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ABSTRACT

Distributed space systems hold promise for new science and mission capabilities, enabled by improvements in the performance
of real-time onboard orbit determination (OD). As these systems scale, navigation performance is envisioned as a shared
network capability rather than an independent feat of an individual spacecraft. Nodes with higher-quality state knowledge can
distribute this knowledge to other members, analogous to terrestrial GNSS correction networks. Realizing this vision for a
network of space-based GNSS receivers requires a flight software architecture capable of precise absolute inertial-frame OD as a
high-quality reference, and precise relative OD to distribute precise state knowledge over relative baselines. This paper presents
an advancement of the Distributed Multi-GNSS Timing and Localization (DiGiTaL) flight software, developed at the Stanford
Space Rendezvous Laboratory, and augmented with Galileo High Accuracy Services (HAS), as a first step toward this vision. In
summary, the contributions are presented in three stages: (1) architecture, (2) algorithms, and (3) assessment. First, the design
of the upgraded flight software architecture, based on DiGiTaL, is presented with Galileo HAS augmentation. The architecture
is designed and tested to seamlessly and robustly handle real-time and realistic flight scenarios throughout various phases of
a distributed space systems mission, and includes fault detection, isolation, and recovery. Computational optimizations to the
architecture demonstrate fast runtimes per full navigation state update, far below the 1PPS update rate, even on legacy cube-sat
on-board computers with very modest processor capabilities. Second, to ensure the flight software is capable over varying
baselines, a new bias-aware and time-correlated process model for differential ionospheric path delay estimation is introduced,
informed by geometry-free observables, without the need for any prior ionospheric models. Third, a full assessment of the
accuracy and coverage characteristics of Galileo HAS orbit and clock corrections are conducted, analyzed, and discussed. The
DiGiTaL flight software is validated across three test campaigns of increasing challenge: short- and long-baseline simulations
of the VISORS and GRACE-FO missions respectively under ideal HAS coverage, followed by a long-baseline pseudo-real-time
(playback) flight data campaign using real GRACE-FO onboard GNSS observables and Galileo HAS data from the internet
distribution service. Results demonstrate centimeter-accurate relative OD and decimeter-accurate absolute OD achieved over
the 200km GRACE-FO baseline using real observables and Galileo HAS data. Over the shorter 200m VISORS baseline, where
differential ionospheric path delay errors are negligible, the relative OD performance improves to millimeter-level accuracy,
which is a well-established benchmark from the prior work of DiGiTaL. Results also demonstrate that the new algorithm for
differential ionospheric path delay estimation is able to accurately converge on the expected signal bias, and exhibit a periodic
structure indicative of the expected diurnal variations. These results establish DiGiTaL’s capability to perform real-time onboard
precise absolute and relative navigation for multiple spacecraft simultaneously, over varying baