the thesis instead will be focused on minimizing a specific UC contribution.

Among these UC contributions is the relative Line of Sight (LOS) vector error. The LOS depends
on the relative position knowledge between the host and target satellites, as well as the host’s atti-
tude. While the attitude knowledge is provided by common attitude sensors, position information is
challenging to quickly and accurately determine for the host satellite [20].

While there is no hard limit on the total UC to enable link acquisition, a general threshold shall
be setup. In previous missions, experimental and simulation tests have indicated various results. In
[58] it is mentioned that the SILEX Laser Communication Terminal (LCT) on-board the ARTEMIS satel-
lite spirally scanned a 1.7 mrad pointing UC with a wide beacon laser and succeeded in most of the
attempted LISL with the SPOT-4 satellite. [76] indicated that using numerical simulations, spatial ac-
quisition could be established with an average of 10s for a 1-mrad UC. Considering the LOS error, it
is only one of many UC components. Therefore, a more conservative threshold will be set-up of 0.5
mrad to accommodate for other PE contributions.

1.1.3. Mynaric CONDOR Terminals

Mynaric develops LCT which are specifically focused on free-space optical communication in aerospace
applications. Mynaric was founded in 2009, as a spin-off of DLR’s Institute of Navigation and Commu-
nication, which has worked on LCT’s for 20+ years. Since then, Mynaric has demonstrated high-speed
links in air-air, air-ground and ground-ground scenarios. Now, some of Mynaric’s goals include devel-
oping and manufacturing LCT’s for large satellite constellations in LEO [41] and providing LCT’s for
LEO-MEO relay links [23].
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Mynaric’s LCT’s for space applications are called CONDOR terminals and are specialized for LISL.
An overview of the 1st-generation CONDOR Mk1 LCT can be seen in Figure 1.2. CONDOR Mk1 was
designed for a link distance <4500 km in LEO and providing data rates of 10 Gbps. lts Optical System
Assembly (OSA) consisted of [41]:

» Coarse Pointing Assembly (CPA) - consisting of a steerable mirror and responsible for establish-
ing steady pointing toward the target satellite. It provides large angular motions to cope with the
link dynamics for initial open loop pointing and acquisition.

» Telescope Assembly - an afocal telescope, tasked with magnifying or reducing the received/out-
going beam diameter to achieve the required optical quality of the laser.

» Transmitting (Tx)/Receiving (Rx) Optics - containing an inner optical subsystem, which collimates
the Tx beam, stabilizes/separates the Tx/Rx beams, actuates the Point-Ahead Angle (PAA) of the
Tx beam, tracks error feedback measurements, etc.

Coarse Pointing Assembly

Electronics Assembly

,| Optical System Assembly

.i Interface Plate

Figure 1.2: CONDOR Mk1 system overview [41]

The 2nd and 3rd generation LCT's- CONDOR Mk2 and CONDOR Mk3 can be seen in Figure 1.3.
CONDOR Mk2 was built to establish intra-plane and cross-plane LISL in LEO, supporting distances
up to 5000 km. Meanwhile, CONDOR Mk3 supports link distances over 10000 km, thus enabling
links to MEO. In CONDOR’s case, satellite laser communication is split into 2 pointing procedures-
coarse and fine pointing. The CPA covers the large field of range due to the satellite link dynamics and
compensates for the target satellite’s attitude actuators. It leads to a small enough pointing uncertainty
cone, such that the Fine Pointing Assembly (FPA) can detect the target beacon and establish a link.

A diagram of the coarse pointing knowledge flow and its key algorithms can be seen in Figure 1.4.
The entire system here is split into 3 components- the CONDOR LCT, Host Satellite Platform and the
Ground Segment. The initial pointing knowledge processing steps are as follows:

* Orbit Determination. The GLoban Navigation Satellite System (GNSS) receiver provides discrete
pseudorange/carrier phase measurements y;, which are processed by the Orbit Determination
(OD) algorithm to determine the host satellite position x;, at time ¢;

+ Orbit Prediction. The OP algorithm receives the determined host satellite position x;, at time ¢,
and the uplinked target satellite position x; at time ¢7-. Both of the positions are propagated for
the communication time window ¢, resulting in the predicted target x; ,.q(¢t) and host @}, preq(t)
positions.

» Relative Pointing Calculation. The Cartesian host and target satellite coordinates are converted
to a relative LOS vector, which goes through transformations to the horizontal vehicle-carried
reference frame. Using the host satellite’s attitude information 6,,(¢), the body-fixed frame LOS is
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(a) CONDOR Mk2 [24]. (b) CONDOR MK3 [25].

Figure 1.3: Optical System Assemblies of Mynaric’s 2nd and 3rd generation Space LCTs.

computed, which can then be converted to the terminal frame. This leads to the pointing vector
representation in Azimuth/Elevation angles for the prediction window 6,,,..4(?).

» The Coarse Pointing Assembly points the Tx/Rx optics towards the the target satellite, providing
the pointing at an accuracy of 8., (t), which leads to the Initial Uncertainty Cone to be scanned
by the Pointing Acquisition and Tracking system.

Host Attitude

Bt )
Determination (&) Ground Station

GNSS receiver

observations Uplink

System
Host Satellite Ground Segment
i ri(tr)
v Y L 4
(Orbit Determination .| Orbit Prediction .| Relative Pointing Coarse Pointing Pointing, Acquisition
Algorithm i Algorithm ke Algorithm Assembly and Tracking
Thi rtmd(t} Em‘ed{t
CONDOR Terminal Thpred(t) i

Figure 1.4: Initial Coarse Pointing knowledge components and the relevant algorithms.

This thesis will be contribute to Mynaric’s goals by improving the host and target satellite’s pointing
knowledge and quantifying its impact on the UC. This will be done by analysing the initial OD and sub-
sequent OP. The analysis will be done in the context of LEO and MEO satellite LISL with the pointing
limitations of CONDOR Mk2 and Mk3, evaluating the resulting UC in various link cases and communi-
cation windows lengths. In the future, the results will be used as guidelines for the software to be used
on Mynaric’s LCTs.

1.2. Satellite Laser Communication

In this section, the state of the art in satellite laser communication will be presented and the constel-
lation to be analyzed in this report will be defined. First, past laser communication satellites will be
documented in subsection 1.2.1. Subsequently, in subsection 1.2.2. Finally, the chosen LEO/MEO
constellation parameters will be presented in subsection 1.2.3.
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1.2.1. Past Laser Communication Satellites

Optical communication between satellites began in late 20th century, in various link cases. In 1980s, an
experimental demonstration, as described by [52], a LISL was established from LEO to Geostationary
Orbit (GEO) and vice-versa between the French Earth observation SPOT-4 AND European telecom-
munication ARTEMIS satellites [12]. GEO-ground links were established by the Japanese OICETS
in 2006, as described by [27]. In LEO, LISL were established in 2008 between the TerraSAR-X and
NFIRE satellites, while [19] describes the ground-LEO uplink to NFIRE in 2010. In 2013, NASA's
LLCD program established Lunar-ground links [42]. LEO-ground downlinks were done in 2014, on
SOCRATES [8]. European Data Relay System (EDRS) established GEO-ground downlinks in 2016
using TESAT’s second generation LCT [49]. In 2017, LEO-ground downlinks were established by on
a cubesat by NASA's OCSD program [54]. [32] mentions the microsatellite RISESAT, which estab-
lished LEO-ground downlinks in 2019. DLR’s OSIRIS program is developing LEO-ground LCT’s for
small satellites [13]. The upcoming CLICK mission aims at demonstrating full-duplex LISL in addition
to downlinks from cubesats in LEO [56]. Despite LISL being demonstrated between ground, the Moon,
LEO and GEO, none have yet been done in MEO.

1.2.2. Planned Laser Communication Constellations

An overview of currently planned communication satellite constellation shells can be seen in Table 1.1.
Of the listed constellations, Amazon’s Kuiper plans to utilize Ka-band without specifying if they intend to
utilize ISL. Telesat will operate in the Ku-band and will utilize intra and cross-plane ISL. Both OneWeb
and SpaceX will utilize Ku-band. OneWeb does not intend to utilize ISL from the start of operations,
while SpaceX’s Starlink plans to utilize LISL.

It can be seen that the constellations mainly target the highly populated area coverage. The majority
of the satellites will be in inclined orbital planes. While all the shells of Kuiper are inclined, the other
constellations have smaller numbers of satellites in near-polar orbits to provide coverage to the less
populated areas.

Table 1.1: Orbital Parameters of Communication Satellite Constellations, according to their FCC filings

Constellation h [km] | i[deg] | Nr. Planes [-] | Sat/Plane [-] | Nr. Total sat. [-]
550 53 72 22
540 53.2 72 22
SpaceX’s Starlink [60] 570 70 36 20 4408
560 97.6 6 58
560 97.6 4 43
1015 | 98.98 27 13
Telesat [65] 1325 | 50.88 40 33 1671
1200 87.9 36 49
OneWeb [45] 1200 40 32 72 6372
1200 55 32 72
630 51.9 34 34
Amazon’s Kuiper [63] 610 42 36 36 3236
590 33 28 28

1.2.3. Chosen Constellation
The constellation used in the link analysis will consist of two LEO and a single equatorial MEO shell. A
thorough constellation design will not be performed in this research. Firstly, it is outside of the chosen
scope. Furthermore, Mynaric aim to deliver the LCT as a payload module, but are not involved with
the LEO/MEO satellite platform or constellation design. Nevertheless, a choice must still be made on
the basic constellation structure, as this will dictate the LISL dynamics. The constellation shells are
summarized in Table 1.2.

This constellation will be simulated for 24 hours using TUDAT. The constellation choice is loosely
based on expected use cases, previously analyzed orbital scenarios and historical constellation design
choices. The argumentation is as follows:

» The LEO shell altitudes are chosen to match fitting orbital scenarios for Laser Communication.
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Table 1.2: Orbital parameters of the selected Laser communication Satellite Constellation. All considered shells are in circular

orbits.
Constellation | h[km] | i[deg] | Nr. Pl. [-] | Sat/Pl. [-] | Nr. tot. sat. [-] | T [hr]
LEO near-polar | 1000 89 13 14 182 1.75
LEO med. Incl. | 1000 53 13 14 182 1.75
MEO 13892 | O 1 5 5 7.97

» The adjacent orbital plane spacing within a single LEO shell was chosen to provide cross-plane
link opportunities. This means the maximum distance does not exceed 4000 km. With 13 planes
per shell, the cross-plane distance at the equator is roughly 3520 km. This leaves an additional
margin for maximum link distance increase due to the satellite relative phasing.

» The intra-orbit spacing for the LEO shells is roughly 3300 km with 14 satellites per plane at the
chosen altitude. This is well within the maximum link distance supported by the CONDOR Mk?2.

» Two LEO shells were chosen- near-polar and medium inclination. The medium inclination shell is
a common use case, as this inclination is inexpensive in terms of AV needed for the launch and
covers the most populated regions of Earth. The near-polar orbit was added to add coverage to
the high latitude and polar regions, in addition to being a desired inclination for maximum coverage
in observation missions [36]. The two shells combined will provide global coverage and will be
sufficient to quantify the challenging fast-dynamic cross-plane LEO link cases.

» The MEO shell was chosen rather loosely- simply to provide challenging LEO-MEO, LISL cases.
It was intentionally chosen not to have small relative velocities w.r.t. Earth’s surface, as MEO-
ground links are not a link case of interest for the CONDOR terminals.

1.3. Orbit Determination and Prediction Background

In this section, a brief overview of orbit determination and prediction methods is provided. This is done
in subsection 1.3.1 and subsection 1.3.2, respectively. In subsection 1.3.3, it is explained which of
those methods will be analyzed in this report.

1.3.1. Overview of Orbit Determination Methods

OD can be done on-ground and uplinked to the satellite or performed entirely on-board. Ground-based
tracking systems include the French Doppler Orbitography and Radiopositioning Integrated by Satellite
(DORIS) [74], the Satellite Laser Ranging (SLR) system [46] and the Two-line Element (TLE) tracking
data provided by the US Space Surveillance Network. However, these methods depend on Ground
Stations (GS) and generally have a poor latency, which leads to increasingly degraded OD accuracy be-
fore new measurements are available. In contrast, On-board (OB) Global Navigation Satellite System
(GNSS) receivers can provide continuous measurements and can be processed on-board, delivering
orbit solutions minutes or seconds after observations are made [71]. Therefore, only on-board GNSS-
based OD methods will be considered.

Using Global Positioning System (GPS) data for OD has been done in the 1990s by JPL and GSFC,
where the GEODE navigation software was developed. Using pseudorange measurements, EUVE OD
was accurate to 10 m RMS, and TOPEX/POSEIDON- 7.8 m, as documented by [17]. The German
Aerospace Center (DLR) developed the PHOENIX-XNS receiver, equipped with an integrated RTOD
software for LEO satellites, which operated on X-SAT and PROBA-2 mini-satellites, as described by
[14] and [39]. Utilizing an Extended Kalman filter (EKF), a high-fidelity reduced dynamic (RD) orbit
model and using a linear combination of GPS 1 C/A code and carrier phase (CP) measurements, it
provided an OD accuracy of 1 m [35]. [38] presented a prototype algorithm, compatible with current
OB processors, using Group and Phase lonospheric Correction (GRAPHIC) measurements, an EKF
and a careful trade-off of the Dynmical Model (DM) achieving an OD accuracy of 0.4-0.6 m, using
broadcast ephemerides.

Methods other than the EKF also show promise in GNSS-based OD. [70] points out the EKF uses
first-order linearization of the nonlinear system, which can introduce large errors in the true posterior
mean and covariance of the transformed state distribution, leading to sub-optimal performance/diver-
gence of the filter, thus proposing using the Unscented Kalman Filter (UKF), which was first formulated
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by [28] and uses nonlinear propagation. [29] stated that in GPS navigation, the EKF issues are relevant.
[9] applied the UKF in GPS-based OB OD of CHAMP and KOMPTSAT-2, achieving more stable and
accurate OD than the EKF. [51] compared the UKF and EKF and found the UKF converges faster and
is less likely to diverge for low-fidelity DM, which is relevant for computationally limited OB OD meth-
ods. [5] investigated Single Propagation UKF (SPUKF), where only the sigma point representing the
a-posteriori mean state vector was propagated. Compared to an UKF, the SPUKF was 92.6% faster
with a similar accuracy. Another modification to the classical EKF OD was investigated by [3], who
added a preprocessing block to the EKF. First resolving the pseudorange measurements into a coarse
position solution using the multivariate Newton-Raphson Method (NRM). It can be used for EKF initial-
ization and as the measurement, for an overall simpler filter formulation. Compared to a typical EKF,
the Preprocessing-EKF (PEKF) lead to a slightly increased OD accuracy, but the run-time increased
by 50%.

1.3.2. Overview of Orbit Prediction Methods

An exact number of orbit prediction schemes is difficult to establish, as these algorithms can differ
both in fundamental formulation ways and in very minor modifications. Fortunately, in general, Orbit
Prediction methods can be summarized into 3 distinct categories [68]:

1. General Perturbation (GP) methods, where the orbit is calculated analytically. These methods
are generally computationally light but are limited in their achievable accuracy. They require ana-
lytical approximations of the considered accelerations, are generally formulated in element space
(Keplerian, Equinoctial), They require the considered perturbations to be separated in terms of
long and short periodic, and secular terms [6] and are usually expressed in series expansions.
The most commonly used implementation is the Simplified General Perturbations 4 (SGP4) orbit
propagator, based on modified Brouwer’s theory [7], which includes different perturbing acceler-
ations based on the orbital period. SGP4 is the currently used theory to maintain the NORAD
catalogue.

2. Special Perturbation (SP) methods, which numerically integrate the EOM. These techniques are
generally computationally much heavier, but can also produce very accurate results compared
to GP methods. SP require accurate modelling of the perturbing effects, which allow to express
them as perturbing accelerations in the EOM. Provided with initial conditions, the EOM can then
be numerically integrated to the next step. Therefore, SP techniques not only suffer from limited
physical model accuracy, but also contain Truncation Errors (TE)- due to the limited order of
the numerical integrator and Rounding Errors (RE) due to the limited numerical representation,
Nevertheless, these techniques are often used to derive the "truth” trajectories in analyses.

3. Semianalytical Sattelite Theory (SST) techniques, which combine the features of GP and SP,
leading to a mix between their accuracy and efficiency. While the fast-varying elements are
expressed with analytical approximations, numerical integrators are used for the slow varying
elements.

Significant effort in OP research has been aimed towards utilizing Machine Learning (ML) techniques.
There is a lack of knowledge of the space/time variation of Earth gravity, atmospheric drag, solar radi-
ation pressure and the space object’s initial state [47], which limits the accuracy of physics-based OP
methods. In contrast, ML presents different modelling capabilities, as they are based on large amounts
of data. In [47], the potential of ML applied to OP was analyzed by simulating LEO satellite truth or-
bits and GS measurements. First, the orbit was predicted with a reduced dynamic method and then
corrected with the Support Vector Machine (SVM) method. It was shown that from the simulated track-
ing data, SVM can indeed learn the underlying unmodelled orbit pattern. In [55], it was proposed to
improve the Simplified General Perturbations 4 (SGP4) model using Lost Short-Term Memory (LSTM).
OP accuracy was also improved by training a SVM with TLE data [48], showing potential in using these
methods for collision avoidance.

1.3.3. Chosen Approaches

While many options are available for both OD and OP, only a limited number of techniques can be
analyzed further. Therefore, multiple OD and a single OP technique will be selected based on their
applicability to LISL.
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For the GNSS-OD portion, only Single Frequency (SF) measurement-based approaches will be
analyzed. SF receivers are low-cost and consume less energy than Dual Frequency receivers [61],
thus only techniques using SF GNSS measurements will be considered.

Regarding OD algorithm formulations, multiple candidates will be considered. The typical EKF will
be implemented, as it is the industry standard and is relatively easy to implement and tune [36]. The
UKF was found to diverge less with simplified Dynamical Model (DM), making it another promising
option. Of the novel filter formulations, SPUKF and PEKF can be highlighted. SPUKF was shown to
perform as a computationally lighter UKF. PEKF, although having a higher Computational Load (CL)
than EKF, indicated more accurate performance and had other favourable qualities like availability of
coarse solutions and self-initialization.

Regarding orbit prediction, many options will be discarded and only SP techniques will be consid-
ered. ML techniques will not be analyzed in this report, as they are computationally heavy, require
large amounts of data and are not yet flight proven. Therefore, they are not well suited for on-board
satellite navigation purposes.

Analytical/GP and semi-analytical (SST) OP methods can be beneficial in some cases, but they
will are* excluded from the scope due to their poor applicability to laser communication. Analytical OP,
although commonly used, generally does not provide sufficient accuracy, requires additional reference
frame transformations and loses some of its CL advantages when higher sampling rates and shorter
prediction windows are needed. This also means that widely used TLE-based approaches are poorly
applicable here. Semi-analytical methods do provide promising CL and OP accuracy, but are not openly
available and non-proprietary versions are difficult to obtain [57].

In contrast, SP/numerical propagation methods are favourable for LISL. Their precision and CL
can be relatively straightforwardly altered by choosing DM simplifications and neglecting perturbations.
Therefore, they can be made as computationally-light and as precise as necessary for LISL.

1.4. Scope of the Research

In subsection 1.4.1, the aims and scope of the research is defined. Subsequently, the Central Research
questions and their sub-questions are listed in subsection 1.4.2.

1.4.1. Aims of the Research
This research will be focused on improving the host and target satellite’s pointing knowledge and quan-
tifying its impact on the pointing UC for LISL. This will be done by analysing the host’s initial OB GNSS-
based OD and subsequent target and host OP, while considering the attitude data to be known perfectly.
The aims of this research will be academic, while being tailored to provide analysis relevant to
Mynaric’'s CONDOR terminals Mk2 and Mk3. Academically, the goals will be to cover research gaps
in GNSS-based OB OD by improving an existing OD method and comparing it to other common OD
methods. Additionally, recently developed GNSS-based OD methods will be tested with flight data for
the first time. Furthermore, the GNSS-based OD and subsequent OP methods’ will be evaluated in
terms of their impact on the PE. The analysis will be done in the context of LEO and MEO satellite LISL,
evaluating the resulting pointing UC in various link cases and communication windows lengths.

In order to apply the algorithms to a laser communication satellite constellation, the link geometry
must be known. This will require the simulation of a LEO/MEO satellite constellation. Doing so will
allow to evaluate the communication window lengths, expected pointing angle ranges and their rates.
Knowing the communication window lengths will be used to determine the most relevant prediction
window lengths for the OP methods. Additionally, knowing the pointing angles and rates for various
LISL types, increasingly challenging link cases can be determined to benchmark the OD-OP algorithm
performance and their impact on each scenario.

To evaluate the applicability of each OD-OP algorithm, its PE contribution will be compared to a
constant threshold. The total PE budget has many sources, such as spacecraft body-pointing er-
rors, micro-vibrations, point-ahead errors, thermal deformations, launch-induced shift [56] and thus
the coarse pointing error is just one of the contributors. Therefore, a conservative threshold of 0.5
mrad is considered for both terminals.

Orbital simulations will be carried out using TU Delft Astrodynamic Toolbox (TUDAT) software [22].
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TUDAT provides the necessary freedom (various dynamical models, numerical integrators, propagated
body settings, acceleration formulations) to setup the various-precision orbit simulations for this report.
Additionally, it is a free verified tool.

GNSS-OD algorithms and all necessary blocks will be implemented using base python libraries.
These include multiple Kalman Filters (KF), the kinematic OD methods as well as specific blocks re-
quired for GNSS data processing. Those include reading and processing RINEX files and converting
GNSS broadcast ephemerides into navigation vehicle orbits.

After analysing and determining the recommended OD and OP software, at some point it will be
implemented and thus needs to consider OB Computer (OBC) needs. Although it is not required to
provide the actual software to be used on-board, a blueprint for this software module will be delivered.
This imposes two requirements: first, the OD/OP software shall be independent of any external libraries,
secondly, the OD/OP methods shall be compatible with currently available OBC. This means, that the
CL of the chosen methods must be on the same or lower CL than previously used OD/OP algorithms
that have flight experience.

The GPS modules to be used for Mynaric’'s CONDOR terminals are not known. Therefore, when
testing the methods, publicly available GPS receiver and representative satellite data will be used. This
includes data from CHAMP, GRACE-FO and Jason-3 missions.

1.4.2. Research Questions

Broad central Research Questions (RQ) and the subsequent narrower sub-questions were set up to
cover each aspect of the thesis. Once the sub-questions are answered, in combination will provide an
answer to each central question.

The first question covers the link geometry and communication windows for each terminal configura-
tion in the analyzed LEO/MEO constellation. An aim is to quantify the critical communication windows
which determine the LOS prediction time length and to select a number of occurring link cases which
capture the scope of easy-difficult link conditions in the LEO-MEO constellation. The communication
windows and link cases will be used to benchmark the integrated OD-OP algorithm performance in
RQ3.

The second question is aimed at covering some gaps in GNSS-based OD and determining the op-
timum algorithm for on-board use. Novel KF with promising accuracy/CL qualities - PEKF and SPUKF
will be implemented and for the first time tested with GNSS receiver measurements collected on the
CHAMP, Jason-3 and GRACE-FO missions. Their accuracy will also be quantified with sparser mea-
surements update rates. In addition, typical GNSS-OD methods will be implemented and their perfor-
mance will be quantified and compared to the novel filters to provide initial OD errors for the subsequent
OP. Finally, an attempt will be made to improve the original PEKF using NRM by implementing a NRPC-
PEKF and testing whether the higher efficiency numerical method compensates for the added CL of
the original PEKF.

The third central question interfaces the outcomes from the first two RQ with subsequent OP algo-
rithms to evaluate the overall PE contribution of these algorithms in LISL use cases. These OD-OP
algorithms will use increasingly complex OD options and OP methods, ranging from fully kinematic to
complex-dynamic. LISL cases quantified in RQ1 will be used to quantify the PE contribution of each OD-
OP algorithm for the critical communication windows. Furthermore, the OD-OP algorithm performance
will be evaluated for link-acquisition purposes, analyzing the maximum PE contribution depending on
the link conditions. Conclusions regarding the applicability of each OD-OP algorithm for each link case
will be made while regarding the 0.5 mrad maximum PE contribution threshold.

1. What Laser Inter-satellite link properties occur in a combined LEO/MEO satellite constellation?

(a) What are the available communication window time distributions for the intra-orbit, inter-orbit
and inter-shell in LEO-LEO, MEO-MEO, LEO-MEO and MEO-LEO links?

(b) What are the critical communication time cut-offs in terms of available communication win-
dows?

(c) What are the ranges and rates of azimuth, elevation and link distance for the intra-orbit,
inter-orbit and inter-shell in LEO-LEO, MEO-MEO, LEO-MEO and MEO-LEO links?

(d) How many links of each type can be established by satellites in LEO and MEO to each orbital
plane per orbital revolution?
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2. Which Kalman Filter formulations are optimal for the initial GNSS-based on-board orbit determi-
nation in satellite constellations?

(a) What errors are the expected RSW position and velocity errors for on-board kinematic and
reduced-dynamic SF pseudorange based GNSS-OD methods?

(b) Whaterrors are the expected RSW position and velocity errors for on-board reduced-dynamic
SF carrier-phase based GNSS-OD methods?

(c) How do novel pseudorange-based NRM-PEKF and SPUKF perform with flight data com-
pared to typical EKF and UKF formulations in terms of OD accuracy?

(d) How do novel pseudorange-based NRM-PEKF and SPUKF perform with increasingly sparse
measurement updates rates in terms of OD accuracy?

(e) Does the performance of the NRM-PEKEF algorithm, documented by [3] improve when using
a higher efficiency NRPC root finding method in terms of OD accuracy or CL?

3. What is the performance of integrated OD-OP scheme for LISL in the combined LEO-MEO satel-
lite constellation?

(a) What is the PE contribution for increasingly complex integrated OD-OP algorithms in the
LEO/MEO constellation during the critical communication windows?

(b) What is the PE contribution for each OD-OP algorithm for the 100 second link-acquisition
window throughout the available link communication window?

(c) How long can each integrated OD-OP algorithm support each type of link LISL without ex-
ceeding the maximum allowed PE contribution threshold?

1.5. Report outline

The report is structured as follows. Having already introduced the project background and the scope
of this research, the theory that will be applied in the technical work is documented in chapter 2. The
chosen constellation is simulated in chapter 3, where the potential LISL and their pointing variables
are quantified. Subsequently, multiple GNSS-based orbit determination methods are implemented
and tested in chapter 4, where conclusions regarding the novel filter performance and the expected
OD errors in satellite laser communication constellations are made. Finally, the OD algorithms are
interfaced with the subsequent orbit prediction and they are benchmarked in chosen link cases in terms
of their Pointing Error contributions in chapter 5. The main conclusions and further recommendations
can be found in chapter 6.



Theoretical Background

In this chapter, the theoretical background behind the research are presented. Time systems are intro-
duced in section 2.1, followed by relevant reference frames in section 2.2. Link geometry calculation is
described in section 2.3, followed by GNSS background in section 2.4. Then, specifics of astrodynamic
acceleration modelling are documented in section 2.5. Finally, the formulations for chosen GNSS-OD
methods are explained in section 2.6

2.1. Time Systems

Time is fundamental in many branches of science, but it is especially critical in astrodynamics, due to
how fast the objects are moving. Four time scales can be distinguished [68]:

1. Sidereal time, which is related to Earth’s rotation around the Sun. It is defined by successful
transits of distant starts over a local meridian.

2. Solar time, which is also related to Earth’s rotation around the Sun. It is defined by successful
transits of the Sun over a local meridian.

3. Dynamical time, which is based on the motion of bodies. Having a mathematical description of
the motion of a body, by observing the motion from one point to another, it can be deduced how
much time has elapsed.

4. Atomic time, which is based on specific quantum transitions of electrons in a cesium-133 atom,
allowing to define a second as a fixed number of cycles.

Several distinguished realizations of the mentioned time systems are relevant and will be used in this
project. GNSS broadcast ephemerides refer to GPS weeks and seconds, while precise orbit solutions
refer to Julian Days since a specific epoch. Furthermore, TUDAT uses seconds since the J2000 epoch
and therefore consistent conversions to a common time system need to be applied in order to have
comparable results. The definitions and the relations of relevant time scales and systems are explained
below.

TAI - International Atomic Time Itis based on an atomic clock and is related to Terrestrial Time (TT)
by adding a fixed 32.184 seconds as follows:

trr = trar + 32.184 (2.1)

TGPS - GPS time GPS time also works on the atomic time scale. Its origin is the same of Coordinated
Universal Time (UTC) at 1980 January 6 00:00:00 UTC. It is ahead of of UTC by the number of leap
seconds ng, added since 1980:

lreps =turc +nLs (2.2)
It is invariant, just like atomic time and exactly 19 seconds behind TAI, as the UTC time-scale was back
in 1980, January 6th.

11
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The GPS time system is often used in second format since the start of the epoch tr¢ps 5. This format
is utilized to process GPS measurements or the GPS broadcast ephemerides. trqps s is defined as
number of seconds since the 0th GPS epoch 1980, January 6, 00:00:00 UTC [68]:

traps,s = traps — traps,o (2.3)

where trgpg,s is the number of seconds between the reference date in GPS tr¢pg and the Oth GPS
time epoch tr¢ps.o-

In 1972, the UTC time was set to be 10 seconds behind atomic time TAI. The leap seconds added
since then increase the gap and in 2022, UTC is 37 seconds behind TAI.

GMST - Greenwich Mean Sidereal Time 6g,;57 represents the angle between the mean vernal
equinox of date and the Greenwich Meridian. 64,57 can be expressed for a general time of day using:

OcarsT = 67310.54841 4 (876000 + 8640184.812866) Ty + 0.093104T 31, — 6.2 - 107 T3, (2.4)

Where Ty are the Julian centuries since 2000, January 1, 12:00:00 at the current UT1 time.

typ.ur1 — 2451545
36525

Tyr: = (2.5)

Julian Date Julian Date (JD) is measured in days since January 1, 4713 B.C., 12:00. It generally
implies being based on UT1. When provided a date in the format yr:mo:d, h:min:s is calculated using:

7 . Nmo+9 in 9 o N /60+Nmin .
typ = 367 — ( (nyr + (P57) t) + ( Ton ) b g+ 17210135 4+ — 00T (o)
int int

4 9 24

where t;p is the Julian date, subscript int refers to integer truncation of the float number, and n,,., 7.,,,
ngq are the integer values for number of years, months and days of the reference date. Similarly, ny,.,
Nmin, Ns are integer values for hours, minutes and seconds of the reference time.

Another used form is the Modified Julian Date (MJD), expressed as:

tmgp = typ — 2400000.5 (2.7)

some commonly used Julian date epochs are as follows:

Table 2.1: Commonly used Julian Dates and their respective epochs and dates [68].

Epoch Julian Date | Date, time system

Oth GPS Epoch | 24442445 January 6, 1980, 00:00:00, UTC
J2000 2451545.0 January 1, 2000, 12:00:00, TT
J1900 2415021.0 January 1, 1900, 12:00:00, UT1

UT - Universal Time Universal time aims to achieve a constant average solar day length of 24 hours.
However, the length of one second is not constant, as it depends on the apparent movement of the Sun
and Earth’s rotation, The offset between UT1 and TAl is published by the International Earth Rotation
Services (IERS) in Bulletin B.

2.2. Reference Frames

In this section, the relevant reference frames and transformations between them will be documented.
All of the used reference frames are cartesian, right-handed frames.

2.2.1. Vehicle-carried Frames

RSW - Radial, Along-track, Cross-track Frame

The RSW frame aligned with the orbital track and the NTW frame aligned with the velocity vector are
shown in Figure 2.1. Although both of these frames coincide with the satellite’s orbital position, they
do differ slightly. The RSW frame has its R axis aligned with the geocentric position vector, S is normal
to the radial vector and generally not exactly coinciding with the velocity vector. In contrast, the NTW
system has its T axis parallel to the velocity vector and is therefore not aligned with the radius vector
[68]. The subsequent frames will be expressed with respect to the RSW frame.
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Figure 2.1: [68] RSW and NTW frames.

LF - Laser Communication Terminal Frame

The implementation of the LCT frame (LF) in 4 separate orientations with respect to the satellite’s body
and the RSW frame are shown in the left of Figure 2.2. It is important to note, that it is assumed that
the satellite’s body-frame coincides with the RSW frame. Thus, in the simulation, the terminals are
effectively on the Earth-facing side of the satellite.

Each LCT frame is very similar and only differ in minor translational and rotational terms. The
rotation varies for the X/Y axes with respect to the satellite’s flight direction, with frames LF1 and LF3
having the X axes parallel to the flight direction and LF2/4 - perpendicular to the flight direction. The
translational terms depend on the satellite’s bus dimensions and exact placement of each terminal. In
this case, it was assumed that they are symmetrically spaced out in each corner of the Earth-facing
side of a 3-unit cubesat.

Figure 2.2: (left) LCT frames 1-4 shown on a cubesat bus with the RSW frame coinciding with its geometrical center, (right)
Azimuth and Elevation angle conventions for a LOS in the LCT frame.
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2.2.2. Earth-Centered Frames

ECI- J2000

The first frame to define is the International Celestial Reference frame (ICRF). An Inertial frame is
generally most convenient to formulate the Equations of Motion (EOM) and determining the positions
of other bodies, such as Sun or the Moon.

The Earth-Centered Inertial (ECI) reference frame is an ICRF defined at the center of Earth. As
shown in Figure 2.3, the axis | point towards the Vernal equinox, J is rotated 90 degrees East and K
goes through the North pole, while the origin is at the center of Earth, A very commonly used realization
of the ECl is the J2000, which is an Earth-Centered (quasi) Inertial reference frame at 2000, January 1,
12:00:00. It is based on the IAU-76 system, where the motion of the equinox and equator are modelled
with the IAU-1976 Procession model and the IAU-1980 Theory of Nutation. J2000 will subsequently
be referred to as ECI.

Equatorial P]ali‘é:::l-‘-

[

Figure 2.3: Axes of the Earth Centered Inertial reference frames [68].

ECEF- WGS84
The International Terrestrial Reference Frame (ITRF) is another geocentric coordinate system, that ro-
tates with Earth. Itis commonly referred to as the ECEF coordinate frame. The ITRF is most convenient
when computing the Earth gravitational attraction or processing GPS satellite ephemerides. However,
when formulating EOM in ITRF, additional accelerations must be considered due to the rotating nature
of the frame. Namely, these are the Coriolis and Centrifugal accelerations.
A commonly used realisation is the World Geodetic System WGS-84, which is used by GPS [36]
and matches to the ITRF within a few centimeters. ECEF will be used to refer to WGS-84.
Conversions between the ECI and ECEF frames require the use of Earth Observation Parameters
(EOP), provided by the IERS. Namely, these models are needed:

» Precession, describing the secular change in Earth’s rotation axis and equinox, mainly caused
by Luni-solar torques

 Nutation, which describes the short-term periodic variation of the equator and the vernal equinox,
mainly caused by Luni-solar torques

+ Sidereal Time, related to Universal Time and describing Earth’s rotation about its axis

» Polar Motion. The coordinates of Earth’s pole relative to the IERS reference pole.

2.2.3. Frame Transformation

ECEF to ECI
Basic Rotations The rotations by an angle g around the 3 principal axes are listed below:
1 0 0
ROT1(B) = |0 cos(B) —sin(B) (2.8)

0 sin(B) cos(B) |

[ cos(B) 0 sin(B)
ROTy(B) = 0 1 0 (2.9)

| —sin(B) 0 cos(B)
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cos(B) —sin(B) O
ROT5(B) = |sin(B) cos(B) O (2.10)
0 0 1

Transformation Background Multiple effects must be taken into account to convert from ECEF to
ECI. Besides Earth’s rotation, the effects of gravitational forces from other planets have an impact on
Earth’s orientation. The gravitational attraction of the Sun and the Moon on Earth’s equatorial bulge
lead to a very small torque on Earth, causing smooth long period wobbling of Earth, which is referred
to as luni-solar precession. An additional torque on the bulge from the Moon causes nutations- small
oscillations in Earth’s rotation axis, causing monthly variations. All of these effects cause variations in
the orientation of Earth’s rotations axis, ecliptic plane, which also leads to motion of the equinox [68].

These effects are taken into account when transforming from ECEF to ECI by using multiple rota-
tions. The complete transformation is:

rECT = PN(t)Q(t)II(t)rECEF (2.11)

where PN is the matrix product of the Precession and Nutation matrices, (2 is the sidereal-rotation ma-
trix of date and I1 is the Polar Motion rotation matrix of date. The transformation follows the International
Astronomical Union (IAU)-2000 theory.

Precession and Nutation The PN matrix is used to relate the Celestial Intermediate Pole (axis of
Earth’s rotation, normal to the true equator) to the ECI [68]. It is expressed as:

1 —a,leg_, —a,poYp Xp
PN = —CLPXPYP 1-— apYI% Y ROTg(SN) (212)
—-Xp -Yp 1 —ap(XI%—FYI?,)

where a = 0.5+ 1/8(X% + Y2) and Xp, Yp are the y and x coordinates of the Celestial Intermediate
Pole w.r.t. ECI. Lengthy expressions are used to calculate X p, Yp, sy requiring Terrestrial Time, Mean
anomalies, Heliocentric longitudes, right ascensions of the ascending nodes, mean elongation, from
the Sun and the Moon, expressed in [68]. Additional corrections include the free-core Nutation and
time dependent effects (available as part of EOP).

Sidereal Time Rotation The sidereal time rotation uses the Earth rotation angle g g :
Q(t) = ROT5(—0gRra) (2.13)

where 0gr 4 is the Earth Rotation Angle, calculated as a function of the Julian Centuries since 2000 of
UT1 time:

Opra = 27(0.7790572732640 4+ 1.00273781191135448(JD(UT} ) — 2451645)) (2.14)

Polar Motion Rotation The Polar Motion (PM) rotation accounts for the movement of Earth’s rotation
axis w.r.t. Earth’s crust. To account for this rotation, angles are needed from EOP, which are published
by the International IERS. The displacements z,, and y,, are given in arc seconds.

Additionally in IAU-2006/2000 conventions, it is needed to take into account the instantaneous prime
meridian locator s’. The complete PM rotation is:

II(t) = ROT3(—s')ROT(x,) ROT1 (1) (2.15)

where s’ is the aforementioned prime meridian locator, which is found using average values for Chandler
and annual wobble [68] and can be calculated using TT:

s = —0.000047"TT (2.16)
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Impact on Accelerations in ECEF

When expressing accelerations in a rotating reference frame, it is important to consider the effects of
the rotation vector on the acceleration terms. Additional terms introduced when a rotating frame is used
are as follows [68]:

PrECcEF = TECI — WE X TECEF — 2WE X TPECEF — WE X (WE X TECEF) (2.17)

where the first term is the acceleration in an inertial frame, second is the tangential acceleration due to
the changing rotation rate (and is O for circular orbits), the third is the Coriolis acceleration and the final
is the centripetal acceleration [68]. Here, wg is the rotation rate vector of ECEF w.r.t. ECI, 7y is the
acceleration in ECI.

It is not necessary to rigorously evaluate the ECI-ECEF transformation and its time derivative and
instead it is sufficient to consider a simplified expression for the Coriolis and centripetal accelerations.
An approximate rotation vector can be used, along with the Polar Motion rotation of the Z axis, which
improves the modelling accuracy of the Coriolis force by one order of magnitude [38]. The rotation
vector is expressed as:

wp~T(t) | 0 (2.18)
WE

where wg is a scalar Earth rotational velocity, equal to 7.292115e-5 rad/s.

2.3. Link Geometry Calculations

Earth occultation condition computations are documented in subsection 2.3.1. Subsequently, conver-
sion of satellite positions to pointing angles are described in subsection 2.3.2.

2.3.1. Link Visibility Conditions

The link distances or viewing angles supported by the terminal are not always the limiting visibility
factor- Earth Occultation can also prevent links. To determine whether two satellites are visible to each
other, several angles must be established in the satellites’ relative geometry. These are visualized in
Figure 2.4 [73]. Namely, these angles are:

* pp, - Earth’s angular radius as seen from the higher-orbit satellite.
* p; - Earth’s angular radius as seen from the lower-orbit satellite.
* \o and )\, - Earth central angles at occultation and transit edges.

Target Open Sk}.

View
L Target Orbit /

Occultation
Earth Center

Transit

Figure 2.4: Geometry and relevant angles between the LEO and MEO satellites to determine if occultation occurs [73].

The occultation conditions can be derived from multiple points of view. As seen from the higher space-
craft, occultation occurs if:

m<pn and |l > [Irllcospn (2.19)
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where 7, is the angle between the nadir vector and the line of sight p between the LEO and MEO
satellites from the MEO satellite’s point of view. From the LEO satellite’s point of view, occultation
conditions are:

m<p (2.20)

where 7, is the angle between the nadir vector and the line of sight p between the LEO and MEO

satellites from the LEO satellite’s point of view. Conversely, the condition for link availability becomes

the opposite condition, that the relative nadir-LOS angle is more or equal to Earth’s angular radius:
m=p (2.21)

These angles can be computed using the satellite position vectors in an Earth-centered frame and the
orbital parameters. Earth’s angular radius from a LEO or MEO satellite is calculated using:

pn = sin™ ! (M> (2.22)
[l7n]|

where Rp is Earth’s radius and R,;,, is the altitude up to which the atmospheric distortion hinders LISL.
||rs|| refers to the higher satellite’s orbital radius.
Meanwhile, the angles 7 or n; are calculated using their Earth-centered position vectors and the

dot product rule:
nn = cos™ ! (rhplh> = cos ! ( rh - (Th = 1) > (2.23)

7]l - ol lall - [l(rn = 7o)l
analogously, from the lower satellite:
B —1 1" Phl ) _ -1 ( ry - (rp—7rp) )
n = cos ————— | = oS8 (2-24)
(||Tl|'|th|| [[eel] - [[(re = 7a)]

2.3.2. Pointing Angle Computations
The Terminal pointing angles are computed by using the host/target satellites’ cartesian positions and
host satellites attitude. For this analysis, the start point is set at Host and Target position knowledge in
the ECI reference frame. These are converted into a LOS by subtracting the target and host position
vectors:

LOSEC] =Ty —Th (225)
The LOS in ECI is then rotated to the satellite body-frame, which in this case is assumed to coincide
with the RSW reference frame. The LOS in RSW is calculated by using the rotation matrix from ECI to
RSW:

LOSgsw = ROT™SW/ECILOS ey (2.26)

where the rotation matrix ROT5W/ECT is calculated using the RSW unit vectors expressed in ECI[68]:
R

ROTHSW/ECT — | § (2.27)
W

where R, S, W are the unit vectors in the Radial, Along-track and Cross-track directions. They are
calculated using host position and velocity unit vectors via the vector formulation:

R =7y Ecr (2.28)
W = #n.por X On.po1 (2.29)
S=WxR (2.30)

If spacecraft attitude was considered, then ROTBF/ECT would relate ECI and satellite BF reference
frames. In this case, the LOS in RSW is assumed to be equivalent to BF.

The Pointing angles of azimuth and elevation are then calculated by converting LCT cartesian com-
ponents to Azimuth and Elevation AE:

(2.31)

arctan2 (—zr, YBF)
AR - [

y ITBF
arcsin | mr3er
[ILOS]|

where arctan?2 is the arctan that outputs angles in a 360 degree range and ||LOS]| is the |-2 norm of
the LOS, which effectively is the slant range.
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Figure 2.5: Visualization of GNSS Constellations - GPS, Galileo, GLONASS and BeiDou, respectively [44]

2.4. GNSS Background

In this section, some background regarding GNSS constellations and signals is documented in sub-
section 2.4.1 and subsection 2.4.2, respectively. Then, basics of GNSS-based orbit determination is
documented in subsection 2.4.3.

2.4.1. GNSS Constellations
A Global Navigation Satellite System is a constellation of satellites in Medium, Geosynchronous or
Geostationary orbits that transmit ranging measurements for navigation purposes. Currently there are
multiple operational or near-operational GNSS. Global Positioning System (GPS) is a GNSS operated
by the United States, consisting of 24 satellites in Medium Earth Orbit (MEQ), which was the first fully
operational GNSS. The second one was GLONASS, developed by the Russian federation, currently
also consisting of 24 satellites. Galileo- the European global navigation satellite system was designed
based on the same physical principles as GPS, GLONASS and other GNSS, where high-precision
clocks in orbit are used as a source for radio signal based ranging measurements. BeiDou is the
Chinese satellite navigation [66], with three generations of satellites launched between 2000 and 2020.

Although BeiDou provided limited coverage starting in 2000, since then its second and third-generation
systems BDS-2 in 2012 and BDS-3 in 2020 has improved it both in coverage and performance. Since
2019, the BeiDou system provides free Precise Point Positioning (PPP) services in dm-level precision
[72].

The shells of the GNSS constellations are visualized in Figure 2.5. Their orbital parameters are sum-
marized in Table 2.2, Consistently, each GNSS plane is medium-inclined to provide optimum coverage
for the most densely populated regions.

Table 2.2: General characteristics of each GNSS Constellation [44].

GNSS h [km] Orbital Period [hr:min] | i[deg] | Nr. Planes [-]
GPS 20200 11:58 55 6
GLONASS | 23222 14 56 3
Galileo 19100 11:15 64.8 3
BeiDou 38300; 21500 | - 55 6

2.4.2. GNSS Signals

GNSS signals are electromagnetic waves in the radio frequency spectrum. GPS satellites have oscil-
lators on board which generate the fundamental frequency f,. The carrier signals in the L-band are
generated by integer multiplication of f,. The carrier waves are between 1.2 and 1.6 GHz (L-band),
which results in wavelengths of 19-25 cm. Signals are generally provided in SF or DF which allows to
compensate ionospheric delays.

The data is encoded in values of +1 and -1, which represents the binary values 0 and 1. Biphase
modulation is used, where the carrier wave phase shifts by 180° as the code changes values between
+1 and -1, which is shown in Figure 2.6 [21]. The components of the general GPS satellite signals are
as follows:

» Carriers L1 and L2, transmitted at frequencies 154 f, (1575.42 MHz) and 120 f, (1227.6 MHz).
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Figure 2.6: Visualization of biphase modulation of carrier wave [21]

* W-code, transmitted at f;,/20 (0.5115 MHz). This is the encryption code. The modulo 2 sum of P-
code and W-code results in the Y-code. This is done to deny access to the P-code to unauthorized
users.

* Precision/protected P-code, transmitted at f,. Modulated on both L1 and L2. It is encrypted to
the Y-code and is only accessible when the secret conversion algorithm is available.

+ Coarse-Acquisition C/A-code, transmitted at f,/10 (1.023 MHz). Modulated on L1 using phase
quadrature technique with the P-code. This code is available for civilian uses.

» Navigation message, transmitted at f,/204600 (50e-6 MHz). The message contains information
about satellite health, clock, orbit, and other correction data.

The modulated carriers are represented by Equation 2.32 and Equation 2.33 [21]:
L1(t) = A;PC(t)WC(t)DC(t)cos(fit) + a1C/A(t) DC(t)sin( f1t) (2.32)

L2(t) = Ay PC(H)WC(£)DC (t)cos( fat) (2.33)

where the unmodulated carriers are denoted as L;(t) = aicos(f;t) and the sequences of the P-code,
C/A-code, W-code and navigation messages are PC(t), C/A(t), WC(t) and DC(t) respectively.

The C/A-code and P-code are characterized by a Pseudorandom Noise (PRN) sequence. These
sequences are different for each satellite and has a higher bitrate than the messages. The receivers
require the PRN code to access the message data.

By now, a wider range of carrier frequencies are utilized. GPS also offers L5 at 1176.46 MHz.
Galileo provides signals at E1, E5a, E5b and EB6, also within the L-band of frequencies. The same is
true for GLONASS, which has its L-band signals labelled as G1-G3 and BeiDou with B1-B3 [44].

The complete pseudorange is modelled as:

Y =d—c(dt, —dt®)+dr +dpr +c(d, +d°) + pr + €mp + €5 (2.34)

where d is the geometric distance between receiver antenna and transmitting antenna at transmission
epoch, dt* and dt, are the GNSS satellite and receiver clock errors w.r.t. a reference time system,
d; and dr are ionospheric and tropospheric delays, while d,. and d° are receiver and satellite specific
group delays. The remaining terms pr, €, and ¢, are loop transient errors, multipath errors and
tracking noise [66].

It is important to mention that when processed in a rotating reference frame (eg. ECEF), the pseu-
dorange observation equation changes due to the frame rotation that occurs during the signal travel
time, which affects the geometrical distance d between the Navigation satellite and the receiver. While
in ECI, the geometrical distance is simply:

d= Hrr(tr) - Ts(tS)” (2.35)
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where t¢,. and ¢* correspond to signal receiving time and signal transmission time. When the receiver
and transmitting space vehicle’s positions are in ECEF, the geometrical distance then includes the
Sagnac term:

We s s
d=|lre(te) —r*(to)ll + — (@%yr — y72y) (2.36)

where w, is the scalar Earth rotational velocity term and x; y are the receiver’s or GNSS Space Vehicle
(SV) cartesian position components in ECEF.

The Carrier Phase is modelled as:
L=B+d—c(dt, —dt’) —d; +dp + c(dy + d°) + pr7 + €mp + € (2.37)

which is similar to Equation 2.34, except the lonospheric delay is now subtracted and the Carrier Phase
(CP) ambiguity B is added As previously mentioned, the ionospheric delays can be countered by con-
sidering linear combinations of the basic measurements, such as [38]:

Yp1z = 2.54Yp, — 1.54Ypy (2.38)

Vi1 = 2.54Y7, — 1.54Y 7 (2.39)

where Equation 2.38 combined dual-frequency pseudorange measurements and Equation 2.39 com-
bined the L1/L2 CP. Both of these combinations required DF GPS measurements. In contrast, Group
And Phase lonospheric Correction (GRAPHIC) requires only Single-Frequency (SF) measurements
and is shown in Equation 2.40 [69]:

Yoa+Ya

. (2.40)

Yeoir1 =

2.4.3. GNSS-based OD Method Basics

A key step in recursive orbit estimation process is the prediction step. An accurate prediction in turn
requires a precise dynamical model that can describe the satellite motion. However, if GPS-based tech-
niques are used, approaches that do not require dynamical models are also an option [62]. Generally,
3 OD approaches can be identified:

1. Kinematic approaches, where the orbit is described using only geometry and no forces are taken
into account. Zero-difference (ZD) kinematic OD requires highly accurate GNSS satellite and
clock products, but in turn is simple and reliable. In contrast, Double-difference (DD) kinematic
OD is independent of the accurate GNSS products, but requires estimating the DD ambiguity
parameters, thus requiring to process large numbers of observations.

2. Dynamic approach, where the orbit is propagated by modelling all relevant forces. Similarly as in
the kinematic approaches, ZD and DD methods can be applied. The ZD dynamic OD also requires
the highly accurate products, while DD dynamic OD does not require the precise products, but
the DD ambiguities and orbital parameters do need to be estimated.

3. Reduced Dynamic approach, where the forces taken into account are limited and environment
models are truncated in order to ease the computational loads.

In Dynamic and Reduced Dynamic OD (DOD, RDOD), the approaches rely on Dynamical Models (DM),
meaning the orbit solution shown in Equation 2.41 is required [62]:

.. T .
r= _MET? + ap(t7 TaT7Q) = Qpmg + QApert (241)

where

* r is the satellite position

* 7 is the satellite velocity

+ 7 is the satellite acceleration

* ¢ is the dynamic time

» ug is Earth’s gravitational parameter

* apmg is the central body point-mass gravitational acceleration
* a,.r¢ are perturbing acceleration terms
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¢ are dynamical Earth orbit parameters

The Equations of Motion (EOM) are then integrated numerically in order to obtain the orbital position
and velocity.

In circumstances such as on-board applications, computational resources are limited and therefore
the dynamical model must be simplified, which leads to the RDOD approach. In this case, the simpli-
fied dynamical model is usually combined with GNSS measurements using a recursive filter, such as
the Extended Kalman Filter. In this case, tuning of the process and measurement noise becomes a
key issue for accurate OD [34]. Additionally, the unmodelled or truncated acceleration terms can be
compensated by estimating empirical accelerations as part of the state vector, which can improve the
overall accuracy.

An example of this approach is using the following perturbing accelerations: a time-constant, Earth
Gravity Model (EGM) 2008 with truncated terms, analytical point mass gravity attractions from Sun and
Moon, a simplified Cannonball solar radiation pressure, a drag coefficient with a random walk process
and three empirical accelerations [15]. The empirical accelerations are used to compensate for the
ignored and simplified perturbing accelerations.

2.5. Dynamical Models

In this section, the relevant perturbing accelerations will be briefly presented. As mentioned in the
previous section, the accelerations acting on a satellite can be split into the central body gravitation
term a,,,, and perturbing accelerations a,.... The perturbing accelerations can be further split into
several components, which are shown in Equation 2.42 [68]:

N

T = Apmyg + Qpert = Apmyg + Qponspherical + Qdrag + asrp + § QA3rd,; + Qother (242)
[

Where a,onspherical efers to the non-spherical central body gravitation terms, a4, is the aerodynamic
drag, asgp is the Solar Radiation Pressure (SRP), va asrq,; are the point mass gravitation terms from
the 3rd bodies and a... refers to the remaining acceleration terms, which are small enough to be
neglected, such as 3rd body non-spherical terms, relativistic effects, Earth radiation pressure, etc.

First, the entire central body gravitation will be described in subsection 2.5.1, followed by other
perturbing terms: aerodynamic drag in subsection 2.5.2, solar radiation pressure in subsection 2.5.3
and third body gravitational accelerations in subsection 2.5.4

2.5.1. Central Body gravitation
The central body gravitation term consists of the spherical point-mass gravity and the non-spherical
terms. The combined effect is often expressed as a gravitational potential U:

oU

Qcentral = Apmg + Qnonspherical = _E (243)
The general central body potential is split into 3 terms:
U=Uy+U +Us (2.44)

where U is the complete potential, U, is the potential leading to the point mass gravitational acceleration,
U, is the perturbing acceleration characterized by the terms J; and U is the perturbing potential due
to sectoral and tesseral harmonic terms, which are characterized by coefficients C;, and S ,. The
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potential terms are as follows [68]:

d=2o=1
(2.45)
here, P, , are the Legendre polynomials, defined as:
_ n2)o/2 gd+o
Puon) = L= AT g (2.46)

2d| dnd+o

in this case, the indices d, o refer to the degree and order of the of the gravitational potential terms. The
most basic non-spherical gravity field model that can be used includes degree/order terms up to 2/0,
which essentially only includes the J, term, which accounts for the oblateness of Earth.

2.5.2. Aerodynamic Drag

Mainly relevant at lower altitudes of LEO, the aerodynamic drag acts opposite to the velocity vector.
Approximating the satellite as a flat place with surface area A., the aerodynamic drag in ECI frame is
expressed as [68]:

1 (CpAp . :
s = 5 (9222 ) puenl P S (247)
where 7EC7 is the relative velocity of the cross-sectional area of the flat plate with respect to the fluid:
PEOT ng pBOT _ GECOT o BOT (2.48)

patm 1S the atmospheric density, Cp, is the drag coefficient of the satellite, Ap is the effective surface
area, wg is Earth’s rotational velocity and m is the mass. In general, it is very challenging to accurately
calculate the drag acting on satellite. The effective surface-area depends on the satellite attitude, drag
coefficient depends on the flow regime and satellite geometry and the atmospheric density, which is
dependant on solar and geomagnetic activity and very difficult to predict.

2.5.3. Solar Radiation Pressure

The Solar Radiation Pressure (SRP) occurs due to the photons transferring momentum to the objects
they interact with. When interacting with an object modelled as a flat plate, the SRP acceleration is as
follows [68]:

A 2
AQsprp = —p TiLRP ('f'sun . ’ﬁ) |:(3OR,d + QCR,S(":;S’U,TI . 'fl)) 'f" + (1 - CR,S)’f’sun (249)

where Cr, refer to coefficients of reflectivity- Cr 4 due to diffuse reflection and Cr s due to specular
reflection. Aggp is the effective SRP area, p is the solar radiation pressure, 7, and 7 are unit vectors,
former pointing from the spacecraft to the Sun and the latter is the unit normal vector to the illuminated
surface.

2.5.4. 3rd Body Gravitation
To take into account the gravitational acceleration from other bodies, a different expression is used than
the central body. The accelerations due to each 3rd body (such as Moon or the Sun) is as follows [68]:

T3rd — T T
a3rd = [3rd ( f%d — ‘Brd 3> (2.50)
Irsra =7l [[rarall

where r is the distance from the propagated body to the 3rd body, 73,4 is the distance from the 3rd
body to Earth and us,.4 is the gravitational parameter of the 3rd body.
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Figure 2.7: General architecture for Single Point Positioning, highlighting the inputs and outputs.

2.6. GNSS-based Orbit Determination

In this section, theoretical formulations of the considered GNSS-based OD are documented. First the
most basic kinematic option of Single Point Positioning is shown in subsection 2.6.1. Subsequently
two Extended Kalman Filters, using Pseudoranges and Carrier-phase measurements are introduced
in subsection 2.6.2 and subsection 2.6.3. Then, after introducing the Unscented Kalman Filter in sub-
section 2.6.4, the novel Single Propagation Unscented Kalman Filter and the Preprocessing Extended
Kalman Filter are described in subsection 2.6.5 and subsection 2.6.6. Finally, a modification to the
Preprocessing Extended Kalman filter is proposed in subsection 2.6.7.

2.6.1. Kinematic Single Point Positioning
The kinematic Single Point Positioning (SPP) algorithm is visualized in Figure 2.7. Its benefits are
simplicity and ability to provide a position solution without the need to model orbital dynamics and
general independence of previous solutions. However, this comes at a cost of accuracy when compared
to RDOD options.

This technique can provide a solution once links with 4 navigation satellites are established. The
method is based on a least squares estimator to output the position and receiver clock error [30]. It
utilizes the basic pseudorange measurement model:

Y, =d; + cdt, = |r] — 7|+ c(dt, — dt;) (2.51)

where Y; is the pseudorange measurement at a discrete time-step and »; the broadcast position from
the ith navigation satellite, dt, is the receiver clock error and r is the host satellite position.

Using the pseudorange measurements from 4 separate GPS satellites allows to setup the system
of equations:

Y= \/(w‘? —2)2 4+ (5 —y)2 + (25 — 2)2 + c(dt, — dt5)

Y = \/(aré — )2+ (y5 —y)? + (25 — 2)2 + c(dt, — dt3)

Y3 = \/($§_$)2+(ys—y)2+(z§—z)2+c( t, — dt3)

Y, = \/(xi —x)2+ (y; — )%+ (25 — 2)% + c(dt, — dt3)
(2.52)

considering that the estimated host position differs from the real position by a small offset

Ar=r—7 (2.53)
Adt, = dt, — di, (2.54)

can be used to linearize and express the pseudorange displacement for the ith navigation satellite:

AY; =Y = Vi = by Az 4 byi Ay + b, Az — cAdt, (2.55)
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where b,;, by;, b.; are the direction cosines between the host position estimate and the ith navigation
satellite. They are expressed as:

Tl —x
ba:i: Zd,b-
s _

byi:yzA Y
d;

bm:ZZst
d;

(2.56)

where d; is the current geometrical distance estimate between the navigation satellite and the host
satellite.
The system of equations can then be put into matrix form:

AYi A?“l
o A}/Q o ATQ _
AY = | Ay Ar=1| . AY = HAr (2.57)
AY4 —CAdtr
where H is the observation matrix
b.’I,‘l byl bzl 1
_ bz? by2 sz 1
bz4 by4 bz4 1

With more than 4 tracked satellites, the problem becomes over-determined. Therefore, the Least
Squares method is used to find the solution to minimize the loss function:

J(Ar) = (AY — HAr)T(AY — HAr) (2.59)
with the derivative, the expression for the position correction is obtained:
Arg = (H'H)'HTAY (2.60)
which leads to the position and receiver clock estimate updates:
r; =7rj_1—Ar; (2.61)
dty; = dtyj—1 — Adt,; (2.62)

During the procedure, the Navigation satellite-receiver geometry can be inspected, which indicates the
quality of the processed position and clock delay solutions. This is done by computing the Geometric
Dilution of Precision (GDOP), which is calculated using the (H” H)~! Matrix product. This is done by
taking the square root of the sum of the diagonal entries of (H7 H)~*.

A high GDOP indicates that the navigation satellites are spread in a small space, leading to a lower
quality solution. In contrast, a low GDOP indicates that the tracked GNSS satellites are spread widely
over the receiver’s Field of View (FOV), leading to better solutions. In [33], a threshold of 30 was used
for the GDOP.

The entire SPP algorithm procedure is as follows:

1. Estimating GNSS satellite positions at the current epoch from the broadcast ephemeris.
Compute AY between the measured and modelled pseudorange with Equation 2.51 and Equa-
tion 2.55 from the previous host satellite position estimate.

Compute H matrix

Compute Ar

Update r and dt,

Iterate from step 2 with new values of » and dt,. until convergence is reached.

A

o0k w
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Figure 2.8: General architecture for Extended Kalman Filter utilizing Pseudoranges, highlighting the inputs and outputs.

2.6.2. Extended Kalman Filter using Pseudoranges

The Pseudorange-based Extended Kalman Filter algorithm is visualized in Figure 2.8. Compared to
the Kinematic SPP, it includes an additional Prediction Step which utilizes dynamical knowledge of the
system, thus adding complexity. It also requires initialization and generally takes a number of iterations
until it converges to optimal performance. Finally, it requires tuning of noise matrices, but it does provide
an improved precision over the SPP method.

For an in-depth derivation of the EKF, the reader is referred to chapter 10 of [68]. The original KF
formulation relies on the differences between the reference and estimated state being small enough to
neglect any non-linearities in the system dynamics. The EKF avoids this restriction.

For a nonlinear discrete-time dynamic system with discrete-time measurements and no user inputs,
the state derivative is [10]: )

Xy = f(X) +wr, wp ~ N(0,Qy) (2.63)

Y. = h(Xk) + Vg, Vg ~ ]\7(07 Rk) (2.64)

where X, is the system state, X, is the state time derivative, Y} is the noisy measurement vector. The
process noise is wy and vy is the measurement noise, both modelled as zero-mean Gaussian white-
noise processes. The process and measurement noise are assumed to be uncorrelated and the errors
are uncorrelated forward/backward in time.

The filter involves a prediction and an update step. The state is propagated using the modelled dy-
namics with the current estimate: The EKF requires F' and H matrices, which are the partial derivatives
of f(X) and h(X}). The discrete F}, can be obtained by truncating the Taylor series expansion of the

continuous time F'(¢):
5h

Hi = 55 (X;0) (2.65)
Fp,=I1+F(t)(ts) (2.66)

Which is used to predict the covariance matrix
P, =F.P FF +Q (2.67)

while the state prediction can be performed using the state transition matrix Fj or by utilizing the dy-
namical model and numerical integration:

A A tk’ A~ A~ A
Xy =X+ | FXL)dt~ X0+ AL (X)) (2.68)
th—1
The measurement update steps are as follows. First, the Kalman gain K* is computed:
K* =P H (R + H,P; HI)™* (2.69)
which is used for the updated state estimate:

X=X, + K'Y, - h(X)) (2.70)
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and state covariance matrix: R
P =[I-K'H(X,)|P; (2.71)

where P,j is the corrected "a posteriori” error covariance, while P, was the predicted "a priori” error
covariance.
Once the filter is initialized with estimates of P, X0+ it can be recursively updated for incoming
measurements.
The state vector is defined as:
X = [r, 7 cdt,]” (2.72)

where 7 is the cartesian velocity. A simplified observation function for pseudoranges is used:
Y =|r°—r|—c(dt, —dt’) +e=d — c(dt — dt*) + e = h(Xk) (2.73)

The Jacobian F' of the dynamical model is required for the filter formulation. Its continuous-time form
is defined as:

Sz dy dz dx Oy 92
3 Sy oy oy dy 9y
ox oy 0z ok oY 0z
JICONNE-SE R - - - B
SCRKCCES I @74)
k ox 9y 0z oz oY 6z or or
8§ o8y oy oy Y gE
ox oy 0z oz 0y 0z
02 bz d: 82 bz 6E
Léxz oy oz or o0y 0z
in which, the following entries can be simplified:
ok _ 8y _ 6 _
o oy 05
61:_63%:_6@_6@_6@_0
Sz oy oz o6y 6F
09 _ 09 _ 09 _ 09 _ %y _,
ox by Oz o 0%
6;3_523_62_52_62_0
Sz oy 6z 0% oy
(2.75)
meaning F' can be expressed as:
F(t) = [0253 IM] (2.76)
5r Osxs
which leads to the discrete state transition matrix ®,. by using a matrix exponential:
B, = I'At (2.77)
the observation matrix H with 4 tracking channels is:
LD STRND CHRN-D SUR-D SN S W) SRR ) 61
ox oy 9z oz oy 9z dcdt,
Hy =50 = |5V, V2 ova o¥s oYs oY 6%y (2.78)
k S 5 5z 5 57 5z  ocdt,

Y
o0Yy 6Yy 0Ya 0Ys 6Ys 6Yy @ 0Ya
ox oy 6z oz oYy 6z dcdt r=x},
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Figure 2.9: General architecture for Extended Kalman Filter utilizing Carrier Phases, highlighting the inputs and outputs.

where

Y, x—x
R G RN e LR G
oY _ y—yi
oy o=+ -y + (2 - %)
0Y; z— 2z

02 g+ =P+ - )
Vi _ i _ Y _,

5 oy 0%
5Y;
i ———
ocdt,

(2.79)

2.6.3. Extended Kalman Filter using Carrier Phases
An EKF utilizing CP measurements is shown in Figure 2.9. While the utilized blocks do not differ from
its PR-based formulation shown in Figure 2.9, a stark contrast can be seen in its state vector. In order
to utilize CP, which are far more precise than Pseudorange measurements, the correct estimation of
various parameters are needed and this in turn requires a broader dynamical model.
The CP-based EKF formulation is a combined approach, based on the documentation of the on-
board OD filter in [38] and the novel improvement of using the pseudo-ambiguity parameter in [71].
Using Carrier-Phase measurements, the observation equation is similar to Equation 2.73 but in-
cludes the additional CP-ambiguity parameter:

Y=d—c(dt—dt’)+B+e (2.80)

As described in [71], although B is constant in theory, it is problematic to estimate when using broadcast
ephemeris, as the satellite clock and computed orbit errors are at meter-level. Therefore, the alternative
approach is recommended by first considering a breakdown of the geometrical distance and satellite
clock errors.
The geometrical distance and satellite clock errors can be expressed with Equation 2.81 and Equa-
tion 2.82, respectively:
d; = d} + dd; (2.81)

dt; = dt? + odt; (2.82)

where d; is the geometrical distance from the receiver to the i*" navigation satellite, d} refers to the
geometrical distance calculated when using the broadcast ephemeris and dd; is the errors in the LOS
due to broadcast ephemeris errors. Similarly, dt; is the clock error of the i*" satellite, dt? is the clock
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offset calculated with broadcast ephemerides and ddt; is the error of the broadcast ephemeris clock
offset. Substituting these parameters into Equation 2.37 leads to:

Y =d* +6d— c(dt — dt* — 5dt*) + B + ¢ (2.83)

As it is difficult to estimate the pseudo-ambiguity in presence of the broadcast ephemeris errors, the
pseudo-ambiguity parameter is defined:

A = B+ 6d+ dt? (2.84)
Thus, the state vector is defined as:
X = [r,7 Cr,Cp,a.,cdt,, A" (2.85)

Compared to Equation 2.72, it contains the following additional states: SRP coefficient C'r, Drag co-
efficient Cp, empirical accelerations in the radial, along and cross-track directions a. and the Pseudo-
ambiguity parameters A for the tracked navigation satellites.

The complete transition matrix is defined as:

®, Sc, Sc, Sa 0 0
0 1 0 0 0 0
0 Xk 0 0 1 0 0 0
® = (5ka1 o 0 0 0 Me X ngg 0 0 (286)
0 0 0 0 1 0
0 0 0 O O IYLXW,

where @, is the State Transition Matrix (STM), previously shown in Equation 2.77, S¢,,, Sc,,, Sq are
the sensitivity matrices and m, is the exponential damping factor:

Mo = e [te—te=1l/7 (2.87)

=y

where 7 is the correlation time,
The sensitivity matrices are defined as:

o(r,r
Stencoa = 5 .7 (2.88)

Cr,Cp,a)r-1
and are computed numerically.

The observation Jacobian H is similar to that of the pseudorange model in Equation 2.78, with
additional entries due to the augmented state vector. The i*" row of observation matrix Jacobian is:

oh;
_ _ |y Y 3Y; 3Y; Y; &Y,
Hy,i = 5X. [57« 5% 3Cr 3Cp da oA (2.89)

where the newly introduced partial derivatives are

oY;

=0
6CRr
0Y;
' =0
0Cp
Y
Sa
(2.90)
and 5v
—=1T (2.91)

0A
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Figure 2.10: General architecture for Unscented Kalman Filter utilizing Pseudoranges, highlighting the inputs and outputs.

2.6.4. Unscented Kalman Filter

A general Unscented Kalman Filter (UKF) formulation architecture is shown in Figure 2.10. While the
formulation and state vector does not differ from a pseudorange-based EKF, its key difference is in
the prediction and correction step. Rather than predicting based on a single mean state estimate, the
UKF makes many separate predictions of sigma points and uses a weighted sum of these points to
compute the mean state prediction. When propagating the sigma points through the nonlinear system,
the posterior mean and covariance are captured accurately to a 2nd order Taylor-series expansion [9],
[28]. The UKF also requires no explicit derivations of the Jacobian or Hessian matrices.

An n-dimensional state vector is approximated using 2n + 1 weighted sigma points x; with weights
W;. Foran n x 1 state vector, n x n covariance and n x n process noise matrix, the sigma points are
computed according to: .

X0,k = Xk (2.92)

Xik = X0,k + AXik (2.93)
where Ay; j, is calculated using Equation 2.94

+(\/(n+ N (P + Qr) fori=1,..,n
(v )

_ i (2.94)
_<\/(n+)\)(pk+Qk)> fori=n+1,..,2n

—n

AXi,Ic =

where &}, is the mean of the state vector, i refers to the column of x;, and A = a?(n+~x)—n are composite
scaling parameters, which determines the scaling of x; around &;. x is a secondary scaling parameter
and provides an additional degree of freedom to tune the higher-order moments. The transformed
sigma vectors are propagated through the nonlinear function:

Xik+1 = f (Xik» k) (2.95)

The predicted state X,;l and covariance P, , are computed using the weighted sample mean and
covariance of the posterior sigma point vectors:

2n
X = Wiiwn (2.96)
=0
2n ) ) T
Pry = 207 (v — X ) (xirs — Xit) (2.97)
=0
A
m 2.98
W n—+ A ( )
A
W§ = +(1-a®+5) (2.99)
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m . 1 .

W =Wy = CESY fori=1,..,2n (2.100)
where W™ and W¢ are the weights for the mean and the covariance associated with the ith sigma
point, respectively. 3 is used to add weighting to the initial sigma point for covariance calculation for
higher-order moments. 2 is used for Gaussian distributions.

A = a?(n + k) — n The observation vector ijrl and innovation covariance P/, are predicted in a
similar fashion:

Zik+1 = h(Xi k1, k + 1) (2.101)
Y= Z Wi 2i i1 (2.102)
N T
P, = Z We (2 = Yiga) (2001 = Y (2.103)

The innovation covariance is found using the measurement noise matrix Ry 1:
P, =Pl + Ry (2.104)

To get the Kalman gain, the cross-correlation matrix between predicted state and prediction observation
is needed, which is computed using:

N T
P, = ZW (i = X)) (21 = Yig) (2.105)
KM =Py (P) (2.106)

which finally leads to estimated state and update covariance matrix:

leﬂ = Xl;rl + Kpr1(Yig1 — ijrl) (2.107)

P, =Pr, — Kpiy (P + Rt) K (2.108)

2.6.5. Single Propagation Unscented Kalman Filter
The Single Propagation Unscented Kalman Filter (SPUKF) architecture is shown in Figure 2.11. It is
almost identical to the UKF, except for the prediction step. To reduce the added computational load
of the UKF, the SPUKF only performs a full prediction for the sigma point representing the mean state
vector, whereas the other sigma points are propagated using a state transition matrix.

The SPUKF formulation follows the algorithm description in [5], except adapted for single-GNSS
measurements.
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With pseudorange measurements the same observation model is used as in EKF:
Y =d—c(dt, — dt®) + ¢ (2.109)

The state vector is defined as:
X = [r, 7, cdt,]” (2.110)

and is then augmented with the process noise terms:
X, =[X,Q" (2.111)

The error covariance must also be augmented:

P Q (2.112)

where Px is the cross covariance of X and Q, P is the error covariance and Q is the process noise
covariance matrix.
In the SPUKEF, only a single sigma point is propagated, which is:

P, — { P PXQ}

xo = X (2.113)

The remaining sigma points are predicted at the next epoch using a Transition Matrix. Therefore, the
Oth sigma vector is predicted using:

Xo0,k+1 = f (X0,k: k) (2.114)
whereas the remaining sigma vectors are predicted with:
Xik+1 = Xik + PAXi, k (2.115)

where the sigma point offset A i, k is calculated according to Equation 2.94 and the STM ® is computed
in a similar manner as shown for the EKF in Equation 2.77. The same STM is reused for each sigma
point.

X; (t+ At) = x, (t+ At) + PAx, (2.116)

Where Ax, is calculated according to Equation 2.94. The transition matrix is calculated using the matrix
exponential of the Jacobian of the system model F:

d = A (2.117)
where F' is the Jacobian of the augmented state:

6%,
- 0X,

F

95X 0
— | 0X | x4 8%8 (2.118)
x+ Osxs  Osxs

the weighted sum of the predicted sigma points is used to calculate the mean predicted state vector,

as was shown in Equation 2.96. The predicted measurements are calculated for the 0th sigma vector
using the observation equation:

zio = h(xg (t + At)) (2.119)
and for the remaining sigma points using Equation 2.120:
0Ys _ _
Zis = 2i0 T % [x; (t+ At) — xq (t + At)] (2.120)
0X |3x (t+0)

where i refers to the navigation satellite and s to the sth sigma point.

The remaining steps follow the same procedure as the UKF in Equation 2.96- predicted state and
covariances are computed using the weighted means of each sigma point. The same is done for the
observation vector and innovation covariance. The cross-correlation is computed using Equation 2.105,
leading to the Kalman gain with Equation 2.106 which is used to correct the mean state estimate and
state covariance.
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Figure 2.12: General architecture for original Preprocessing Extended Kalman Filter with the NRM.

2.6.6. Newton-Raphson Preprocessing EKF
The original Preprocessing EKF (PEKF) architecture is shown in Figure 2.12. It differs from the EKF as
it uses an additional Preprocessing block, which uses a root-solving Newton Raphson Method (NRM) to
determine coarse position and receiver clock error solutions from the raw pseudorange inputs. These
are then used as measurements inputs for the typical EKF blocks. The coarse position solutions can
also be used to initialize the EKF blocks.
The PEKF formulation will be presented according to the original method description in [3] and [4].
Before the EKF blocks are used, the pseudorange measurements are processed into coarse posi-
tion and receiver clock error solutions. To do so, the simplified observation model is defined:

Y =d; +e(dt, —dt])+e=1|r° —r;| +c(dt, —dt]) + ¢ (2.121)

where d is the geometrical distance between the receiver and the navigation satellite, i refers to the
it" GNSS satellite, dt,. is the receiver clock error and e are the remaining errors. These measurements
are converted to coarse position estimates using the preprocessing block. The numerical solution s is
sought:

s = [x,y, 2, cdt, )t = [re,cdt,])” (2.122)

which is searched for by minimizing the defined Loss function L:

L] [0 = eldt, = dt5))” = (dr)”
L2 (Y2 — C(dtr — dt;)) — (d2)2
L= = 2.123
Ls (Vs — c(dt, — dt5))* — (d3)? ( )
Ly (Y — e(dt, — dt5))* — (dg)?
Utilizing the NRM, the Jacobian matrix of the loss function is required, which is equal to:
SLy  8L1  SLy 0L
oz @ Sz ocdt, i—x Yy —y 25—z c(dt,—dt5)—-Y;
08 % 65—3 55% 5‘i§§r xi—x yi—y 25—z c(dt,—dt5)—Y; ’
Ly 8Ly 8Ly oL x5 —x yi—y 25—z c(dt,—dt]) —Yy

ox Sy 6z dedt,

after initializing the NRM with sy which can also be set as a zero vector, the algorithm proceeds to
approach the coarse position solution as:

Asj=—J(L);'L, (2.125)

J
where L; = L(s;)
Sjt1 =8;+As; (2.126)
where j refers to the iteration step. The iterations continue until either the termination condition is
satisfied or the maximum number of iterations is reached.
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Figure 2.13: General architecture for the improved Preprocessing Extended Kalman Filter with the NRPC.

Once two sets of pseudorange measurements are converted to numerical solutions, the coarse
positions r. are used to compute the coarse velocity via a finite difference method:

- Te,l —Te0
¢ S el (2.127)

which is used to automatically initialize the EKF portion of the algorithm.
Subsequently, the EKF blocks The state vector in the PEKF, same as for EKF is defined as:

X = [r, 7, cdt,]” (2.128)
in fact, the only differences between the algorithms are the:

1. observation model i

2. observation vector Y

3. the observation Jacobian H
4. initialization procedure

The observation vector at point & is:

Y, = [re, cdt, )" (2.129)
Thus, the observation model is:
h(X) = [r,cdt,]” (2.130)
which leads to the observation Jacobian:
I35 03y4
H = 2.131
[leﬁ 1 } ( )

Instead of the initial filter state being specified, in the PEKEF itis auto-assigned. Once two coarse solution
are found, the initial velocity 7 is calculated according to Equation 2.127. The coarse positions and
receiver clock errors fill up the remaining initial EKF state.

2.6.7. Newton-Raphson PC Preprocessing EKF

In this subsection, a modification to the original PEKF is proposed. A change is made in the Prepro-
cessing block. In order to improve its computational load, a new numerical root-solver is used, called
Newton-Raphson Predictor-Correction (NRPC). NRPC was originally applied to N-dimensional cases
in [67]. While the original NRM has a convergence rate of 2, whereas NRPC method shows a rate of
~2.4. The formulation presented below follows [67].

While the NRM performs a corrective step at every iteration, the NRPC methods performs two
separate steps. Firstly, a prediction step is made using knowledge from the previous iteration, following
a correction step in the current iteration. The J(L;)~! values are reused, so even though 2 calculations
are made per iteration, only a single Jacobian inversion is required.

The sought numerical solution s and the loss function L remain unchanged from Equation 2.122
and Equation 2.123, respectively. Furthermore, the first iteration remains identical to the NRM:
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Forj=0:

As; = J(L(sj))_lL(sj) (2.133)

where As; is the predicted correction and 3 is the predicted solution. As mentioned, they are initialized
to be identical to the initial NRM correction and solution. They then lead to the next corrected solution:

8j+1 = Sj + AS]‘ (2134)
forj>0:
5 1 5 -
A3s; =J(L (2 [sj—1+ Sj1]>) 1L(Sj) (2.135)

which is used for the predicted solution at the next step:
§j+1 =38j + Agj (2136)

the correction at the current step is then computed using the mean between the predicted and corrected
solutions:

1
As; = J(L (2 [s; + §j]>)_1L(sj) (2.137)
which leads to the corrected solution at the next step:
Sj+1 = Sj + ASj (2138)

and as mentioned before, to compute the next predicted correction, J(L (1 [s; + §;])) " is reused as
J(L (5 [sj-1+8;-1])) "

The same convergence condition is applied as for the original NRM. The interface between the
Preprocessing block and the EKF blocks remains the same as in the original NRM-PEKF.



LISL Variable Evaluation

Having gone through the relevant theory, the focus is now shifted to geometry and dynamics occurring
in LISL. This is relevant as an orbit position error’s impact on the subsequent pointing error depends on
multiple factors, such as the link distance, relative velocities, and the direction of the position error, rela-
tive to the LOS vector. Additionally, the available communication window length dictates the maximum
required orbit prediction window and is thus relevant to quantify. Furthermore, as the laser terminals
have different capabilities in terms of FOV and supported link distances, the differences in their poten-
tial performances can be highlighted. Lastly, increasingly challenging link cases can be selected to
later benchmark the integrated OD-OP methods in 5.

First, the method used to evaluate the LISL is described in section 3.1. In section 3.2, the links
available to a LEO Polar host satellite are analyzed. The links are processed into link histograms and
communication windows while imposing LCT limitations. Time series of the occurring pointing angles
and distances are also shown, where only Earth occultation is considered. Subsequently, the same
is repeated for a LEO Inclined and MEO Host satellite in section 3.3 and section 3.4. Afterwards, the
available communication windows are presented for both terminals in section 3.5, where the critical
prediction windows are established. The link cases selected to benchmark the OD-OP algorithm per-
formance are described in section 3.6. An overview of the results and conclusions of RQ1 are shown
in section 3.7.

3.1. Method Description

3.1.1. Link Geometry Calculation Architecture

The architecture used to calculate and process the LISL variables is presented in Figure 3.1. First, the
host-target positions are subtracted to calculate cartesian LOS vectors in ECI. These are then rotated
to the host's RSW frame, which can then further be translated and rotated to the Terminal frames. At
this point, the cartesian LOS can be converted to Azimuth/Elevation angles and link distances. At this
point, limitations can be imposed to detect when link opportunities start/end.

The viewing angles and imposed limitations are visualized in Figure 3.2 for a 60 minute simulation
between two satellites with LCT1 angle/range limitations. It can be seen that at around minute 8, the
azimuth angles are out of the viewing limits and from 29 to 47 minutes, the link distance is too large.
Thus, the link is unavailable at those periods and this would effectively results in 3 detected links:
1) 7 minutes at 0-7 minute period, 2) 21 minutes from 8 to 29 minutes and 13 minutes from 47 to
60. Implementing this and running it through for each target satellite, the link windows for the entire
constellation can be quantified.

Further processing of link variables is possible using numerical differentiation. This way, the angular
and slant rates are calculated. The pointing angles and their rates can be used to categorize links
into link cases. These link cases will later be used to quantify the OD-OP algorithm performance in
chapter 5.

Applying this data processing architecture to each host and target satellite combination and with the
help of simplifying assumptions, idealistic LISL variables can be determined. The link windows and the
link distributions represent the absolute maximums, while in reality only a fraction of the windows or links

35
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will actually be attainable. The assumptions to be considered are that the host/target satellites’ attitude
is assumed to be perfectly aligned with the RSW reference frame. This would not be the case during
attitude manoeuvres, such as sun-pointing mode. Furthermore, the LISL variables are only considered
precise to the degree-level. Disturbances due to perturbations, micro-vibrations, any misalignment due
launch loads or other sources are neglected. Avoidance of sun-pointing was also not considered.

Selected Link Cases
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i Link Distribution 'y Communication 1
+ Windows +
t 'y Comparison r'y 1
| Impose Limitations: Impose Limitations: |
! Terminal Pointing Terminal Pointing 1
+  Earth Occultation Terminal-Frame Earth Occultation #
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1 Y _ 1
! Numerically 1
! Differentiate 1
1 Terminal-Frame 1
! Fointing Angles 1
1 Az, El, Slant 1
t LF LISL Variables 1
R T e '!h'i- e e L
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RSW - ECl ICREJ2000 | ECI ICRF J2000

Figure 3.1: Architecture for processing simulated orbits to pointing angles and link parameters, indicating the reference frame
of the parameters at each stage.

3.1.2. Considered Terminal Limitations

Two LCT’s with different pointing angle and range limitations were considered. Their specifications for
supported link geometry are shown in Table 3.1. LCT1 only has a basic 10 degree gap in supported
azimuth angles and a total 30 degree elevation range. Although due to the link distance, it also unable
to support links involving MEO satellites, only the angular limitation will be considered there. This way,
although unrealistic, LCT1 links to MEO can be used to evaluate the benefits of the additional elevation
coverage of LCT2. LCT2 supports an elevation range above 90 degrees and does not impose link
distance limitations.
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Figure 3.2: Example of link angle and distance processing into available link windows with imposed LCT1 Limitations.

and LCT2 according to CONDOR Mk3 publicly available specifications [24], [25].

Parameter/Terminal LCT1 LCT2
Azimuth Range [deg] [-175:175] | [-175:175]
Elevation Range [deqg] [-5:25] [-60:90]
Supported Maximum Link Distance [km] | 5000 25000

Table 3.1: Link geometry limitations of both considered terminals, with LCT1 modelled according to Mynaric’'s CONDOR Mk2

3.2. LEO Polar host links

The selected LEO Polar Host is visualized in Figure 3.3. The Polar satellite 4 of plane 4 was selected
and consistently maintained throughout this chapter as the polar host. The opposite polar-shell planes
are shown in orange color and adjacent planes in purple. The plane of the host was highlighted and
scatters of the polar satellites visible at that time were also indicated.

“ @ LEOP44Host

mm— LEO P 4 Plane

- Adjacent P Planes
Opposite P Planes

3=
2 4 5 s 8=

Figure 3.3: LEO Polar Host P 4 4 satellite, with adjacent planes in purple and opposite planes in orange.
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3.2.1. Communication Window Distribution

LEO P host, 2 hr Link Window Distribution using LCT1 constraints.

LEO P-LEO P. No. links: 227 - LEO P-LEO I. No. links: 240 - LEO P-MEO. No. links: 9

Ml = | -

- Ty . 10 . 105

o 40 40 8

& 0.8 . 08°9
o

g * os O.Gt

£ || H

20 20 =}

3 . 0.4 047g

3

o — 02 10 — 02 E

3

-0 F0.0 0 —— 0.0
5 10 15 20 25 30 35 40 45 50 55 60 6 0 5 10 15 20 25 30 35 40 45 50 55 60 65 0 5 10 15 20 25 30 35 40 45 50 55 60 65
LEO P-LEO P. No. links: 262 - LEO P-LEO I. No. links: 259 - LEO P-MEO. No. links: 11

10 10 100

) 0.8 0s ¥ . o.a"g_.

4 30 [

g 0.6 0.6 06 g

[ 2

3 0.4 04 20 -

$ F]

=] 0.2 02 10 0.2 g

[v]

e 00 0 - —————— 00 0 0.0
5 10 15 20 25 30 35 40 45 50 55 60 65 0 5 10 15 20 25 30 35 40 45 50 55 60 65 0 5 10 15 20 25 30 35 40 45 50 55 60 65
Communication time [min] Communication time [min] Communication time [min]

Figure 3.4: Communication window distribution for LCT1 in 2 terminal placements on the LEO Polar Satellite.

The link window distribution for the LEO Polar host using LCT1 can be seen in Figure 3.4. The majority
of intra-shell links are 15 minutes or less, regardless of the LF1 or LF2 placement. Several links also
occur in the 15-60 minute regions and very few in the 60+ minute region. Due to LCT1’s azimuth
limitations, LF2 orientation offers more 60+ minute links, as it can support both leader and follower
intra-orbit LISL, whereas LF1 only supports the trailing satellite.

The LCT1 inter-shell LEO links are similar as over 80% of links are also below 15 minutes. Several
links up to 40 minutes occur, which are possible for satellites in orbital planes close to the host’'s. A
couple of 60+ minute links also occur, to targets with a nearby ascending node.

For LEO P-MEO cases, most links occur in 10-15 minute windows. Most links are also in the 0-15
minute range, but some are possible for 60+ minutes. Unlike LEO-LEO links, LEO-MEO links are not
permanently available, as Earth occultation occurs each LEO orbit.

Considering the LEO Polar host link distribution using LCT2 in Figure 3.5 a general improvement in
link availability can be seen. This is visible both in terms of number of links available (low-mid 200s for
LCT1 improved to high 200s-mid 300s for LCT2 in LEO) and having longer links. Although most links
are also 15- minutes, a significant portion fits in the 15-20 minute bin. Furthermore, more links occur in
the 20-60 minute region, as well as the 60+ cut-off. This is true for both intra and inter-shell LEO links.
In MEO links the situation improves too, as the majority of links are now 40+ minutes long, compared
to the 10-15 minutes as seen for LCT1.

LEO P host, 2 hr Link Window Distribution using LCT2 constraints.

LEO P-LEO P. No. links: 294 o LEO P-LEO I. No. links: 327 w LEO P-MEO. No. links: 9
10 1.0 5
<4 40 10 4
& 08 038
Y30 30 30 a
g2 0.6 0.6 2
3 2z
520 [ | 04 20 04%
: N :
o 02 10 02 E
3
(%]
0 *00 0 00 0 0.0
0 5 10 15 20 25 30 35 40 45 50 55 60 6 0 5 10 15 20 25 30 35 40 45 50 55 60 65 0 5 10 15 20 25 30 35 40 45 50 55 60 65
LEO P-LEO P. No. links: 337 LEO P-LEO I. No. links: 364 LEO P-MEO. No. links: 9
50 50
2 10 10 101
j) \_- 40 5
£ 08 0.8 O.-‘i§
g M N » £
g 0.6 0.6 06 g
o 3
52 0.4 04 20 04%
$ ]
O 10 0.2 02 10 = 02 §
%]
0 00 0 L00 0 0.0
0 5 10 15 20 25 30 35 40 45 50 55 60 65 0 5 10 15 20 25 30 35 40 45 50 55 60 65 5 10 15 20 25 30 35 40 45 50 55 60 65
Communication time [min] Communication time [min] Communication time [min]

Figure 3.5: Communication window distribution for LCT2 in 2 terminal placements on the LEO Polar Satellite.
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3.2.2. Available Link Distribution

Nr. of links by LEO P host in 2 hr in frame LF2.
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Figure 3.6: Available links per orbital plane for LCT1 and LCT2 placed at LF2 on the LEO Polar Satellite.

The established link distribution per orbital shell/plane for a LEO Polar host, using LCT1 and LCT2
is shown in Figure 3.6. In each terminal/shell case, it can be seen that the highest number of linked
satellites are in planes 10 and 11, which are directly opposite to the host’s. The links occurring in
these planes are also the majority of the short (15- minute) links seen previously in the communication
window distribution, since target satellites in these planes fly in nearly opposite direction as the host,
meaning that links occur for a short time, twice per orbit with each target. When looking at planes
with the ascending node at the same location as the host’s is where the fewest links occur, but these
links are available continuously and therefore are only counted once. With the plane’s ascending node
getting more and more distant, more shorter links become available, until the peaks at the opposite
planes.

Comparing the LCT1 link number distribution to LCT2’s, it can be noted that LCT2 generally provides
more possibilities for links with almost every plane. This is especially visible in the planes near the
opposite plane nr. 11, which is where LCT2’s support of longer slant-ranges leads to links with more
targets. That is also seen with the co-planar links, where twice as many satellites are continuously
available as in LCT1’s case.

The links with MEO satellites are few compared to LEO for both terminals, but this is due to the far
sparser MEO orbital plane and due to the lower relative velocities leading to longer links. The main
limitations are Earth occultation and out of range AE angles. The effect of AE angle limits is visible
when comparing the LEO P - MEO links with LCT1 and LCT2, where it can be seen that LCT1 leads
to more links. This is because LCT1 has a far lower AE range, leading to more links being cut and
re-established, while LCT2'’s links remain available for longer.

3.2.3. LISL Coarse Pointing Variables

LEO Polar - LEO Polar

Co-planar links The co-planar links for the LEO Polar host satellite are shown in Figure 3.7. 4 links
are in sight at all times, 2 ahead - with azimuth at 90 deg and 2 behind the host satellite, with azimuth
-90 deg. It can be seen that azimuth, elevation and slant-range are pretty much constant and only
orbit perturbations lead to small variations (<mdeg for AE rates and <50m/s for Slant rates). Of all link
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types, the co-planar link appears to be the least challenging in maintaining a connection due to the
near-constant pointing angles.

Comparing the limitations of each terminal, it becomes clear that LCT2 can support more co-planar
links than LCT1. The 2nd satellite ahead/behind the leader/follower has a slant range above 6000 km
and elevation over 25 deg, which are outside of LCT1’s capabilities. That is why twice as many links
for LCT2 were registered than for LCT1 in LEO P plane 4, as was shown in Figure 3.6.
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Figure 3.7: AER (left) and rates (right), using LF2 placement for LEO P intra-orbit links.

Cross-plane links The link dynamics with the plane having its ascending node opposite to the host’s
are shown in Figure 3.8. Due to the proximity of the orbital planes and opposite flight directions, links
occur frequently and with fast dynamics: every link exhibits slant rates of over +/- 10 km/s and azimuth
rates above +/- 0.3 deg/s. Observing the slant range for each target, it can be seen that within a 15-20
minute window, the target satellite comes into view (slant range approx. 7000 km), continues to get
near the host, flies past and increases in link distance until it is out of view.

The most challenging links to establish appear to be the 2nd-4th satellites, due to the proximity at
which the fly-by occurs. This can be seen in far lower minimum slant-range values (<500 km compared
to approx. 1500km) and azimuth rates (+/- 2 deg/s compared to approx. 0.5 deg/s). Which satellites
will have the lowest slant-ranges and faster azimuth rates depends on the relative phasing, but it can
be concluded that the most challenging intra-polar shell links occur between satellites flying in opposite
directions and with the closest fly-by distances.
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Figure 3.8: AER (left) and rates (right), using LF2 placement for LEO P furthest cross-plane links.

Comparing the terminal’s capabilities, it becomes clear why LCT2 had many more links in the 15-20
minute region, compared to LCT1’s peak occurrences at 10-15 minutes, as was shown in the LEO P-
LEO P links in Figure 3.5 and Figure 3.4, respectively. LCT1 can support these links for a significantly
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shorter period due to the slant range limitations. Effectively, when a target comes into view, it takes
longer for it to get close enough to establish a link and after the fly-by, it takes less time for the link
distance to become too large before the target is out of view.

LEO Polar - LEO Inclined

The inter-shell LEO links with the closest plane 4 are shown in Figure 3.9. Although at first sight it
appears that the link with LEO | 4 4 proves to be the most challenging with azimuth rates over 5 deg/s,
it must be pointed out that this is an unrealistic link case. Inspecting the slant-range, it is seen that it
varies from slightly over 4000 km to 0 km, which indicates an unrealistically close fly-by. That is indeed
the case, as no relative phasing between the two LEO shells was added in the simulation, which was
an oversight. However, in reality inter-shell relative phasing would be included to reduce collision risks
and therefore this extremely fast link is not considered for further analysis.

The remaining links with this plane are few and varied in available time windows dynamical com-
plexity. Two are seen with slant ranges between 6000-4000km, which would lead to more 20-30 minute
long links with LCT1 and 60+ minute links for LCT2. The two 6000+ km distance links would only lead
to link possibilities for the LCT2 and fill some of the 30-40 minute long bins. Thus, an improvement of
link availability can again be seen for LCT2 and these link types are sparse and in the mid-complexity
in terms of dynamics and communication windows.
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Figure 3.9: AER (left) and rates (right), using LF2 placement for LEO P-LEO | inter-shell near plane links with LEO | 4.

The inter-shell LEO links with the opposite plane 11 are shown in Figure 3.10. A similar unrealistic
case can be seen here, as was in plane 4. Here, target satellite 10 also has an unreasonably close
fly-by, with much higher azimuth rates and therefore is not analyzed further.

The remaining links have slant ranges which lead to the different communication window lengths
and numbers of available links for the LCT1 and LCT2. Several links can be seen where the minimum
slant range is barely below 5000 km, which explains why the largest proportion of LEO P -LEO I links
were in the 0-5 minute region, while LCT2 was shown to have most links in the 5-10 minute region.
Furthermore, as the orbital plane angles become larger, fewer links would appear to have slant ranges
below 5000 km, which is why LCT2 registered 100 more links between a LEO P host and the LEO |
shell.

Another set of inter-shell links to the 8th plane is shown in Figure 3.11. Observing these link vari-
ables, the general trend of how a bigger difference in the host and target orbit nodes affect the link
variables. Fewer links become visible, slant ranges increase, as do the minimum slant ranges. The
azimuth rates are up to +/- 0.4 deg/s, elevation rates up to +/- 0.05 deg/s. Overall, these links would
also be in the middle in terms of communication window lengths and link dynamics.
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Figure 3.10: AER (left) and rates (right), using LF2 placement for LEO P-LEO | inter-shell opposite plane links with LEO | 11.
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Figure 3.11: AER (left) and rates (right), using LF2 placement for LEO P-LEO | inter-shell links with LEO | 8.
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Figure 3.12: AER (left) and rates (right), using LF2 placement for LEO P-MEO links.

The links between the LEO Polar host and the equatorial MEO satellites are shown in Figure 3.12. The
link dynamics are different from LEO links in several aspects: the links are generally much longer (20
or 50+ minutes), slant ranges are all above 13000 km, elevation angles range over about 90 degrees
and the azimuth ranges are about 90 degrees per link. In terms the AER rates, they do not exceed the
more challenging intra-shell LEO cases, as the relative motion slower, with slant rates about half of the
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fastest LEO link cases.

In terms of terminal performance, the link variables would definitely prove challenging for the LCT1.
Without considering the slant-range, the elevation ranges are too wide. As the LCT1 only supports
elevations within a 30 degrees interval, about 2/3 of possible links could not be established. The
azimuth angles can also be an issue, as in many cases they are above +/- 175 degrees. This was
indeed the case seen on the right side in Figure 3.4 and Figure 3.5, as LCT2 could both support many
more links in the 60+ minute bin. Therefore, although the link dynamics aren’t as fast, LEO-P to MEO
links still prove challenging due to the large ranges of expected azimuth and elevation angles.

3.3. LEO Inclined host links

The selected LEO Inclined Host is visualized in Figure 3.13. The Inclined satellite 4 of plane 4 was
selected and consistently maintained throughout this chapter as the inclined plane host. In the plot, one
can see the opposite inclined shell planes in orange color and adjacent planes in purple. The plane of
the host was highlighted and scatters of the polar satellites visible at that time were also indicated.

! N S = e | 4
. ) o~ ,_"‘.’ @ LEO 44 Host
= | EO | 4 Plane I -6
s Ad]a(e_ntl Planes — ||
6 4 Opposite | Planes
0 2 R
X - 0 -
[y - s 6 4 2y Mml

Figure 3.13: 3D visualization of the LEO Inclined Host | 4 4 satellite, with adjacent planes 1-3; 5-7 in purple and opposite
planes 0; 8-12 in orange.

3.3.1. Communication Window Distribution

The link window distribution for the LEO Inclined orbit host using the LCT1 is shown in Figure 3.14 and
using the LCT2 in Figure 3.15. A clear distinction compared to the LEO P host can be pointed out. Far
fewer intra-shell links are available: LEO I- LEO | leads to 150 and 218 links using LCT1 and LCT2,
while LEO P- LEO P had 262 and 337, respectively. Furthermore, the MEO link window distribution
using LCT1 is only up to 30 minutes long, while LEO-P had 60+ minute LCT1 links available with both
terminal placements. The reasons for these differences will become clear in the upcoming links/plane
distributions in subsection 3.3.2 and link variable plots in subsection 3.3.3.
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LEO I host, 2 hr Link Window Distribution using LCT1 constraints.
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Figure 3.14: Communication window distribution for LCT1 in 2 terminal placements on the LEO Inclined Satellite.

LEO I host, 2 hr Link Window Distribution using LCT2 constraints.
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Figure 3.15: Communication window distribution for LCT2 in 2 terminal placements on the LEO Inclined Satellite.

Analyzing the link window distributions, several conclusions can be made regarding the required
orbit prediction time. Considering the Terminal positions LF1 and LF2 for both LCT1 and LCT2, it is
clear that the window distribution does not change significantly. Small differences can be spotted, such
as more 60+ minute LEO I- LEO | for LF2 compared to LF1 or LF1 having to a higher fraction of 10-15
minute links than LF2 in the LEO |- LEO P case using LCT1. When looking at the overall distribution of
communication windows for both terminals, it can be noted that much like the LEO P host case, most
communications are 20 minutes or less. For LCT1, a large fraction of links are 15 minutes or less, while
for LCT2 a significant portion also in the 15-20 minute bin. For LCT1, about 20% of links also occur
in the 20-60 and 60+ minute regions for intra-shell links, while the LEO inter-shell links generally only
span until 35 minutes, with very few in the 35-40 and 50-55 minute bins and none longer. For the LEO
I- MEO links with LCT1, none of them exceed 30 minutes and they are similarly likely to occur in each
of the 10-30 minute windows. Looking at LCT2, again, more and longer communication windows are
available. The 15-20 minute bin is a very frequent intra-shell link duration and not uncommon for the
inter-shell links. Additionally, many more short and long links are available in the LEO inter-shell case,
with 60+ minute links becoming possible. Finally, in the LEO I-MEO case, links above 35 minutes are
a lot more frequent, with the majority being 60+ minutes long.

3.3.2. Available Link Distribution
The number of links with each orbital shell/plane is shown in Figure 3.16. Analyzing the intra-shell
planes on the left, it becomes clear why there are fewer LEO I-LEO 1 links in comparison to LEO
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P-LEO P. A clear difference is the LEO | links with the opposite and near-opposite planes (8-12th),
as 50 % fewer links occur than in the analogous LEO P- LEO P case. This is due to the non-polar
inclination of inclined shell. Effectively, the link distances between opposite inclined orbital planes are
only sufficiently close near the ascending and descending nodes. Further North/South along the orbit,
the inclination leads to much larger relative distances than in the polar-polar case. In the case of LEO
inter-shell links, many more links can be seen looking at the 45+ links with the LEO P planes 10 and
11. This is the result of the smaller angular difference between the opposite orbital planes, leading to
link possibilities throughout the entire orbit, rather than only at the nodes.

Comparing the linking capabilities of LCT1 and LCT2, a significant difference can be seen within
nearly every orbital plane. In the intra-shell links, an increase of 5-10 links can be seen with every
plane. Similar results are seen in the inter-shell LEO links, most significantly with the near-opposite
LEO | planes 9 and 12, where LCT2 leads to 15+ additional links. Linking with MEO does not lead to
more links, but they were significantly longer. This shows how the larger link distance support can lead
to significantly improved LISL communication capabilities, both in terms of number and length of links.

Nr. of links by LEO I host in 2 hr in frame LF2.
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Figure 3.16: Available links per orbital plane for LCT1 and LCT2 placed at LF2 on the LEO Inclined Satellite.

3.3.3. LISL Coarse Pointing Variables

LEO Inclined - LEO Inclined

Co-planar links The co-planar links for the LEO Inclined host satellite are shown in Figure 3.17. 4
links are in sight at all times, 2 ahead - with azimuth at 90 deg and 2 behind the host satellite, with
azimuth -90 deg. It can be seen that azimuth, elevation and slant-range are pretty much constant and
only orbit perturbations lead to small variations (<mdeg for AE rates and 20m/s for Slant rates). This
is consistent with the LEO P co-planar links, where near-constant pointing angles were observed.

Cross-plane links The link dynamics with the plane having its ascending node opposite to the host’s
are shown in Figure 3.18. Due to the large angular separation of orbital planes links are not frequent
(maximum of 2 per orbit), while the opposite flight directions lead to fast dynamics: most link show slant
rates of over +/- 10 km/s and azimuth rates up to +/- 0.5 deg/s. Observing the slant range for each
target, it can be seen that within a 20-30 minute window, the target satellite comes into view (slant
range approx. 7000 km), continues to get near the host, flies past and increases in link distance until
it is out of view. Due to the inclination, it can be seen that some targets barely get into the visible
distances (targets 5 and 11 having minimum slant ranges over 6000km) and others (0-4 and 13) are
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Figure 3.17: AER (left) and rates (right), using LF2 placement for LEO | intra-orbit links.

never in view. Thus it can be concluded that the mid-inclination is the reason for fewer intra-shell LEO
| crosslinks being available.

LEO | non-coplanar plane 4- LEO | plane 11
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Figure 3.18: AER (left) and rates (right), using LF2 placement for LEO | furthest cross-plane links.

The link dynamics with the near opposite plane is shown in Figure 3.19. Similarly as with LEO |
plane 11, links with each target become possible twice per orbit and show fast dynamics. The link with
Target satellite O appears to be specifically challenging, as azimuth rates of +/- 2 deg/s occur. Again it
becomes evident that this is due to opposite flight direction and the close proximity of the fly-by, which
appears to be the common condition for the most challenging LEO-LEO links.

The cross-plane links to the nearest orbit are shown in Figure 3.20. Within this plane, relatively few
targets are available with mostly long and dynamically slower links. This is a common feature for the
near-plane cross links, as a similar flight direction leads to smaller relative velocities (slant ranges up to
+/- 2 km/s) and in turns relatively low azimuth rates (mostly below +/- 0.1 deg/s), The most challenging
target satellite showing an azimuth rate of around +/- 0.4 deg/s. Again, this occurs due to proximity of
the fly-by. Overall, these near cross-plane links can be considered a nominal-challenging category of
link cases.

LEO Inclined - LEO Polar

The inter-shell LEO links with the opposite plane 11 are shown in Figure 3.21. The same unrealistic
case can be seen here, as was seen from the LEO Polar host in Figure 3.21. Here, target satellite 8
has an unreasonably close fly-by, with much higher azimuth rates and therefore is not analyzed further.
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Figure 3.19: AER (left) and rates (right), using LF2 placement for LEO | near opposite links.
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Figure 3.20: AER (left) and rates (right), using LF2 placement for LEO | near cross-plane links.

The remaining links have slant ranges which lead to the different communication window lengths
and numbers of available links for the LCT1 and LCT2. Several links can be seen where the minimum
slant range is barely below 5000 km, which explains why a large proportion of LEO I-LEO P LCT1 links
were in the 0-5 minute region, while LCT2 was shown to have most links in the 5-10/15 minute region.
Furthermore, as the orbital plane angles become larger, fewer links would appear to have slant ranges
below 5000 km, which is why LCT2 registered 100 more links between a LEO | host and the LEO P
shell. Overall, link patterns occur in the LEO |-LEO P links as were seen in LEO P- LEO |, with most
links having medium lengths and average-fast dynamics.

LEO Inclined - MEO

The links between the LEO Polar host and the equatorial MEO satellites are shown in Figure 3.22. As
was seen with the LEO Polar host, the link dynamics differ from LEO-LEO links in multiple aspects: the
links are generally much longer (20 or 50+ minutes), slant ranges are all above 13000 km, elevation
angles range over about 90 degrees and the azimuth ranges are about 90 degrees per link. In terms
of link dynamics, the peak azimuth rates do not exceed +/- 0.4 deg/s, which again shows that angular
rates are mainly linked to the relative speeds are proximity of the fly-by.
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Figure 3.21: AER (left) and rates (right), using LF2 placement for LEO I-LEO P inter-shell opposite plane links with LEO P 11.
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Figure 3.22: AER (left) and rates (right), using LF2 placement for LEO I-MEO links.

3.4. MEO host links
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Figure 3.23: MEO Equatorial Host 1 satellite, showing the other MEO satellites, and both LEO shells.

The selected MEO Host is visualized in Figure 3.23. The MEO satellite with index 1 is considered the
host in this chapter and only has a single index, as the MEO shell consists of one equatorial plane.
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3.4.1. Communication Window Distribution

The link window distribution for the MEO host satellite using the LCTZ2 is shown in Figure 3.24. It is
important to note that no links were registered using LCT1, due to the unachievable pointing angles
that will be shown in subsection 3.4.2.

Compared to the LEO hosts, the link time distribution is very different. The vast majority of links
to inclined LEO satellites are in the 60+ minute region, while the connections to polar LEO satellites
also shown significant fractions of links in the 30-35 and 55-60 minute bins. In terms of MEO-MEO
links, only a single leader/follower is linked and continuously available. It can thus be concluded that
for MEO-LEO links, specifically long orbit prediction windows are the most relevant.

MEO host, 8 hr Link Window Distribution using LCT2 constraints.
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Figure 3.24: Communication window distribution for LCT2 in 2 terminal placements on the MEO satellite.

3.4.2. Available Link Distribution

The link established link distribution per orbital shell/plane for the MEO host using LCT2 is shown in
Figure 3.25. In each case of MEO-LEO | links, it can be seen that a uniform distribution of links can
be expected, with about 58 links per MEO orbital period. In contrast, the MEO-LEO P is also rather
uniform, but exhibits consistently more links, closer to 70 with each plane. It would seem that this
is due to the relative orientation of the MEO and LEO I/ LEO P orbital planes, which will be seen in
subsection 3.4.3.

Nr. of links by MEO host in 8 hr in frame LF2.
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Figure 3.25: Available links per orbital plane for LCT2 placed at LF2 on the MEO satellite.

3.4.3. LISL Coarse Pointing Variables

MEO - MEO

The co-planar links for the MEO host satellite are shown in Figure 3.26. 2 links are in sight at all times,
1 ahead - with azimuth at 90 deg and 1 behind the host satellite, with azimuth -90 deg, slant ranges of
24000 km and elevations of 36 degrees. The pointing angles and slant ranges show smaller variations
than in the LEO co-planar cases, with rates 1-4 orders of magnitude lower, which is due to MEO orbit
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being equatorial and the reduced impact of perturbations due to the higher altitude. Overall, the MEO
co-planar appear the least challenging.

MEO - coplanar links
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Figure 3.26: AER (left) and rates (right), using LF2 placement for MEO intra-orbit links.

MEO - LEO Inclined

The links to every 2nd LEO Inclined plane are shown in Figure 3.27. A clear elevation pattern, specific
to MEO-LEO links can be seen in the elevation range- the range is relatively small 20 deg, though
always relatively high, above 70 degrees and peaking at 90 in case of a complete overhead pass of
the LEO target satellite. This was also the reason why no LCT1 links were detected, as the LCT1’s
maximum elevation limits are much smaller than the minimum MEO-LEO elevation angles.

Observing the azimuth values, the reason why most of the MEO-LEO | links are over 60 minutes,
but a wide variety of shorter links occur too. The majority of the links (60+ minute) are because of the
slow variation in slant range and the often constrained azimuth angles. The Earth occultation limitation
mainly occurs for less than half of the LEO satellite orbit, meaning most links would be about 60+
minutes. Meanwhile, when the azimuth goes wraps from 180 to -180 deg, the link duration is split into
two, leading to the shorter communication windows.

Most of the links show relatively slow dynamics with a small number of exceptions. The azimuth
rates are mostly below +/- 0.3 deg/s, while elevation never exceeds +/- 0.03 deg/s. The few cases that
do have higher azimuth rates (up to 2 deg/s) occur when the MEO host is approximately overhead of
the LEO satellite, leading to an elevation close to 90 deg and a fast change in azimuth of 180 degrees.
That was the case with the target LEO | in plane 2, index 4 at 50 minutes. The elevation increased
nearly up to 90 deg, azimuth rapidly changed from -45 to 135 degrees and the slant-range reached the
near minimum of 13000 km. This is among the most challenging MEO-LEO LISL cases.
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Figure 3.27: AER (left) and rates (right), using LF2 placement for MEO -LEO | links in every 2nd orbital plane.
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MEO - LEO Polar

The links between the MEO host and the LEO Polar targets are shown in Figure 3.28. Comparing to
LEO-LEO links, the same patterns of elevation and slant range can be seen as in the MEO -LEO |
link case. Analyzing the azimuth angles, it can be seen that in nearly case the azimuth wraps around
+/- 180 degrees. Due to how often this occurs, significantly more links are split into 55-60 and 30-45
minute windows, which was seen in Figure 3.24. This occurs due to the polar LEO and equatorial MEO
being nearly perpendicular, unlike in the MEO - LEO Inclined case.

Besides the azimuth wrapping, the link variables are similar as in the LEO Inclined case. All- slant
range, elevation and azimuth rates are within the same ranges. A single link case with LEO Polar
plane 2, index 4 occurs where the LEO satellite flies nearly directly under the MEO host, leading to a
fast azimuth rate of 2 deg/s. This is again a challenging case in MEO-LEO links.
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Figure 3.28: AER (left) and rates (right), using LF2 placement for MEO -LEO P links in every 2nd orbital plane.

3.5. Overview of Communication Windows

It must now be looked into what communication window length covers sufficiently many link cases
for both terminals. Once determined, these communication window lengths will then be used as the
required orbit prediction windows in the OD and OP algorithm design. This is first done for the LCT1
links in subsection 3.5.1, followed by checks for the LCT2 in subsection 3.5.2.

3.5.1. LCT1 link windows

The distribution of communication windows and the likelihood of a given link being within the specific
window for LCT1 is shown in Table 3.2. Windows below 10 minutes cover over half of the LEO-LEO
links and are already considered relevant for LCT1 Orbit Predictions despite not covering any LEO-
MEO links. A longer window of 30 minutes already encompasses over 90% of every possible link case
for the LCT1 and is also chosen as a relevant time window, specifically aimed for the LEO-MEO LCT1
links. Therefore, both 10 and 30 minute communication windows are selected for the LCT1 OP needs.

Table 3.2: Likelihood [%] of links being within communication window length for each link case using LF2 placement and LCT1.

Communication Window/ | 4 in | <45 min | <30 min | <45 min | <60 min
Link case

LEO I-LEO | 52 74

LEO-LEOP 69 83

LEO I-MEO 0 44

LEO P-LEO P 65

LEO P-LEO | 68

LEO P-MEO 18
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3.5.2. LCT2 link windows

The distribution of communication windows and the likelihood of a given link being within the specific
window for LCT2 is shown in Table 3.3. It can be seen the needed threshold will be longer than for
the LCT1 terminal, as a 30 minute window does not cover half of any LEO-MEO or MEO-LEO links. If
only a 10 minute window is considered, it would be sufficient for about 50% of LEO-LEO links, except
in the LEO | intra-shell links. 30 minutes would cover the vast majority of LEO links. 45 minutes
would cover about half of the LEO-MEO links, but would still be too short for most MEO-LEO links.
Even at 60 minutes, many MEO-LEO links would be not be full supported, but it is not expected that
60+ minute communication would be needed in practical applications and therefore the 60 minute
threshold is chosen for MEO-LEO, LEO-MEO and LEO-LEO co-planar links. For non-coplanar LEO
links, 30 minutes will suffice.

Table 3.3: Likelihood [%] of links being within communication window length for each link case using LF2 placement and LCT2.

Qommunlcatlon Window/ <10 min | <15 min

Link case

LEO I-LEO | 28 49

LEO I-LEO P 56 69

LEO I-MEO 0 0

LEO P-LEO P 55 68 \
LEO P-LEO | 53 67 \
LEO P-MEO 0 11

MEO-LEO | 2 2

MEO-LEO P 2 3

3.6. Selected Link Cases of Interest

In this section, the link cases selected to benchmark the OD-OP algorithms will be documented. The link
cases were chosen to include the links with both with very basic and extremely difficult complexities.
It was also important to include sufficient LEO-MEO and MEO-LEO links to test see if links can be
established in both directions. Finally, both long and short communication window links were added.

The link cases are summarized in Table 3.4, briefly showing their lengths, angular rates and link dis-
tance ranges. This involves 3 link cases involving MEO satellites and 3 involving strictly LEO satellites.

Two link cases- 1 and 4 are co-planar, with 1 being between MEO satellites at 24000 km and 4
between LEO Polar at a constant 3500 km range. Cases 2 and 3 are between MEO and LEO satellites.
The final cases 5 and 6 are dynamically fast links in LEO with close approaches. Each link case is
described more thoroughly in the upcoming subsections.

Table 3.4: Overview of the 6 selected link cases to be used to benchmark the OD-OP algorithms.

. . Max AE Max. Link | Min. Link
Link nr. | Length [min] | Host Target Rate [deg/s] | Dist. [km] | Dist. [km]
1 60 | MEO MEO 0 24000 24000

2 60 | MEO LEOI 2 23000 13000

3 60 | LEOP | MEO 0.3 22500 13000

4 60 | LEOP | LEOP 0 3500 3500

5 20 | LEOP | LEOI 4 7000 50

6 60 | LEOI | LEOI 0.4 3300 100
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3.6.1. Case 1 - Coplanar MEO-MEO link

A basic co-planar link between a follower and a leader MEO satellite is shown in Figure 3.29. In this link,
constant pointing angles large link distance can be observed, which indicates favourable conditions for
the PE contribution of the OD-OP algorithms. The link visualized in 3D can be seen in Figure 3.30
and can be seen to be roughly aligned with the along-track direction of the host orbit. This link case is
expected to be least affected by the LOS predictions in terms of the resulting PE.
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Figure 3.29: First link case between adjacent MEO satellites - AER (left) and rates (right), using LF2 placement.
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Figure 3.30: First link case between adjacent MEO satellites, visualized in 3D.
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3.6.2. Case 2 - Inter-Orbit MEO - LEO Inclined link

The second link case was chosen to cover the MEO - LEO type with the link variables shown in Fig-
ure 3.31. In this case, a long window with fast angular dynamics dynamics can be observed, which
peak at around 30 minutes after link start. Observing the relative geometry in Figure 3.32, it can be
seen that the LEO target flies almost directly under the MEO host, which leads to the large spike in
azimuth rates.
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Figure 3.31: Second link case from MEO to LEO Inclined satellite at high elevation- AER (left) and rates (right), using LF2
placement.
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Figure 3.32: Second link case from MEO to a LEO Inclined satellite, visualized in 3D.
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3.6.3. Case 3 - Inter-Orbit LEO Polar - MEO link
The third link case is another Inter-orbit link, but this time with the host in LEO, linking from the LEO Polar
orbit to a MEO target. It is a medium-difficulty case in terms of angular rates, as seen in Figure 3.33,

but it does present a long window. Again, the elevation reaches its minimum when the MEO host flies
directly overhead, as can be seen in Figure 3.34
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Figure 3.33: Third link case from Leo Polar to MEO with a med/high elevation pass - AER (left) and rates (right), using LF2
placement.

Link Case 3 LEO_P_4_4 MEO_0_1

15

2.0 —2.0 m== Host LEO P 4 4
Target MEO_1

T T
1.4 1.6 1.8 2.0 2.2 2.4
Slant range [m] le7

Figure 3.34: Third link case from Leo Polar to MEO, with the MEO satellite flying exactly overhead the LEO Polar host,
visualized in 3D.
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3.6.4. Case 4 - Intra-Shell LEO Inclined -LEO Inclined link

The fourth link case is a stark contrast to the links involving MEO satellites. As seen in Figure 3.35,
the angular rates are much smaller with the azimuth and elevation staying pretty much constant. The
link distance, however, is much shorter and thus orbit prediction errors will be a lot more significant in
terms of their impact on the PE. The link is visualized in Figure 3.36, where the host and target share
the same orbit and only have a true anomaly offset between them.
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Figure 3.35: Fourth link case between adjacent LEO Polar satellites - AER (left) and rates (right), using LF2 placement.
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Figure 3.36: Fourth link case for two Co-planar LEO Polar Satellites, visualized in 3D.
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3.6.5. Case 5 - Inter-Shell LEO Polar - LEO Inclined link

The fifth link case is a LEO link case with very challenging conditions. The link variables are shown in
Figure 3.37- the communication window is much shorter, a total of about 20 minutes, but the angular
rates are very fast. This is due to the opposite flight directions of the satellites and the extremely close
approach that occurs in the middle of the link. This is visualized in Figure 3.38, where is can be seen
that only in a short portion of the orbits, the satellites come close to each other.
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Figure 3.37: Fifth link case between LEO satellites, from Polar to Inclined- AER (left) and rates (right), using LF2 placement.
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Figure 3.38: Fifth link case between LEO satellites from Polar to Inclined- AER (left) and rates (right), using LF2 placement.
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3.6.6. Case 6 - Cross-plane LEO Inclined link

The final link case is a cross-plane link between two inclined LEO satellites in adjacent orbits. This link
case is slightly easier in terms of pointing angles and slant rates than the previous LEO link case. The
pointing angles and rates can be seen in Figure 3.39. Although the minimum link distance gets quite
close, for the remaining portion of the orbit the angles remain rather constant. Nonetheless, due to the
smaller link distances, it is expected that this will be a medium-difficult link case in terms of PE due
to OD OP errors. This link geometry is visualized in Figure 3.40, where it can be seen that the link is
almost constant, pointing in the cross-track direction, until the link direction swaps in the high latitude
portions.
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Figure 3.39: Sixth link case between LEO Inclined satellites in adjacent orbital planes- AER (left) and rates (right), using LF2
placement.
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Figure 3.40: Sixth link case for a cross-plane LEO Inclined link, visualized in 3D.
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3.7. LISL Geometry Conclusions

In this section, the conclusions relating to the originally formulated RQ1 will be summarized. This is
done to each sub-question, leading to an overall answer to the central research question regarding the
LISL properties in the LEO/MEOQO satellite constellation.

1 a). What are the available communication window time distributions for the intra-orbit, inter-orbit
and inter-shell in LEO-LEO, MEO-MEO, LEO-MEO and MEO-LEO links?

Intra-orbit LEO Polar host and LEO Inclined host links were found to be continuously available for
LCT2 regardless of nominal terminal placement/orientation. LCT1 could only continuously cover co-
planar links in the nominally cross-plane facing orientations LF2 and LF4.

Inter-orbit LEO Polar links were mostly in the 10-15 minute region, with over 50% of all link windows
being in that range for LCT1. For LCT2, more and longer inter-orbit links were detected with 50% of
them occupying the 10-20 minute range. Most short links occurred with targets flying in the opposite
direction. For both terminals, link opportunities also occurred in the 20-60 minute range, however, these
were only about 5-10% of all link opportunities.

Inter-orbit LEO Inclined host links were generally shorter and fewer than LEO Polar host links. With
LCT1, 40% of links were 0-10 minutes and 40% more in the 10-15 minute window. A total of 150
links were detected over 2 hours with LEO Inclined satellites with LCT1, whereas the LEO Polar host
registered about 250 links under the same constraints. The reason for this was that fewer links can
be reached with the opposite-flight satellites. While the LEO Polar host can link with opposite plane
LEO targets throughout the entire orbit, for the LEO Inclined host this is only possible near the equator
and in the mid-latitude regions, due to the larger link distances and earth occultation around the high
latitude regions.

Inter-shell LEO links were found to be generally shorter than inter-orbit LEO links. About 90% of
LEO P - LEO I links were 15- minutes with LCT1 and 25- minutes with LCT2. The same was true for
LEO I - LEO P links. Fewer links occurred in the 20-60 minute regions and only LCT2 could support
60+ minute inter-shell LEO links.

Few inter-shell and mostly longer LEO-MEO links opportunities were found. In all cases, 8-9 link
windows were detected over 2 hours. LCT1, LEO | - MEO links were mostly 10-30 min and for LEO P
- MEO, the link windows were either 20- minutes or 60+ min long. With LCT2, the available windows
became longer, for both LEO |- MEO and LEO P-MEO becoming mostly 40+ minutes.

In contrast, many more opportunities were seen from the MEO satellite’s point of view. Over 8 hours,
750+ link windows were found to LEO satellites and mostly in the 55+ minute regions. In case of MEO-
MEO links, only the leading and trailing satellites are available due to Earth occultation. Furthermore,
links only with LCT2 were possible due to the 10000+ km link distances.

1 b). What are the critical communication time cut-offs in terms of available communication win-
dows?

In addition to the 100 second acquisition window, 3 cut-offs were chosen based on link availability
windows. A 10 minute cut-off was chosen as it it covered 50-70% of link windows LEO-LEO links for the
LCT1. A 30 minute cut-off was also chosen as it covered 90+% of all LCT1 link windows and 80-90%
of LEO-LEO links for LCTZ2. Finally, a 60 minute window was chosen as the longest cut-off for the long
and continuously available links.

1 ¢). What are the ranges and rates of azimuth, elevation and link distance for the intra-orbit, inter-
orbit and inter-shell in LEO-LEO, MEO-MEO, LEO-MEO and MEO-LEQ links?

Intra-orbit LEO Polar and LEO Inclined links both had roughly constant pointing angles and link
distances. The link distances were about 3700 km and 6200 km. Angular rates were less than 0.1
mdeg/s. Slant rates were about 50 m/s or less. Any longer links were geometrically impossible due to
Earth occultation.

Inter-orbit LEO Polar host links to the opposite plane were found to have much faster dynamics.
Azimuth angles were found to cover the entire field of view, while elevation was constrained between
0 and 30 degrees. Slant rates were up to 10 km/s and elevation rates reached a maximum of 0.05
deg/s. Azimuth rates varied drastically based on the minimum link distance. In most challenging cases,
azimuth rates of over 2 deg/s were observed.

Inter-orbit LEO Inclined host were also found to have faster dynamics, but fewer cases of close
approaches were found. For links between Plane 4 and Plane 11, Azimuth angles again covered -180
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to +180 degrees and elevation varies between 0 and 30 degrees. The slant rates were also up to 10
km/s, while azimuth rates were lower and rarely exceeded 0.5 deg/s. Elevation rates were found to be
within 0.04 deg/s.

LEO-MEDO links lead to vastly different geometries. In terms of link distances, they varied between
a minimum of about 13000 km to a maximum of over 22000 km. The slant rates reached a maximum
of about 5 km/s. Azimuth angles covered the entire field of view but generally changed at slower rates,
never exceeding 0.4 deg/s. The elevation angles covered a wide range from the LEO satellite’s view,
with the entire elevation range being about 90 deg. The elevation rates were again slower than azimuth,
reaching a maximum of about 0.05 deg/s.

In case of MEO satellites, in intra-orbit links, a constant link distance of 24000 km occurred with
the pointing angles also being static. MEO-LEO links had slightly different conditions than LEO-MEQO
links. While azimuth covered the entire range, rates of up to 2 deg/s occurred with both LEO Inclined
and polar targets, which were much faster. The elevation range was a lot less, only being about 20
degrees- ranging from 70-90 degrees with both Polar and Inclined targets. The elevation rate, however,
was lower, reaching about a maximum of about 0.03 deg/s.

1d). How many links of each type can be established by satellites in LEO and MEO to each orbital
plane per orbital revolution?

For a LEO Polar host, 2 and 4 co-planar links were possible with LCT1 and LCT2, respectively. For
inter-orbit links, further planes lead to consistently more links being detected. With LCT1, about 5 links
were possible with Planes 3/5, 10 links with 1/2/6/7. About 15 with planes 0 and 8 and 35-50 with
planes 9-12. When LEO Polar-LEO Inclined links were considered, about 10-15 links were found to be
possible to planes 0-8 and about 30 to planes 9/12 with LCT1. LCT2 lead to consistently more links,
reaching up to 30 with plane 8 and 50 links with planes 9 and 12. With the opposite planes 10 and 11,
about 50 links were found for both terminals.

For a LEO Inclined host, the same was found with co-planar links. For inter-orbit links, fewer op-
portunities were found and only up to 25 links were detected with the opposite planes 10-11 for LCT1
and up to 35 using LCT2, which was due to the much longer link distances occurring between LEO
Inclined satellites. With LEO Polar targets, up to 50 links were found with the opposite planes, as the
link distances around the high latitude regions were now less.

Considering MEO satellites, the same number of opportunities were found with each LEO orbital
plane but there was a difference between the two shells. For MEO-LEO Inclined shell, about 55 links
were detected in 8 hours with every plane. In contrast, with each LEO Polar shell, up to 70 links were
found in the same time. For MEO co-planar cases, the 2 continuously available links were detected.



GNSS-based OD performance

In the previous chapter, the link geometry, prediction window and link case aspects of OD-OP for LISL
have been described. Now, the OD aspect must be looked into. The observed performance of vari-
ous OD schemes will now be looked into. This is done with 2 goals- 1) testing novel Kalman Filters
for the first time with flight data and 2) comparing and quantifying expected pseudorange-based KF
performance for subsequent Orbit predictions. First, the GNSS flight and precise orbit data used is
described in section 4.1. In section 4.2, an overview of the performance of every analyzed dynamic
filtering method will be presented. Furthermore, expected results for carrier-phase based kalman fil-
ters is collected from literature. Lastly, is discussed how these results would apply to use cases in
satellite constellations when considering the performance of COTS GPS receivers. Subsequently, in
section 4.3 the novel filters are focused on, first presenting their performance with flight data at different
update intervals, followed by a discussion and analysis of their shortcomings. Finally, an overview of
the results and answers to the second RQ are presented in section 4.4.

4.1. Used GNSS Flight Data

In order to evaluate Novel filters with flight data, GNSS measurements were needed as inputs and
precise orbits were required to test the filters’ accuracy. For these purposes, Gravity Recovery and
Climate Experiment Follow-On (Grace-FO), Jason-3 and CHAllenging Mini-Satellite Payload (CHAMP)
data was used. Additionally, HY2A precise orbit data was used to verify the orbit prediction algorithms,
as the HY2A orbital parameters match the analyzed constellation’s LEO Polar satellites altitude and
inclination.

To evaluate the applicability of each satellite’s data to the report outcomes, the orbital parameters
need to be considered. These are shown for each satellite in Table 4.1. While all sets of GNSS
measurements are applicable to test the Novel Kalman Filters, only a single set will be used to quantify
the PR-based KF performance for subsequent OP. The results derived when using Jason-3 data will
be used for this purpose, as its higher orbit better represents the LEO constellation satellites, which
at 1000 km will be affected significantly less by drag and slightly less by the perturbing Earth gravity
terms.

Table 4.1: Rough satellite orbital parameters derived from the precise orbit data and timestamps of the datasets used for Filter
Tuning and testing/verification purposes.

Satellite Altitude | Inclination | Orbital Data datestamp Data datestamp

[km] [ded] Period [hr] | Testing [YY-MM-DD] | Tuning [YY-MM-DD]
Grace-FO 530 89 1.65 18-09-01 18-07-02
CHAMP 440 87.18 1.56 01-01-10 01-01-30
Jason-3 1337 66 1.87 19-12-31 19-05-17
HY2A 971 99.35 1.74 11-10-07 | -

GRACE-FO data is archived by Jet Propulsion Laboratory’s Physical Oceanography Distributed
Active Archive Centre (PODAAC) and was accessed through [1], after being granted Earth Data login
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details. Level-1B data was used, which is made available to the scientific community [31]. GPS1B and
GNV1B files were used, the GPS1B includes three PR and CP measurements (CA, L1, and L2) [31],
although only the L1 PR was used. GNV1B was used for Precise Orbit solutions and are documented
to be accurate to the cm-level [75]. These files contain the position and velocity solutions in ECEF and
were used to evaluate the OD and OP method accuracy.

The data for CHAMP are archived by GeoForschungZentrum (GFZ) Potsdam and public data is
accessible through an fps server. The Rapid Science Orbits were used as precise orbits, which are
indicated to be accurate to 1-2 cm [53].

Jason-3 is the follow-on mission from TOPEX/Poseidon Jason-1 and OSTM Jason-2 missions, co-
operated by the French Space Agency CNES, NASA and European Organisation for the Exploitation of
Meteorological Satellites EUMETSAT. Its GNSS measurements and Precise Orbit orbits were accessed
through AVISO+ data services http://www.aviso.altimetry.fr. The precise orbits are indicated to
have accuracies better than 5 cm 3D RMS [26]. HY2A Precise Orbits were also downloaded from
AVISO+ servers to be used as verification data in the next chapter, due to the mission’s similar orbital
parameters to the simulated LEO Polar host satellite.

4.2. Expected GNSS-OD Performance

In this section, the expected GNSS-based OD method performance that will later be applied for sub-
sequent OP will be described. First, the KF settings will be looked into in subsection 4.2.1, which will
include theoretical and tuned settings for each implemented KF. Subsequently, in subsection 4.2.2, the
performance of the analyzed filters will be presented with the tuned/theoretical KF settings, as well as
the potential filter performance with ideal measurement selection. Then, Carrier-phase based KF per-
formance found in a literature search will be described in subsection 4.2.3. Finally, in subsection 4.2.4
the previously shown results will be applied to a Satellite Constellation by considering COTS GPS re-
ceivers specifications. This will allow to draw conclusions regarding more realistic expectations for
GNSS-OD performance in the considered satellite laser communication.

4.2.1. Kalman Filter Settings

In this subsection, the KF settings will be documented. First, the settings used pre-tuning will be shown
based on theoretical expectations and followed by settings found in basic offline tuning using a grid-
search algorithm.

Theoretical Settings
The theoretical filter settings are presented in Table 4.2. These settings were selected based on the
expected measurement uncertainty and expected prediction errors.

Considering the measurement noise matrices, the EKF, SPUKF and UKF all had a diagonal R matrix
of 25, which represents the squared value of the expected measurement uncertainty. In this case, it
was the expected precision of the used SF pseudorange measurements. In [66], the largest magnitude
GNSS measurement error component listed is the 1st order lonospheric error, up to 30 m. However, a
more conservative value is used for the noise matrices of 5 m, to avoid the filter being too insensitive to
measurement updates [68]. The measurement noise is kept consistent among these filters as they use
the same measurement. In contrast, the PEKF is assigned a larger magnitude R, as the measurements
are the coarse position kinematic solutions. Testing the NRM errors with the flight data, they are not
expected to have a better precision than 15 meters and the noise matrix is set accordingly.

The Process Noise matrices were kept relatively low for EKF and PEKF and larger for UKF and
SPUKEF. These represent the added uncertainty of the orbit prediction step. It adds to the covariance
of the filter, thus increasing the Kalman gain and keeping the filter sensitive to new measurements
[36]. For the EKF and PEKEF, they are kept minimal, as only a single point is propagated and for a
relatively small time-step of 10 s. For the UKF, a 10 times larger Q is used, as multiple sigma points are
propagated and summed, thus the total prediction uncertainty should be higher. Q is further increased
for the SPUKEF, as it also makes predictions using multiple sigma points, but the non-mean representing
sigma points are propagated in a simplified manner, further increasing the expected uncertainty.

For the unscented filters, an additional parameter is )\, which controls the weighing of the sigma
points. Higher value puts more weight on the sigma point representing the mean state and less on the
other sigma points. Theoretically, a value of 3— N is recommended [28] where N represents the number
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of estimated states. However, this results in a negative weight for Oth sigma point, which in turn leads
to the covariance estimate no longer being positive semi-definite. That is an issue, as the UKF/SPUKF
implementations use Cholesky decomposition to determine the square root of the covariance estimate
and this leads to the code crashing if the estimated covariance is not positive semi-definite. Therefore,
the theoretical recommendation was not applicable in this case. Other options for A values are not well
documented and hard to come by in literature. A positive value of 32 is chosen, which is representative
of the value used in the GPS-based OD using UKF in [16], which leads to a weight of about 0.2 for the
Oth sigma point.

Table 4.2: Theoretical filter settings used.

Filter Process Noise Measurement Noise | Lambda
EKF [10, 10, 10,1, 1, 1, 10] [25, 25, 25, 25] -
PEKF [10, 10,10, 1,1, 1, 10] [225, 225, 225, 225] -
UKF [100, 100, 100, 10, 10, 10, 100] | [25, 25, 25, 25] 32
SPUKF | [200, 200, 200, 20, 20, 20, 200] | [25, 25, 25, 25] 32

Tuned Settings

Each of the filters were tuned offline, using 2 hours of flight on a separate date. A basic grid-search
method was used, running the filters with different combinations of Q and R matrices (and lambda
values for the unscented filters) and minimizing 3D RMS errors as the objective. Precise orbit data for
each satellite was used to quantify filter performance and determine which filter settings lead to the
lowest errors.

The tuned settings are presented in Table 4.3, which are very different from the theoretical settings
presented in Table 4.2. The extended filters leaned towards smaller R values and a wide range of
Q values, generally putting more trust on the measurements. The settings also differed significantly
between the satellites, up to 2 orders of magnitude for Q. The unscented filters settings were largely
consistent with low R and large Q matrices, as well as large lambda values. This leads to the filters
being very sensitive to measurement updates and putting large weights on the Oth sigma point in the
prediction step.

Table 4.3: Filter settings tuned off-line.

Filter Satellite Process Noise Measurement Noise Lambda
EKF CHAMP [50, 50, 50, 5, 5, 5, 50] [0.4,0.4, 0.4, 0.4] -
EKF GRACE-FO | [0.78, 0.78, 0.78, 0.08, 0.08, 0.08, 0.78] | [0.4, 0.4, 0.4, 0.4] -
EKF Jason-3 [25, 25, 25, 2.5, 2.5, 2.5, 25] [0.4,0.4, 0.4, 0.4] -
PEKF CHAMP [570, 570, 570, 57, 57, 57, 570] [0.02, 0.02, 0.02, 0.02] | -
PEKF GRACE-FO | [250., 250., 250., 25., 25., 25., 250.] [0.15, 0.15, 0.15, 0.15] | -
PEKF Jason-3 [25, 25, 25, 2.5, 2.5, 2.5, 25] [85, 85, 85, 85] -
UKF CHAMP [260, 260, 260, 26, 26, 26, 260] [1.92,1.92, 1.92, 1.92] 300
UKF GRACE-FO | [29, 29, 29, 2.9, 2.9, 2.9, 29] [1.92,1.92,1.92, 1.92] 300
UKF Jason-3 [87,87,87,8.7,8.7, 8.7, 87] [1.92,1.92, 1.92, 1.92] 300
SPUKF | CHAMP [260, 260, 260, 26, 26, 26, 260] [0.64, 0.64, 0.64, 0.64] 300
SPUKF | GRACE-FO | [260, 260, 260, 26, 26, 26, 260] [0.64, 0.64, 0.64, 0.64] 300
SPUKF | Jason-3 [260, 260, 260, 26, 26, 26, 260] [0.64, 0.64, 0.64, 0.64] 300

4.2.2. Overview of Implemented Filter Performance

The implemented filter performance will first be shown when using theoretical KF settings. Subse-
quently, this will be repeated with the tuned settings and finally, potential filter performance using ide-
alistic GPS measurement selection will be presented.

Performance with Theoretical Noise Matrices
The performance of each implemented filter for 2 hours of flight data is presented in Table 4.4 using
theoretical filter settings, showing the standard deviation in the R radial, S along-track and W cross-
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track error components and the 3D RMS for position and velocity. Focusing on the 3D RMS errors, a
wide range of accuracies can be seen. Several tendencies can be pointed out.

First, the original PEKF and the new PEKF using the NRPC method consistently perform identically
in terms of accuracy, for all sets of flight data. This should not come as a surprise, as the intended
purpose of the improved NRPC-PEKF was to reduce CL and not to improve precision.

The performance of each filter differs per satellite, but some tendencies can be seen. In general, it
appears that the standard EKF leads to the best accuracy, with PEKF or the UKF coming close, while
the SPUKF leads to the worst accuracy. For CHAMP, the EKF, UKF and PEKF lead to large 3D RMS
errors of over 100 m. For Grace-FO, much better results can be seen with the EKF leading to 3D RMS
errors below 10 m, UKF below 20 m and PEKF just above 20 m. Finally, for Jason-3, all filters have an
accuracy around 50 m 3D EMS, with PEKF slightly outperforming EKF.

Table 4.4: PR-based KF OD errors for CHAMP, Grace-FO and Jason-3 L1 GPS measurements, using theoretical filter settings
and J2 dynamical model. Showing the standard deviation for each state component in the RSW (Radial, along, cross-track)
and the 3D RMS. *9% of orbit solutions diverged and were excluded from accuracy computation.

. Position [m] Velocity [cm/s]

Filter Sat. R S W 3D R S W 3D
PEKF CHAMP 65.2 | 52.7 | 52.9 | 101 378.1 685.7 | 249 822.5
NRPC-PEKF | CHAMP 65.2 | 52.7 | 52.9 | 101 378.1 685.7 | 249 822.5
EKF CHAMP 59.7 | 33.6 | 16.3 | 71.3 171.8 123.3 | 755 | 2246
UKF CHAMP 729 | 472|209 | 904 195.6 136.8 | 90.2 | 255.3
SPUKF CHAMP 114.3 | 65.7 | 37.3 | 137.9 | 2023.4 | 1093.5 | 688.3 | 2434.2
PEKF GRACE-FO | 8.6 194 | 84 | 232 | 328 98.3 89 186.5
NRPC-PEKF | GRACE-FO | 8.6 194 | 84 | 232 | 328 98.3 89 186.5
EKF GRACE-FO | 5.8 58 |19 | 84 9.9 1.5 6.7 18.8
UKF GRACE-FO | 5.7 57 |19 |83 10.3 11.5 6.9 19
SPUKF GRACE-FO | 5.3 57 |18 |8 215 224 44 1 86
PEKF Jason-3 31.8 | 24.7 | 23.4 | 47 120.1 111.3 148.5 | 265.1
NRPC-PEKF | Jason-3 31.8 | 247 | 234 | 47 120.1 111.3 148.5 | 265.1
EKF Jason-3 313 | 26.7 | 23 47.9 113.7 | 215.8 | 231.3 | 335.9
UKF Jason-3 26.7 | 28.8 | 249 | 47.3 131.8 | 2285 | 219.2 | 342.7
SPUKF Jason-3 22.6 | 20.3 | 30.2 | 43.1 476.8 | 407.8 148 669.4

The 3D position errors over time for the GRACE-FO and Jason-3 datasets can be seen in Figure 4.1.
Observing the filter performance for the GRACE-FO data, the orbit errors are mostly below 20 m, with
some excursions above this threshold. In portions where the accuracy degrades, the EKF appears to
be least prone to increase in error. In comparison, the accuracy is a lot less stable for Jason-3 data,
although many of the solutions still remain below 20 m errors for all filters.

Performance with Tuned Noise Matrices

The performance of each implemented filter for 2 hours of flight data is presented in Table 4.5 using
tuned filter settings. It is important to again note, that the filters were tuned for a separate period of
flight data taken on another day and the results shown here are for a separate period, representing the
test dataset.

Firstly, just as seen with the theoretical settings, the original and NRPC-PEKF implementations
perform identically. A deeper discussion on the reasons and the comparison of the two PEKF imple-
mentations are presented in subsection 4.3.2.

Comparing the implemented filter performance to the outputs using theoretical filter settings, differ-
ing results can be seen. While some filter/satellite combinations improve significantly. SPUKF specifi-
cally improves- for CHAMP from 200 m to 120 m 3D RMS, from 50 m to 30 m for GRACE-FO and from
65 to 53 for Jason-3. EKF with CHAMP also improved from 120 m to 45 m 3D RMS. In contrast, the
remaining filer/satellite combinations did not change significantly.

Analyzing the performance of each filter, it can again be seen that the EKF generally performs best.
For Grace-FO and CHAMP, EKF shows errors at least twice smaller than the other filters, while for
Jason-3 it performs at the same level as the other filters.
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Figure 4.1: PR-based KF results using theoretical KF settings and elevation-threshold based measurement selection.

The 3D position errors over time for the GRACE-FO and Jason-3 datasets can be seen in Figure 4.2.
For Grace-FO, the accuracy excursions appear smaller, especially for SPUKF and UKF, which perform
very similarly to the EKF/PEKF. This is potentially because of the much higher weight being put on the
0th sigma point, representing the mean, therefore leading to better quality predictions. Furthermore,
more trust is put on the measurements, thus making them the main limitation on overall OD accuracy.

For the Jason-3 filter performance, the discrepancy between filter performance also reduces signif-
icantly. All filters appear mostly similar, which again indicates that the measurement accuracy is the
main limiting factor, rather than the quality of the predictions.

In general, the tuned filter performance is not significantly better than the filters using theoretical
settings. This could simply be due to a too small dataset being used for tuning purposes. With only
2 hours of data used for tuning purposes, the filters might be tuned to work better with lower quality
measurements, or vice-versa, the measurements could be higher quality than the average. A potential
solution could be to use a larger dataset for tuning purposes, although this does slow down the tuning

process. Butin general, it can be concluded that the filters can perform relatively well with the theoretical
noise matrices.
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Figure 4.2: PR-based KF results using tuned KF settings and elevation-threshold based measurement selection.
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Table 4.5: PR-based KF OD errors for CHAMP, Grace-FO and Jason-3 L1 GPS measurements, using tuned filter settings, J2
dynamical model and real-time GPS measurement selection. Showing the standard deviation for each state component in the
RSW (Radial, along, cross-track) and the 3D RMS *10% of solutions diverged and were excluded from the accuracy

calculation.
. Position [m] Velocity [cm/s]

Filter Sat. R S W 30 R S W 30
PEKF CHAMP 80.3 | 51.3 | 56.8 | 113.3* | 694.6 | 828.8 | 526.1 | 1201.8
NRPC-PEKF | CHAMP 80.3 | 51.3 | 56.8 | 113.3* | 694.6 | 828.8 | 526.1 | 1201.8
EKF CHAMP 36.3 | 20.2 | 129 | 455 184.2 | 101 739 | 2226
SPUKF CHAMP 90.6 | 549 | 57.2 | 1229 | 1156 | 111.9 | 45 220.6
UKF CHAMP 89 54,1 | 54.8 | 120.5 | 677.3 | 424.5 | 504.9 | 944.7
PEKF GRACE-FO | 10.1 | 249 | 9.6 | 28.6 991 303.3 | 126.7 | 350.6
NRPC-PEKF | GRACE-FO | 10.1 | 249 | 96 | 28.6 99.1 303.3 | 126.7 | 350.6
EKF GRACE-FO | 55 | 5.7 19 | 8.2 9.1 114 6 18.3
SPUKF GRACE-FO | 10.5 | 26.6 | 10.3 | 30.4 100.5 | 100.6 | 9.1 199.4
UKF GRACE-FO | 10.1 | 249 | 9.6 | 28.6 99.3 | 303.2 | 118.2 | 340
PEKF Jason-3 334 | 26.7 | 24 49.5 199.9 | 188.6 | 176.6 | 343.1
NRPC-PEKF | Jason-3 334 | 26.7 | 24 49.5 199.9 | 188.6 | 176.6 | 343.1
EKF Jason-3 33.6 | 28.2 | 25 51 251.4 | 286 249.2 | 454.6
SPUKF Jason-3 36.3 | 30.3 | 27.1 | 55 2955 | 177.2 | 1416 | 3744
UKF Jason-3 31.3 | 28,5 | 24.9 | 49.8 186.9 | 192.3 | 152.7 | 308.4

Potential Filter Performance

In this subsection, the implemented filter performance is shown using ideal GPS measurement selec-
tion, leading to significantly improved performance. The goal is to highlight the potential short-coming of
the current implementations and importance of the GNSS preprocessing blocks, before the KF interface.
The only difference in the OD algorithms here from the previous subsction is the GPS measurement se-
lection. All other variables: KF settings, dynamical model and filter, and prediction formulations remain
identical.

The measurement selection block must select 4 GPS observations from all the tracked GPS space
vehicles. The Kalman Filters are set up to find a solution using 4 observations, whereas the receivers
have many more channels and at times have up to 11 measurements available. The selection of these
measurements has a direct impact on the quality of the orbit solution. Measurements can be selected
based on the SNR of the signal, distribution of the GPS satellites by evaluating the Dilution of Precision
(DOP) values or the elevation of each GPS vehicle w.r.t. the receiver.

In the previous OD results, measurements are selected in a simple manner by applying a commonly
used real-time 5 degree elevation cut-off threshold. SNR was not considered, as it was not available
in the RINEX observations for the Jason-3 data and the Geometric Dilution of Precision (GDOP) was
not computed due to the added computational load.

In the results of this subsection, ideal preprocessed measurement selection procedure was used.
The observations are selected by testing every possible combination in every time-step. The kinematic
solution for each combination of measurements is computed and evaluated w.r.t. the precise orbit
data. The combination of tracked SV leading to the smallest orbit error is then saved to be used as
the KF inputs at that time-step. This method was repeated for the entire time-series, resulting in a
predetermined set of selected observations.

The results for this ideal measurement selection are shown in Table 4.6. The improvement in orbit
solution quality is immense, with CHAMP’s OD accuracy improving to about 10 m 3D RMS and Jason-
3/GRACE-FO showing better accuracy than 5 m 3D RMS.

These results not only provide insight into the important of the GPS observation selection but also
in the shortcomings of the novel filters. While the position accuracy of all filters is good and generally
similar for each algorithm, the velocity errors stand out for the novel filters. For each satellite, the UKF
and EKF have much smaller velocity errors- from 20 cm/s to 100+ cm/s in case of Jason-3 and from
EKF/UKF’s 20 to PEKF’s 80 and SPUKF’s 250 cm/s for GRACE-FO. As the subsequent prediction
requires good knowledge of the satellite’s velocity, this shows that the novel filters perform worse than
the typical EKF. This indicates a potential implementation fault in the state transition matrices of the
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velocity term partial derivatives, as EKF and UKF relied on these matrices less than the novel filters.
However, no such issue was identified.

The representative time-series of the OD errors for GRACE-FO and Jason-3 are shown in Fig-
ure 4.3. In case of Grace-FO data, the PEKF, UKF and EKF perform very closely, while the SPUKF
is consistently showing larger errors. Also, the accuracy excursions around 2000s and 6000s are also
observable, but have a lower magnitude with this measurement selection scheme. For Jason-3, all
filters perform very closely, but the EKF visibly outperforms every other option, with the PEKF coming
at a close second.

Table 4.6: PR-based KF OD errors for CHAMP, Grace-FO and Jason-3 L1 GPS measurements, using tuned filter settings, J2
dynamical model and post-processed GPS measurement selection. Showing the standard deviation for each state component
in the RSW (Radial, along, cross-track) and the 3D RMS -*10% of solutions diverged.

. Position [m] Velocity [cm/s]
Filter Sat. R 5 W 13D R S W 3D
PEKF CHAMP 98 | 31|38 | 11.1 | 431 | 1040.9 | 52.2 | 1128
NRPC-PEKF | CHAMP 98 | 31|38 | 11.1|431 | 1040.9 | 52.2 | 1128
EKF CHAMP 99 32|41 | 113|733 | 26.1 323 | 84.4
UKF CHAMP 94 |3 3.8 110.7 | 88 26.1 39.6 | 100.1
SPUKF CHAMP 98 | 3.1 | 4 1.2 |78 | 26 49 |96
PEKF GRACE-FO | 15 |13 | 1.7 | 2.7 151 | 114 47.3 | 88.6
NRPC-PEKF | GRACE-FO | 1.5 | 1.3 | 1.7 | 2.7 151 | 114 47.3 | 88.6
EKF GRACE-FO |12 |13 |16 |24 |87 |85 7.8 17.4
UKF GRACE-FO | 15 |13 | 1.7 | 2.7 159 | 9.6 114 | 22.8
SPUKF GRACE-FO | 1.7 | 14 | 1.7 | 29 16 | 7.2 42 78.9
PEKF Jason-3 0605|1423 |5 10.9 83.3 | 135.1
NRPC-PEKF | Jason-3 0605|1423 |5 10.9 83.3 | 135.1
EKF Jason-3 11107 |06 | 14 15.7 | 85 7.7 19.8
UKF Jason-3 11107 |06 |15 10 7.5 6.6 16.2
SPUKF Jason-3 12107 |06 |15 12.4 | 9.1 60.9 | 99.2
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Figure 4.3: PR-based KF results using tuned KF settings and ideal measurement selection.

4.2.3. Carrier-Phase EKF Expected Performance

In this subsection, the expected performance for a carrier-phase based EKF formulation will be looked
into. Due to time constraints, CP-based EKF were not implemented and instead it was decided to refer
to literature to quantify the expected OD errors. This enables further evaluating CP-based methods for
the combined OD-OP performance.
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The CP-based EKF performance Table 4.7 based on past and current literature are shown in Ta-
ble 4.7. While the results for HY-2A and SWAMR C satellites indicates performance that is better than
0.5 m, these required the use of DF measurements which do not conform with the SF observation
constraint. The remaining satellites used the GRAPHIC combination, first introduced by [69], which
eliminates the ionospheric range delay. These only require the SF pseudorange and carrier-phase
measurements at the L1 frequency and conform with the SF receiver limitation. Therefore, the most
conservative results from the flight experience of the PROBA-2 satellite will be used as the expected
CP-based OD method accuracy in the subsequent analyses.

Table 4.7: CP-based OD results for satellites with flight experience

Satellite Meas. 3D RMS [m] | Pred. Step [s] | Receiver Source

PROBA-2 | GRAPHIC 1 30 | Phoenix [40]

X-SAT GRAPHIC 0.9 30 | Phoenix [14]

FY3C GRAPHIC 0.7 30 | SNSS Oceultation | 4 o)
Sounder

HY-2A DF CP 0.33 | - CAST [71]

SWARM C | DF CP 0.3 30 | PODRIX [18]

4.2.4. OD application to Satellite Constellations

The GNSS-OD algorithms will be applied in a satellite constellation and thus commercially available,
reliable and affordable receivers must be considered. However, their capabilities will differ from the
scientific GNSS receivers used on CHAMP, Grace-FO and Jason-3 satellites. Therefore, several COTS
receivers will be looked into and their performance will be compared to the scientific receivers in order
to determine whether a similar performance can be expected for the entire constellation.

First, the capabilities of COTS receivers must be quantified. This can be seen for 4 receivers
in Table 4.8. The indicated 1-sigma position accuracies are roughly similar, with the SF receivers
indicating a slightly worse performance than the EKF results seen in Table 4.5. In contrast, the Blackjack
receiver on Jason-3 is specified to have 16 tracking channels and to provide the position accurately to
50 meters, while the pseudo-range measurements are accurate to 10 cm and carrier-phase to 1 mm
[37]. Although this indicates worse performance of the scientific receiver, in reality the OD accuracy
strongly depend on the used algorithms, flight regimes, etc. and cannot be directly compared. The
found EKF results for the Jason-3 satellite were in fact less accurate and thus will be kept consistent
for the subsequent OP evaluation. The resulting conclusions will remain applicable as long as the
COTS receivers do indeed perform as indicated in their data sheets.

Table 4.8: COTS GNSS receivers with flight heritage and some of their technical specifications.

Model Manufacturer Freq. Channels 3D Pos. Source
Band Error [m]

NGPS-01-422 Newspace Systems L1 12 10 | [64]
SM-GNSS- . Not
MSP430-SKTRQ | SPacemanic Specified 60 25 | [¥9]

. L1/E1
G3PSTAR Elecnor Deimos L5/E5a 60 4 | 1]
ACC-GPS Accord Software &
NANO-NR Systems Private Limited L1 32 10112

The expected SF GNSS-OD performance for Kinematic, PR-based EKF and CP-based EKF is
presented in Table 4.9. The errors components are shown in the RSW reference frame, as these are
more intuitive as basic ECI/ECEF coordinates in terms of their values over time. The PR-based EKF
and Kinematic Single Point Positioning results were derived using the Jason-3 flight data. For the
SPP’s velocity errors, the velocity was first computed using a using a second order differentiation of
the computed positions. The CP-based position errors were taken from the PROBA-2 flight experience
results in [40].
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Table 4.9: State Errors for each Orbit Determination algorithm, showing the mean and standard deviation.

OD Algorithm Kinematic SPP | PR-based EKF | CP-based EKF
Radial Pos. Error [m] 11.0+/-46.0 6.5+/-33.6 0.5+/-0.5
Along-track Pos. Error [m] | -5.9+/-27.0 -4.1+/-28.2 0.3+/-1.2
Cross-track Pos. Error [m] | 0.7+/-32.0 -2.2+/-25.0 0.0+/-0.3

Radial Vel. Error [m/s]

0.0040+/-5.80

0.0230+/-2.51

-0.0030+/-0.0009

0.2000+/-6.90

0.0130+/-2.86

-0.0001+/-0.0006

Along-track Vel. Error [m/s]
Cross-track Vel. Error [m/s]

-0.0004+/-12.80 | 0.0030+/-2.49 0.0001+/-0.0004

4.3. Novel Filters Tested with Flight Data

In this section, the Novel KF performance will be looked into deeper, analyzing how the PEKF and
SPUKF perform with more spaced out GPS measurement updates. It will also be looked into what
leads to their performance shortcomings. This is first done for the SPUKF in subsection 4.3.1. The
PEKF will be analyzed in subsection 4.3.2, including the original PEKF performance and shortcomings,
as well as the NRPC-PEKF.

4.3.1. Single-Propagation Unscented Kalman Filter

Result and Discussion

The accuracy of the SPUKF for 2 hours of flight data at increasingly large update intervals is shown
in Table 4.10. Points with 3D position errors above 1000 m or velocity errors exceeding 100 m/s were
considered to be diverged, as there are expected to be too poor for the required subsequent orbit
prediction.

Generally, a worse performance can be seen for longer update intervals. Outside of the CHAMP
satellite, the 3D RMS grows for longer update rates- going from 27 to 47.5 m for GRACE-FO and from
52.7 to 72.1 m for Jason-3. Additionally, at update steps of 60, the fraction of diverging solutions in-
creases significantly, with about 35-50% diverging and at update steps of 120 s, no solutions converge.
The SPUKF’s performance would likely diminish much less if it was re-tuned for each increased update
interval. Nonetheless, the results do indicate that the filter’s prediction step quality is 1) strongly depen-
dent on the tuning or 2) only good enough for shorter steps. The latter point is backed up by the fact
that most of SPUKF’s sigma points are propagated using the linearized STM. Therefore, the simplified
prediction procedure could be the cause for the filter’s poor performance.

Table 4.10: PR-based SPUKF OD errors for multiple satellites’ L1 GPS measurements for changing measurement update
intervals, using tuned filter settings. Showing standard deviation for each state component in the RSW (Radial, along,
cross-track) and the 3D RMS for the converged solutions.

Sat Upd. | Div. Position [m] Velocity [m/s]

) Int. [s] | Sol. [%] | R S w 3D R S w | 3D
CHAMP 10 0.2 86.9 | 52.7 | 54.7 1179 | 06 | 04 04 0.8
CHAMP 20 0.3 68.5 | 44.1 486 | 96.7 1.1 3.3 0.1 3.7
CHAMP 30 0 79 451 35.8 100.3 | 10 233 | 03] 273
CHAMP 60 47.6 193.8 | 83.3 110.6 | 264.5 | 53.7 | 1726 | 0.6 | 182.6
CHAMP 120 100
GRACE-FO | 10 0 9.6 23.5 | 9.1 27 0.1 0.2 04|08
GRACE-FO | 20 0 11.4 30.8 11.9 35 1.1 3.2 04139
GRACE-FO | 30 0 16.3 | 404 142 | 475 |97 | 227 |05 26.9
GRACE-FO | 60 46.6 287.4 | 106 102.8 | 333.9 | 52.2 | 169.7 | 0.5 | 179.7
GRACE-FO | 120 100
Jason-3 10 0 346 | 292 | 258 |527 |29 1.6 1.4 | 3.8
Jason-3 20 0 429 | 36.7 |31.8 |[655 |32 |27 1.3 | 51
Jason-3 30 0 452 | 415 | 344 | 721 8.4 16.9 1.1 ] 21.6
Jason-3 60 37.9 301 149.1 | 86.5 | 350.5 | 56.7 | 138.2 | 2 150
Jason-3 120 100
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Observing the time-series of the OD errors of the SPUKF can provide some additional insight into the
filter's performance with longer update intervals. This is shown for the Jason-3 and CHAMP satellites in
Figure 4.4. The OD performance visually decreases over the entire time-series. Even during periods
of the SPUKF performing well (eg. around 2500s for CHAMP, 4000s for Jason-3), the 60-s update
OD errors are mostly above the 10/20/30 s lines. That statement further applies to the 30-s update
errors compared to 10/20-s results and 20-s to 10-s. Another observation is that that excursions from
the nominal 30-50 m OD accuracy occur for both short (10-20 s) and long (60 s) update intervals.
However, these are less detrimental to the high-frequency update rate results, as fewer poor updates
are made in the low-quality observation clusters, leading to a smaller impact on the 3D RMS error.
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Figure 4.4: PR-based SPUKF for different measurement update rates, showing results using tuned settings,
elevation-threshold based measurement selection.

Analysis of Prediction Step

In this subsection, the prediction step quality of the SPUKF will be looked into. This is the suspected
reason for SPUKF’s poor performance compared to the other analyzed filters. As an Unscented filter,
the SPUKF uses a weighted mean of multiple sigma points to predict the state, but to save on compu-
tational load, it fully propagates only the Oth sigma point, representing the mean state. The simplified
updates of the remaining sigma points could lead to a lower quality of the complete prediction step.
Therefore, it will be analyzed how large the prediction error are for each sigma point, with a closer
look at the Oth sigma point and the weighted mean. The prediction step errors of the SPUKF will be
compared to the UKF.

The prediction errors of each sigma for the SPUKF using CHAMP and Jason-3 data can be seen in
Figure 4.5. A sharp contrast can be seen in the prediction error for the labelled groups of sigma points.
Points 1-7 and 8-16 mostly show prediction errors above around 1000 m for both satellites. The Oth
point remains at much smaller prediction errors. This makes sense, as the other points are artificially
offset prior to the prediction to better capture the true mean and does not indicate an issue with the
predictions. However, what can be seen is that the weighted sum is generally at the same level of error
as the Oth sigma point. This indicates that the prediction quality does not improve on a single-step
basis by using multiple sigma points and just a single point would likely suffice. The same can be seen
for the UKF predictions in Figure 4.6 - where the weighted sum of the predictions does not lead to a
smaller error than the Oth sigma point.

After observing the prediction step quality- very limited conclusions can be drawn regarding the lack
of unscented filters’ performance improvement. It could be seen that the predictions generally perform
well, although on a single-step basis, no improvement can be spotted by the use of multiple sigma
points. However, this does not show whether the behaviour over the entire time-series improves, as
the filters do carry information over from the previous update steps. Thus, it can only be concluded that
the Unscented filters’ performance issues are not due to the prediction step being poor, but are likely
limited by the correction or another unforeseen factor.
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Figure 4.5: Prediction step errors for the SPUKF, showing the error of each sigma point, as well as their weighted sum,
representing the predicted state value.
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Figure 4.6: Prediction step errors for the classic UKF, showing the error of each sigma point, as well as their weighted sum,
representing the predicted state value.

4.3.2. Preprocessing Extended Kalman Filter

Results and Discussion

The OD accuracy of the PEKF for 2 hours of flight data with increasingly longer update intervals are
shown in Table 4.11. Again, solutions with 3D position errors above 1000 m or velocity errors exceed-
ing 100 m/s were considered to be diverged, as they are expected to be too poor for the required
subsequent orbit prediction.

First, observing the results for CHAMP, a increasingly more solutions diverge for longer update
intervals, which is to be expected. However, the 3D position RMS error appears to decrease, which is
the opposite is expectations. This could be due to the PEKF’s dependence on good coarse position
inputs and the longer update intervals might lead to fewer bad coarse position inputs. Also, due to
a higher fraction of solutions diverging and being filtered out, this could artificially increase the OD
accuracy. When looking at the time-series of the OD errors for CHAMP in Figure 4.7, the accuracy
improvement indeed appears to be an artifact. The OD errors peak at 1000 s, for the sparser case
of 120 s, fewer sets of lower quality measurements are captured, leading to the filter diverging less
than the 10 or 30 s cases. However, observing the velocity errors, they are higher for 60/120s update
intervals compared to 10s intervals by a factor of 2, which does indicate that the OD performance
generally worsens.
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Table 4.11: PR-based PEKF OD errors for multiple satellites’ L1 GPS measurements for changing measurement update
intervals, using tuned filter settings. Showing standard deviation for each state component in the RSW (Radial, along,
cross-track) and the 3D RMS for the converged solutions.

. Upd. | Div. Position [m] Velocity [m/s]
Satellite |\ i "1s]|Sol.[%] [R S [W [30 [R S YW T30
CHAMP | 10 74 76 | 486 | 538 | 1073 |66 7.8 |5 [ 114
CHAMP | 20 77 642 (425476 92 | 35|56 |32 74
CHAMP | 30 82 74 | 405|398 | 956 |33 10 |19 42
CHAMP | 60 8.7 486 371 | 433 | 769 |88 196 |14 | 215
CHAMP | 120 | 96 332 | 242 | 164 | 486 | 85| 158 | 0.8 | 18
GRACEFO | 10 0 96 | 237|941 |272 [09]29 |11 32
GRACEFO | 20 0 1.0 [ 328 | 126 | 372 |07 |22 |00 | 25
GRACE-FO | 30 0 13.9 | 401 | 154 453 |06 |18 |07 |2
GRACE-FO | 60 0 184 563 | 216 | 633 |04 |11 |04 13
GRACEFO | 120 | 0 138 [ 309 | 124 |36 | 05|06 |04 |11

Jason-3 10 0 319 (259 | 22.7 477 (1918 (153
Jason3 | 20 0 375 336 | 282 | 585 |17 |18 |14 |29
Jason-3 30 0 434 (401 | 320 (682 (1716 (13|27
Jason3 | 60 0 557 (55 | 4431906 (1213 [1 |2
Jason-3 120 10 15391 |73 | 198 |03 |03 |02 06

Observing results for the other 2 satellites, the results also generally get worse for longer update
intervals. The 3D RMS errors grows for intervals from 10s to 60s, with position errors increasing by
about a factor of 2, while velocity errors remain similar. Unlike CHAMP, none of the solutions diverge.
As to the 120 s update interval leading to better OD accuracy, a similar case as for the CHAMP satellite
can be seen in the right of Figure 4.7. Fewer poor coarse solutions are captured as inputs for the PEKF,
thus leading to fewer error peaks.

Therefore, the PEKF does perform slightly worse for longer update intervals, but still provides rea-
sonably accurate solutions. This was according to expectations, as the PEKF’s correction step perfor-
mance mostly depends on the quality of the kinematic OD solution. Although the kinematic NRM and
NRPC do use the previous solution as an initial guess for the next point, the sensitivity is insignificant
compared to a typical KF dependency on the previous solution.
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Figure 4.7: PR-based PEKF for different measurement update rates, showing results using tuned settings, elevation-threshold
based measurement selection.

Analysis of Coarse Solution Filtering
In this subsection, the performance issues of the PEKF will be looked into. Comparing the general
structure of the EKF and PEKEF- their prediction steps are identical, while the correction step is the



4.3. Novel Filters Tested with Flight Data 73

same in terms of the interface with measurements, but the latter do differ. While the EKF handles
the pseudoranges directly and directly models the predicted states as the pseudoranges, the PEKF
already receives the coarse position solutions- thus not directly seeing the pseudoranges and their
errors. Therefore, the EKF directly handles the errors in the pseudorange, while for the PEKF the
measurement errors are transformed to coarse position errors. As the Numerical methods are less
predictable in their solution qualities, the resulting coarse position solution errors might be harder for
the PEKEF to filter out. Therefore, it will be analyzed whether the PEKF indeed struggles to filter out
the coarse solution errors which occur when using the analyzed GNSS flight data. This will be done by
comparing the performance of the PEKF when using NRM outputs and using simulated coarse position
solutions with artificially added Gaussian Errors.

PEKF with GRACE-FO, using NRM solutions PEKF with GRACE-FO, using simulated coarse meas.
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(a) PEKF processing NRM coarse solutions. (b) PEKF processing simulated, noisy coarse solutions.

Figure 4.8: PR-based PEKF performance using NRM-derived coarse position solutions (left) and simulated coarse position
solutiosn (right).

The PEKF’s performance is shown on the left of Figure 4.8 when using actual NRM coarse solutions.
It can be seen that the filter generally performs well and filters out low quality NRM solutions, which can
be observed in the bump around 2200 s. But its performance still rapidly degrades when a series of
poor coarse solutions occur, as seen just after 2500 s or after 5500 s. It makes sense that the PEKF fails
to cope with this errors behavior, as the errors seem to grow and decrease in clusters, while remaining
very low (<5 m) for long periods of time. These error excursions offset the PEKF enough that it takes
multiple good solutions until the PEKF returns to the converged behaviour. While the PEKF solutions
are slightly better than the coarse positions (from 22.8 m 3D RMS down to 22 m), the improvement is
rather minimal and is strongly affected by the position error excursions. Thus, the PEKF can only lead
to minimal improvements over the inconsistent NRM solutions.

A different behaviour can be seen on the right of Figure 4.8, where the PEKF receives simulated
coarse position measurements. The simulated coarse position errors offset with non-zero mean Gaus-
sian noise and are on average higher than the previous NRM solutions (31.1 m compared to 22.8 m),
but the PEKF performance is in fact better with the simulated measurements (20.9 m compared to 22
m 3D RMS). It can also visibly be seen that the erroneous coarse positions are consistently improved,
while in the case of the NRM solutions, they are much closer in quality. Therefore, the poor PEKF
performance can be partially explained by the inconsistent NRM solution quality and the problematic
error behaviour.

NRPC-PEKF Performance Analysis
The Novel NRPC-PEKF performance was quantified previously and it did not lead to improvement. In
terms of accuracy, NRPC and the original NRM PEKF performed identically. This was consistent for all
sets of flight data used.

To analyze why the NRPC-PEKF did not improve in performance compared to the original PEKF-
the changed preprocessing block must be looked into. Since the filters are identical in their prediction
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and correction steps, the Newton-Raphson Predictor-Corrector method must be focused on. This will
be done by comparing the coarse position solutions from the NRM to the NRPC.

Table 4.12: Iterations used to converge to numerical solutions by the NRM and NRPC when 1) using previous solutions as
initial guesses and 2) using constant initial guesses.

Sat Num. Mean iter. | Convergence probability | Max iter.

) method | used[-] at mean iter. [%] used [-]

Using previous solution as initial guess
CHAMP NRM 3 99.6 5
CHAMP NRPC 3 99.6 5
GRACE-FO | NRM 3 99.9 5
GRACE-FO | NRPC 3 99.9 5
Jason-3 NRM 3 99.9 5
Jason-3 NRPC 3 99.9 5
Using [0,0,0,0] as initial guess

CHAMP NRM 5 98.3 7
CHAMP NRPC 5 97.9 9
GRACE-FO | NRM 5 100 5
GRACE-FO | NRPC 5 99.9 6
Jason-3 NRM 5 96.2 5
Jason-3 NRPC 5 97.8 5

Both NRM and NRPC were used to process the coarse orbit solutions for all sets of flight data.
The iterations used by both methods are shown in Table 4.12. In the upper half of the table, the root-
solvers were updating the initial guesses used as each subsequent point, equal to the previous point’s
coarse solution. In the lower half, a constant initial guess value of [0,0,0,0] was used, which represents
coordinates of the origin of the ECI frame and a 0 m receiver clock error. This represents the case
when the numerical methods are being initialized. The methods were considered to converge when
the update step size was below 0.1 m, which is an order of magnitude below the best-case accuracy
of the root-solvers.

When the initial guesses are updated and effectively closer to the sought solution, NRM and NRPC
consistently use the same number of iterations for the same flight data. They both converge within
3 iterations for >99.5% of the cases in rare cases need up to 5 iterations. As NRPC has several
extra multiplications performed in each prediction/correction step, this indicates that a simple NRM is
a slightly better option for kinematic GNSS-OD solution when running continuously.

Observing the bottom half of Table 4.12, when the numerical methods are using constant initial
guesses far away from the solution, discrepancy in their required iterations can be seen. A mean of
5 iterations is needed consistently for both methods, but NRPC is consistently more likely to require
additional iterations than the NRM for all sets of flight data. Using CHAMP data - NRPC needed up to
9 iterations and used more than 7 in 2.1% of the datapoints, compared to NRM’s 1.7%. With GRACE-
FO data, the discrepancy is smaller and it only needed a 6th iteration in 0.1% of the datapoints. With
Jason-3 data, the maximum iterations were equal to the mean of 5, with some points converging within
4. For the NRM, this occurred in 3.8% of cases and only 2.2% for NRPC, which again shows that NRM
needed marginally fewer iterations than NRPC on rare occasions. This shows that during initialization
of the root-solvers, NRM is around 1-2% more likely to converge sooner than the NRPC, which again
shows that it is a slightly better option for kinematic GNSS-OD solutions than NRPC.

The solution error per iteration is shown in Table 4.13. The algorithms updates are identical for
most iterations. Except on iteration 4, the NRM already converges, while the NRPC still performs
another negligibly sized update for its 5th iteration. This does not work as intended, as the convergence
condition should be satisfied sooner, which points to a potential implementation fault. Regardless, of
this, it can again be seen that the NRPC does not perform any visibly better updates, even without the
added iterations. Therefore, it is concluded that the NRPC/NRPC-PEKF do not pose any advantages
over the original NRM/NRM-PEKF in GNSS-based OD applications.
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Table 4.13: Numerical methods solution error at each iteration for a single datapoint of Jason-3 data with used iteration

discrepancy. Final solution marked in bold.

Iteration Nr. | 3D Error NRM [m] | 3D Error NRPC [m]
0 7718009.921 7718009.921
1 718974.0539 718974.0539
2 1015.207201 1015.207201
3 56.86203809 56.61984324
4 56.85384639 56.85384499
5 56.85384639 56.85384665

4.4. GNSS-based OD Conclusions

In this section, the conclusions relating to the originally formulated RQ2 will be summarized. This is
done to each sub-question below.

2 a) What errors are the expected RSW position and velocity errors for on-board kinematic and
reduced-dynamic SF pseudorange based GNSS-OD methods?

The OD method errors varied between when using different satellites’ input data, the ones chosen
as most fitting for the subsequent use case for Jason-3, due to its similar altitude and inclination which
matches the LEO Inclined satellites. The errors for both methods were listed in Table 4.9 and were in
the 10-50 m range for position and 5-10 m/s for velocity.

2 b) What errors are the expected RSW position and velocity errors for on-board reduced-dynamic
SF carrier-phase based GNSS-OD methods?

Although the CP-based method was not implemented, these have been evaluated in the past. The
flight experience of the PROBA-2 satellite using the GRAPHIC combination indicated much lower errors,
up to 2 orders of magnitude below the determined with m-dm level errors in position the mm-level errors
in velocity. The results were also listed in Table 4.9.

2 c¢) How do novel pseudorange-based NRM-PEKF and SPUKF perform with flight data compared
to typical EKF and UKF formulations in terms of OD accuracy?

In general, neither of the novel filters consistently lead to improved precision over the EKF or UKF.
With tuned settings and GRACE-FO data, the EKF indicated about 8 m 3D RMS and the UKF - 29
m errors. The PEKF showed 29 m errors and the SPUKF - 30.4 m errors. Although the novel filters
showed worse accuracy than indicated by the authors using simulated measurements, the issue could
have been due to poor GPS-observation filtering techniques, as a preprocessing ideal measurement
selection lead to each filter showing about a 3 m 3D RMS. Other reasons for the novel filters’ poor
performance could have been improper filter tuning.

2 d) How do novel pseudorange-based NRM-PEKF and SPUKF perform with increasingly sparse
measurement updates rates in terms of OD accuracy?

The SPUKF was found to be very sensitive to measurement updated, whereas the PEKF was
affected less. SPUKF showed decreasing precision, going from 9 to 15 m 3D RMS when measurement
updated were changed from 10 to 30 s updates and diverged at 120 s update intervals. This indicates
that the novel filter’s simplified sigma-point propagation prediction quality is poor or an implementation
fault in the prediction step. In contrast, the PEKF was a lot more consistent. Going from 10 to 120 s
updates, the filter still converged with about 9 and 20 m 3D RMS. This was because the PEKF was
more dependent on the preprocessing block performance, which does not strongly depend on previous
solution quality.

2 e) Does the performance of the NRM-PEKF algorithm, documented by [3] improve when using a
higher efficiency NRPC root finding method in terms of OD accuracy or CL?

Implementing and testing the NRPC-PEKF, no improvement was observed over the original NRM-
PEKEF. In terms of precision, both methods were identical to cm-level. This was because the preprocess-
ing blocks also provided the same quality of solutions and the EKF portions of both filters did not differ.
When observing the CL, the NRM slightly outperformed the NRPC when running with no initial position
knowledge. Furthermore, the NRPC had more steps and computations in each iteration compared to
the NRM and thus it could be concluded that the new NRPC-PEKF did not have any advantages over
the original NRM-PEKF in GNSS-based OD applications.



Orbit Determination and Prediction
Performance in LISL

Having chosen the relevant link cases and quantified expected OD algorithm performance, these in-
termediate results can finally come together to quantify GNSS-OD-OP performance in satellite laser
communication. Thus, in this chapter, the Orbit Prediction block will be interfaced with the orbit determi-
nation algorithms and their performance will be evaluated in each chosen link case. First, the method
to evaluate the OD-OP algorithm performance will be described in section 5.1, including verification
efforts. Subsequently, the results of the method will be presented and discussed in section 5.2. The
chapter conclusions will be summarized in section 5.3

5.1. Analyzed Method

In this subsection, the method used to compute the OD-OP performance will be described in subsec-
tion 5.1.1. Subsequently, the combined OD-OP will be documented in subsection 5.1.2. In subsec-
tion 5.1.3, the issue of unavailable validation data for this analysis will be addressed by demonstrating
a wide-scale partial system test utilizing the HY2A precise orbit data.

5.1.1. Method Description

The architecture of the OD-OP algorithm evaluation is presented in Figure 5.1. Using the conclusions
from the previous analysis of the LISL variables, the chosen host/target initial conditions in each link
cases will be used for the true and predicted orbit simulations. The true orbits will be simulated using a
full DM and no Initial Condition (IC) offsets. In contrast, the Predicted positions will use simplified DM
and IC errors sampled from the OD error statistical distributions, which were determined in chapter 4.

The true orbits are then converted to the true LOS, whereas the predicted orbits to predicted LOS.
The angle between the true and predicted LOS will then represent the resulting PE contribution.

Several communication window lengths will be considered to evaluate the PE. First, the Pointing
Acquisition window must be considered, which is the initial 100 seconds. This is the total time limit for
the signal to be Acquired and tracking to begin. It is therefore the minimum communication window
length where the PE must not exceed the maximum threshold. The remaining communication windows
to consider are 10, 30 and 60 minute windows. These windows were determined in chapter 3 and were
found to cover the major fractions of LISL link case types.

Multiple orbit prediction start-points will need to be considered for the OD-OP algorithm performance
in the cross-plane link cases. That is because the PE not only depends on host/target position errors,
but also the the link dynamics and geometry, which for any of the more challenging link cases are
not constant. Therefore, for the link acquisition prediction window of 100 s, the prediction start times
will be shifted through every minute of the entire link window. This way, it can be evaluated during
which portions of the available link windows, the OD-OP algorithms provide sufficiently precise LOS
predictions.

76
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Figure 5.1: Architecture for evaluating the Pointing Errors of combined Orbit Determination and Prediction Algorithms.

5.1.2. Considered OD-OP Algorithms

3 distinct OD-OP algorithm architectures will be considered, varying in complexity, precision and com-
putational load. The interfaced OP algorithm will be tailored to use a similar complexity of prediction
method as the OD algorithm, such that no additional algorithm complexity is required for the subsequent
predictions.

The integrated OD-OP algorithms are described in Table 5.1. The first is the fully Kinematic Algo-
rithm (KA)- neither the SPP OD method, nor the extrapolation requires any dynamical knowledge. The
second is a Basic Dynamic Algorithm (BDA): PR-based EKEF, interfaced with an orbit propagator using
a J2 dynamical model, the same as in the prediction step of the EKF. The final algorithm is the Complex
Dynamic Algorithm (CDA). It assumes Initial state errors equivalent to that of a SF-CP based EKF and
uses a complex DM for the predictions. The DM requires SH Earth gravity terms up to D/O 64/64 and
perturbations such as luni-solar gravity, SRP and Aerodynamic drag. Both of the dynamic algorithms
utilize a fixed-step 4th order Runge-Kutta (RK), which is widely used in GNSS-OD methods and was
also utilized in the EKF prediction steps.
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Table 5.1: Overview of the analyzed OD and OP algorithms.

OD-OP Algorithm Kinematic (KA) Basic Dyn. (BDA) | Complex Dyn. (CDA)
OD IC Errors KOD SPP PR-based EKF CP-based EKF

OP Method Quadratic Extrapolation | J2 orbit prop. Full DM orbit prop.
GNSS-OD obs. used SF L1 PR SF L1 PR SF L1 PR and CP

OD State Parameters r, cdtr r, v, cdtr r, v, cdtr, CD,

CR, A, emp. accel.

Prediction Model

Earth Gravity - PMG + J2 GOCO05¢c, D/O 64/64
Perturbing Gavitation - - Luni-solar PMG

Solar Radiation Pressure | - - Cannonball SRP model
Drag - - NRLMSISE-00
Numerical Integrator - RK4 RK4

Integration time-step - 5 30
Rotation Model - - IAU2006A

5.1.3. Method Verification

Partial System Test Description

This analysis combines numerous blocks and interfaces varying complexity orbital simulations to get
the expected Pointing Errors. Thus, in order to have any confidence in the conclusions, Verification
and Validation activities are absolutely essential. However, no validation data is available for LISL and
thus the largest scope tests that are available are partial-system verification tests.

The integrated OD-OP algorithm will be tested at the partial system level by utilizing the precise
orbits of the Ocean Observation Satellite HY2A. The satellite’s data was chosen as its precise to the cm-
level and its orbital parameters are closely representative of the LEO Polar satellites in the LEO/MEO
constellation considered in this report.

The partial system test will utilize orbit prediction errors calculated using precise orbits and the OD-
OP algorithms, as shown in Figure 5.2. The HY2A precise orbits will be used to compute host orbit
prediction errors using the combined OD-OP algorithm by removing the HP simulated orbit component
from Figure 5.1. On one side, the precise orbit will be used as initial conditions for the OD-OP algorithm-
they will be offset with OD errors and subsequently predicted using the OP methods, with the resulting
position error being computed between the precise orbit and the predicted orbit. On the other side, the
position error will be taken from the HP simulated LISL orbits, where the host’s position error is taken
between the HP simulated orbit and the predicted orbit using the same OD-OP algorithms. These are
computed at the True/Predicted LOS stage of Figure 5.1.

The verification test will be considered passed if the orbit prediction errors using the simulated orbits
and HY2A tracked orbits increase at a roughly similar rate. At this level of analysis, the aim is to evaluate
the PE component due to imperfect coarse pointing knowledge, which is only one of the components
of the entire PE budget. Thus, the margin of the PE is still rather broad and only considered in the 100
urad level. Therefore the orbit prediction method will be verified if 1) the position errors differ within
a factor of 2 and the absolute are a above a 100+m-level or 2) if the absolute values OP errors differ
below the 100 m-level.

Partial System Test Results
The results of the partial system test applied to each case of initial OD errors and varying complexity
orbit prediction methods are shown below.

Kinematic method

The orbit prediction error differences for the Kinematic IC errors and extrapolation-based predictions
are shown in Figure 5.3. It can be seen that in both cases of HP and HY2A orbits, the OP error grows
rapidly and both reach value above 1e7 m. The absolute differences are above also above 1e5 m, but
grow in a similar fashion. The relative difference peaks at above 50% while the OP errors are still small
(<1e4 meters) but as the OP errors grow, the relative difference decreases and nears 0%. Therefore,
the verification test for this OD-OP algorithm case is passed.
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Figure 5.2: Use of precise orbits of the HY2A satellite in verifying the OD-OP algorithm performance.

Basic Dynamic method

The orbit prediction error differences for the PR-based EKF IC errors and Basic Dynamic propagation
errors are shown in Figure 5.4. It can be seen that in both cases of HP and HY2A orbits, the OP
error grows much slower than the extrapolation methods and only reach about 1e4 m after 1 hour of
predictions. The absolute differences only reach about 100 m and grow in a similar fashion. The relative
difference remains below 5% throughout the entire prediction window. Therefore, the verification test
for this OD-OP algorithm case is also passed.

Complex Dynamic method

The orbit prediction error differences for the CP-based EKF IC errors and Complex Dynamic propaga-
tion errors can be seen in Figure 5.5. It can be seen that in both cases of HP and HY2A orbits, the OP
errors are much smaller than the other methods and only reach about 10 m after 1 hour of predictions.
The absolute differences are also only about 10 m. In comparison, the relative differences are higher,
reaching about 50%, but still remain within the required threshold. Therefore, the verification test for
the final OD-OP algorithm case is passed.
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Figure 5.3: Difference in Orbit Prediction Errors for the Kinematic OD initial errors and orbit extrapolation algorithm when using
Precise HY2A and simulated High Precision LEO Polar satellite orbits
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Figure 5.5: Difference in Orbit Prediction Errors for the Complex Dynamic OD-OP initial errors and propagation algorithm using
Precise HY2A and simulated High Precision LEO Polar satellite orbits
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Figure 5.4: Difference in Orbit Prediction Errors for the Basic Dynamic OD initial errors and basic propagation algorithm using
Precise HY2A and simulated High Precision LEO Polar satellite orbits

5.2. Results and Discussion

The results will be first separately discussed for the short-term 100 second acquisition window predic-
tions. This is done in subsection 5.2.1. Subsequently, in subsection 5.2.2, the results are presented
for the 10, 30 and 60 minute prediction windows.

5.2.1. Acquisition Time Prediction Windows

In this subsection, the pointing errors for the acquisition-time prediction windows will be shown. The
results are shown for the mean pointing error with the acquisition predictions starting throughout the
entire link window with 30s time-steps. This means that the PE are evaluated after 100 s of predictions
if the acquisition window predictions start at 0, 30, 60, etc. second of the link availability window. This
allows to see how the PE differ, depending on the start-time and shows how the link-distance affects
the quality of orbit predictions.

The results for links including MEO satellites are shown in Figure 5.6. It can be seen that consis-
tently, the Complex-dynamic OD-OP performs the best with acquisition window PE consistently below
1 urad. The Kinematic and Complex dynamic algorithms perform significantly worse, both indicating
PE contributions around 10-100 urad. These errors are still an order of magnitude below the mrad-level
and thus both algorithms’ predictions would be sufficiently accurate for signal acquisition purposes.

The results for links including LEO satellites are shown in Figure 5.7. Again, the Complex-dynamic
OD-OP performs the best across the board. Although compared to the links with MEO satellites, the
PE contributions now reach up to 10 urad, as seen in the Inter-shell LEO P-LEO | link case. Again, the
Kinematic and Complex dynamic algorithms perform significantly worse, both indicating PE contribu-
tions between 10 and up to 10000 urad, depending on the link distance when the acquisition predictions
start. This shows that there are indeed link conditions where only the most precise OD-OP algorithms
provide accurate enough CPA knowledge. That is true when the link distance falls below 1500 km in
the LEO P - LEO | or LEO I - LEO | link cases. This is to be expected, as the PE is more sensitive
to host/target predicted position errors as link distances shorten. Another conclusion to draw is that
the kinematic and basic-dynamic OD-OP algorithms do provide sufficiently accurate coarse pointing
knowledge while the link distances are generally larger- above 2500 km. The PE contributions at these
distances are below 0.5 mrad which could still be sufficiently small for the PE budget in link acquisition.
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Figure 5.6: Mean PE for each OD-OP algorithm, evaluated at different prediction start times throughout the link availability

Coplanar LEOP - LEO P

window.

Inter-Shell LEO P - LEO |

Intra-Shell LEO | - LEO |

10% — Kinematic 1034 — Kinematic A\
102 4 Basic-dynamic Basic-dynamic
—— Complex-dynamic —— Complex-dynamic
10°
= - = 102
° T ° 10
g £ .0 5
5 10! 4 —— Kinematic s 10 El
= =) =
w Basic-dynamic w w
o o o
P —— Complex-dynamic c P
5 ﬁ 10?5 5 10!
= - =
10° §
109 4
10° 4
0 10 20 30 40 50 60 0 2 4 6 8 10 12 14 16 0 10 20 30 40 50 60
Acquisition start time [min] Acquisition start time [min] Acquisition start time [min]
8000
4250 1
3500 +
7000
4000 4
3000 1
6000
3750 1
T T 1 E 25001
& 3500 2 5000 =
& ) &
2000 1
c £ 4000 1 c
5 3250 4 5 5
£ o £ 1500
T B & 3000 1 T 1
o 3000 w o
4 1000 +
27501 2000
2500 4 1000 1 500
y T T T T 0 T T T T T T T T 0 T T T T T
0 10 20 30 40 50 60 0 2 4 6 8 10 12 14 16 [} 10 20 30 40 50 60

t since link start [min]

t since link start [min]

t since link start [min]

Figure 5.7: Mean PE for each OD-OP algorithm, evaluated at different prediction start times throughout the link availability

window.

One surprising outcome to note is that the Kinematic OD-OP algorithm outperforms the Basic-
dynamic option for multiple link-cases in these short-term predictions. This is true for the MEO-MEO
and most of the Inter-shell LEO P - LEO | and intra-shell LEO | - LEO | links. This is counter-intuitive,
as both the OD and the OP induced position errors are higher for the Kinematic algorithm, compared
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to the basic-dynamic option. This indicates that the PE depends on more than just the norm of the
position errors.

Looking deeper, the PE at multiple starting link distances, the host/target predicted position errors
and the separate components of the predicted LOS errors are shown for the LEO P - LEO | link case
in Figure 5.8. The PE can be seen at the early link start times, around 4 minutes with link distances at
about 4000 km, where the basic dynamic algorithm outperforms the KA and close to the mid-link time,
where the KA does better. Observing the host and target position errors, in the middle column, it can be
seen that the kinematic option leads to equally poor predictions with errors above 1 km, whereas the
basic-dynamic option leads to better predictions, with final errors at about 0.2 and 0.4 km. Interestingly,
the host and target orbit prediction errors are different in the BDA and this is due to the initial errors
also having a relatively large offset of about 10 m.

Observing the impact on the LOS error RSW components in the right column, it can be seen that
outside of the radial LOS error component, they are larger for the KA. The behaviour of the predicted
LOS RSW error components can provide some insight as to why the KA can lead to lower PE than BDA
while having larger overall position errors. By far the larger error component for the KA is the along-
track component. This component, depending on the link geometry can have the smallest impact on
the LOS error component perpendicular to the true LOS. This perpendicular component directly leads
to the PE contribution, so while the LOS error does grows in a direction that is more parallel to the true
LOS, the direct PE contribution will be smaller than if the LOS error grows more in the perpendicular
direction. In case of the BDA, all 3 components grow at similar rates, which is consistent with the its
PE behaviour over all link cases, as its quite predictable and only increases with smaller link distances.
In contrast, for the KA, this was not always the case, as in the more complex link geometries (MEO
- LEO I, LEO P - MEO), the PE at times decreased for decreasing link distances. Therefore, due to
the uneven increase in the predicted LOS RSW errors, the KA can outperform the BDA in short-term
predictions in the case that the true LOS is mostly aligned with the along-track direction.
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Figure 5.8: PE, host/target predicted position errors and the RSW errors components of the predicted LOS for the Kinematic
and Basic-Dynamic algorithms in the Inter-shell LEO P-LEO | link case.

5.2.2. Longer Prediction Windows

Now the algorithms have been evaluated for acquisition window prediction lengths, it is also critical to
analyze how the algorithms perform for longer prediction windows. In section 3.5, it was concluded that
10, 30 and 60 minute prediction windows are most critical when considering all possible communication
window lengths. Thus, the PE contributions at these times will be looked into.

To do so, 100 samples of IC errors were taken for the host/target satellites and the resulting 3-sigma
maximum PE was shown for each prediction window, link case and OD-OP algorithm. The results can
be seen in Table 5.2. The Algorithm performance in the link cases involving MEO satellites are shown
in the upper half, while strictly LEO link cases are shown in the bottom half of the table.

The CDA stands out as providing extremely precise coarse pointing knowledge in each link case.
Even for 1 hour predictions, the maximum PE contribution remains below 50 urad for LEO and MEO
link cases. Thus it can be concluded that the CDA algorithm can provide accurate enough coarse
pointing knowledge and that its contributions will not exceed 50 urad in any link cases of the analyzed
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LEO/MEO constellation, with the condition that the initial solution is of the precision quantified in the
previous chapter.

In contrast, the BDA and KA lead to much higher PE contributions and only in limited cases provide
precise enough LOS predictions for 10+ minute communication windows. Analyzing the upper half
of the table, the KA and BDA can still provide sufficiently accurate coarse pointing knowledge, not
exceeding 0.5 mrad for the MEO - MEO link. For the inter-orbit links, the KA has much higher PE
contributions and this can be linked to the link geometry no longer being aligned with the along-track
orbital direction, as was discussed in subsection 5.2.1. The BDA, in contrast, can support all of the
MEO links, with the PE remaining below 0.5 mrad for 10 minute prediction windows. However, for the
longer prediction windows of 30+ minutes, the PE contributions exceed 0.5 mrad and thus the coarse
pointing knowledge is not sufficiently precise. Therefore, the KA can only reliably provide the coarse
pointing knowledge to co-planar MEO links, whereas the BDA supports all MEO and MEO/LEO links
for 10 minute prediction windows.

The situation for the BDA and KA becomes more grim when their performance for LEO links is
observed in the bottom half of Table 5.2. The BDA provides coarse pointing knowledge with errors
exceeding the required threshold by a factor of 5 in co-planar LEO P and cross-plane LEO I links in 10
minute prediction windows. In longer prediction windows, the errors already exceed the threshold by
1 order of magnitude or more. The KA leads to maximum errors at least 1 order of magnitude higher
than the required threshold. Therefore, neither the KA, nor the BDA can reliably be used for links at
LEO satellite link distances.

Table 5.2: 99.7th percentile of the maximum PE [urad] for the 10/30/60 min. predictions.

t pred. | Copl. MEO - MEO Inter-orb. MEO - LEO | Inter-orb. LEO P - MEO
[min] KA BDA CDA | KA BDA CDA | KA BDA CDA
10 400 300 0.2 7500 400 0.2 5400 400 0.2
30 9700 900 0.4 148100 | 2000 1.1 400500 1900 1.1
60 64000 1800 | 0.9 2153500 | 2500 1.2 1457400 | 3700 1.2
tpred. | Copl. LEOP-LEOP Inter-shell LEO P -LEO | | Intra-shell LEOI-LEO |
[min] KA BDA CDA | KA BDA CDA | KA BDA CDA
10 31600 2200 1.2 1590800 | 43300 | 21.3 | 5100 2800 3

30 154200 7800 | 3.1 1590800 | 43300 | 21.3 | 24100 15500 | 6.3
60 1038300 | 14500 | 4.6 - - - 2330800 | 127900 | 39.9

The time behaviour of the PE for each algorithm/link case is visualized in Figure 5.9. This provides
insight into how the PE behavior for the different algorithms and shows whether the resulting PE can
still remain below the threshold depending on the IC errors.

As was seen in the tabulated outcomes, the CDA remains well below the PE threshold for the 60
minute prediction window in every case. The same can be seen in the plot, as none of the IC error
samples lead to PE growth above 50 urad.

Comparing the KA and the BDA, several points can be made regarding the PE behaviour and the
overall algorithm performance. Firstly, the KA can again be seen to outperform the BDA in the early
stages of the LOS predictions, which was already discussed in subsection 5.2.1 and in general can only
occur for short predictions when the true LOS is mostly in the along-track orbital direction. Another point
is that the KA PE growth well exceeds the BDA PE for any longer prediction time, which is due to the
extrapolator’s poor ability to predict an orbit and once the LOS geometry changes, the prediction quality
decreases dramatically. In fact, the KA can be seen to lead to equally large PE in all of the IC errors,
which shows that the dominant PE contribution comes from the orbit prediction error growth and is far
less dependent on the quality of the initial OD. The BDA performs differently compared to the KA in
terms of the PE growth. The BDA performance strongly depends on the IC error. It can be seen that
PE is spread out among the IC error samples, which shows that the BDA generally predicts the orbit
much better than the KA, but the prediction quality decreases steadily for larger IC errors.
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Figure 5.9: Pointing Errors growth for LOS predictions for 100 samples of IC errors for each OD-OP algorithm and link case,
also showing the maximum allowed PE threshold.

Looking into the PE growth with respect to the 0.5 mrad threshold, the results in Figure 5.9 are a
lot more positive for the BDA than what Table 5.2 indicated. Looking at the LEO link cases, the PE
remains below 0.5 mrad for many of the IC error samples even at longer prediction windows. In the
co-planar LEO P - LEO P case at the bottom left of Figure 5.9, up to 10 minutes of predictions, many
of the IC error samples lead to PE still below the threshold. This is also true for the Intra-shell LEO |
- LEO I link case. However, most of the PE are still above the threshold and thus the conclusion the
algorithm cannot reliably provide precise enough coarse pointing knowledge remains valid.

5.3. OD-OP in LISL Conclusions

In this section, the conclusions relating to the originally formulated RQ3 will be summarized. As in the
previous chapters, his is done to each sub-question, leading to an overall answer to the central research
question regarding the expected OD-OP method performance in satellite laser communications.

3 a) What is the PE contribution for increasingly complex integrated OD-OP algorithms in the
LEO/MEO constellation during the critical communication windows?

The PE contributions were consistently much larger for PR-based KA and BDA than the CP-based
CDA. The CDA lead to a maximum 40 urad PE contribution in the 60 min window for intra-shell LEO |
- LEO I links, whereas all other communication windows are link cases showed negligible error contri-
butions below 6.5 urad.

The KA could only support co-planar MEO links for 10 minutes, with PE contributions of 0.4 mrad.
The KA lead to PE contributions above 5 mrad for all other link at the 10 minute window. For any
longer prediction windows, the performance degraded rapidly due to the quadratic-extrapolation based
predictions poorly representing the true orbits.

The BDA could support all link cases involving MEO satellites for the 10 minute window and had
about 5-10 times too large PE contributions in 10 minute LEO links. For the co-planar MEO links, the PE
contributions were 0.3, 0.9 and 1.8 mrad for the 10, 30 and 60 minute prediction windows, respectively.
In MEO-LEO I and LEO P - MEO links, the respective errors were 0.4 mrad for 10 minutes and 2+ mrad
for 30 and 60 minute windows. In contrast, in LEO links, the 10 minute prediction PE contributions were
2.2 mrad for co-planar LEO P links and 2.8 mrad for intra-shell LEO | - LEO | links.
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3 b) What is the PE contribution for each OD-OP algorithm for the 100 second link-acquisition
window throughout the available link communication window?

The acquisition window PE contributions varied strongly between the OD-OP algorithms and ap-
peared to be very dependent on the link geometry for the KA. While the CDA was consistently pre-
cise, never exceeded 10 urad contributions and only showed a slight dependency on the link distance,
the BDA and KA performance were less intuitive. The BDA and KA lead to less than 100 urad PE
contributions in MEO link cases, whereas LEO links lead to errors above 1000 urad during the close
approaches.

Depending on the link case and link geometry, the KA sometimes outperformed the more complex
BDA in these short-window predictions. In co-planar MEO cases, the KA was consistently better, lead-
ing to less than 10 urad PE contributions, whereas the BDA showed about 15 urad contributions. In
MEO - LEO | links, the KA showed errors between 20 and 100 urad, whereas the LEO P - MEO case
lead to 5-100 urad errors. In contrast, the BDA was more consistent, with errors between 20 and 30
urad for MEO - LEO | and LEO P - MEO. In co-planar LEO cases, both KA and BDA were at 150-170
urad PE contributions. In the LEO P - LEO I, BDA lead to 100-2000 urad PE contributions and KA to
15-10000 urad. Finally, in the intra-shell LEO | - LEO | link case, the KA showed error contributions in
the 60-1000 urad and the BDA was consistently worse with 200-1000 urad contributions.

3 ¢) How long can each integrated OD-OP algorithm support each type of link LISL without exceed-
ing the maximum allowed PE contribution threshold?

Considering the 0.5 mrad PE threshold, the KA could support MEO - MEO links up to 10 minutes,
and MEO - LEO links up to 5 minutes. In LEO link cases, the KA PE contribution was below the
threshold for 2-4 minutes and increased rapidly after 5 minutes.

The BDA showed a wider spread in performance as its OP quality was more dependent on the IC
errors. In all MEO link cases, the 0.5 mrad threshold was crossed at 15 minutes but in some cases
did not exceed 100 urad after 60 minutes. lts dependency on IC errors was also seen in LEO links.
However, the PE contributions were reliably good enough for only about 2-4 minutes in each link case,
as was the case for the KA. What differed was that the errors did not increase as rapidly as for the KA,
which indicates that with some modifications, the BDA could potentially support longer links.



Conclusion and Recommendations

6.1. Conclusions

Analyzing the link availability in the LEO/MEO constellation for LCT’s fiting CONDOR Mk2 and Mk3
limitations, it was found that LCT2 could consistently cover more and longer duration links. This was
due to its longer longer maximum link range and wider range of covered elevation angles.

Regarding the communication windows, it was concluded that 10, 30 and 60 minute windows will
be the most relevant considering the available link distribution for both terminals. A 10 minute window
was found to cover over 50% of all LEO link cases for the Mk2, while the 30 minute window covered
over 90% of all Mk2 link cases and most of LEO link cases for the Mk3. The 60 minute window was
deemed necessary to cover the remaining link cases involving MEO satellites.

Testing GNSS-OD methods, several conclusions could be made. Firstly, the filter performance
did not improve consistently for any filter when switching from theoretical to tuned KF settings. Us-
ing CHAMP data, the PEKF errors increased by 10%, EKF improved by about 30% SPUKF errors
decreased by about 5% and the UKF performance was 30% worse. For the other used datasets, the
results were also inconsistent, showing that the filter parameters were most likely not the reason for
the filters’ performance issues.

Testing the Improved-PEKF which uses a new Numerical root method showed no improvement in
PEKF performance. The filter performed identically in terms of accuracy and required either the same or
more computations to come to its conclusion. It was determined that this was due to the N-dimensional
Newton-Raphson Predictor-Corrector numerical method performance. Although theoretically it was
found to be more efficient than the classic NRM, when applied to GNSS-OD, it showed no improvement.
It was thus concluded that the Improved-PEKF lead to no benefits compared to the original PEKF
formulation.

EKF, PEKF, UKF and SPUKF were all implemented using SF pseudoranges and tested with GRACE-
FO, CHAMP and Jason-3 flight data. In general, the novel filters did not appear promising over their
classic formulation counterparts. PEKF performed similarly or worse than the EKF and the same ap-
plied for SPUKF compared to the UKF. It was concluded that in most cases, the best PR-KF options
were EKF and UKF in terms of accuracy - with 3D RMS errors of about 60 m for CHAMP data, 8 m for
GRACE-FO and 50 m for Jason-3. The novel filter performance indicated higher errors for CHAMP -
100; 140 m for CHAMP, mixed results for GRACE-FO: 23; 8 m and slightly improved results for Jason-3
- 47; 43.1 m 3D RMS errors for the PEKF and SPUKEF, respectively. Considering the implementation
and real-time application needs for the algorithms- the standard EKF was found optimal, as it generally
had low errors, the smallest computational load and was the least complex to implement, test and tune.

After analyzing the link cases and the prediction window lengths, the Kinematic, Basic-Dynamic
and Complex-Dynamic algorithms were benchmarked in terms of their PE contributions. It was found
that during acquisition window predictions, all 3 algorithms could provide sufficiently accurate LOS
predictions. However, with longer prediction windows, only the CDA was consistently below the PE
threshold.

87



6.2. Future Recommendations 88

This showed that there are indeed link conditions where only the most precise OD-OP algorithms
provide accurate enough CPA knowledge. That is true when the link distance falls below 1500 km in
the LEOP - LEO |l or LEO I - LEO I link cases. This is to be expected, as the PE is more sensitive
to host/target predicted position errors as link distances shorten. Another conclusion to draw is that
the kinematic and basic-dynamic ODOP algorithms do provide sufficiently accurate coarse pointing
knowledge while the link distances are generally larger- above 2500 km. The PE contributions at these
distances are below 0.5 mrad which could still be sufficiently small for the PE budget in link acquisition.

It was also found that the KA at times outperformed the BDA, especially during the shorter acquisi-
tion windows and when the LOS was found to be lined up with the orbital motion direction. This showed
that PE not only depends on host/target position errors but the resulting predicted LOS error component
behaviour and their relative geometry to the link direction. As the extrapolation LOS prediction error
grows fastest along-track, in cases where the link geometry was favourable, its poor orbit predictions
still resulted in relatively good LOS.

CP-based complex dynamic OD-OP algorithm provides sufficiently precise LOS predictions for ev-
ery analyzed link case and prediction window. Even at 1 hour predictions, the maximum PE did not
exceed 50 urad. Thus it can reliably provide coarse pointing knowledge for any of the analyzed link
cases and prediction windows, as long as the OD errors remain in the expected ranges.

The Kinematic algorithm could only provide precise enough LOS predictions in MEO-MEO links for
10 minute prediction windows, having a PE contribution of less than 0.5 mrad. In all other analyzed link
cases, the maximum PE exceeded the 0.5 mrad threshold by at least 1 order of magnitude. Therefore,
in almost all link cases, the KA does not provide accurate enough coarse pointing knowledge for 10+
minute link windows.

The BDA did provide sufficiently precise LOS predictions in all MEO link cases when looking at 10
minute prediction windows. However, the PE exceeded the threshold in all other cases, with maximum
PE reaching at least 1 mrad for longer predictions. In LEO link cases, the BDA again lead to maximum
PE above the threshold, with even 10 minute LOS predictions having maximum PE above 2 mrad in the
basic coplanar LEO-LEO link case. Therefore, the BDA can only reliably provide 10+ minute coarse
pointing knowledge in MEO satellite link cases.

6.2. Future Recommendations

* For the implemented GNSS-OD algorithms, the GNSS observation techniques were potentially
the biggest bottlenecks in the OD performance. A more advanced measurement selection tech-
nique, which consider Signal-Noise-Ratio, GPS satellite elevation and Geometric Dilution of Pre-
cision could lead to better results.

» Only pseudorange-based models were implemented during this research, it is recommended to
also implement a carrier-phase based OD algorithm to test whether its performance is in-line with
the expectations in literature. The benefit of having the analyzed CDA for OD-OP is immense, as
very long-term predictions could be made with minimal PE contributions.

* When implementing CP-based OD algorithms, a necessity would be to robustly determine the
quality of the current solution. Knowing whether the filter is currently performing nominally could
be utilized to predict a precise orbit for an hour without the need for re-computation. But this
would not be the case if a poor-quality solution was used for the orbit prediction.

Adaptive Kalman Filters could also potentially provide benefits by removing the tuning require-

ments for the filters and responding to clusters of lower quality observations without much added

complexity.

» DF measurements could also provide an improvement in the OD quality. Although DF are costlier,
their benefits can be quantified in these use cases.

» The OD-OP algorithms can be further broken down to analyze the possible simplifications of the
used ICRF-ITRF rotation models, numerical instigators and satellite state representations.

» The OD-OP algorithms had a major discrepancy in the initial OD, which could lead to the main

factor in large OP errors for the BDA. It could be looked into if the CP-based OD methods could

be better interfaced with a basic propagator to save on computational load, while still providing

sufficient LOS prediction accuracy.

Off-line ephemeris generation methods could potentially provide sufficiently accurate Line of Sight

predictions by making orbit predictions based on accumulated tracking data.
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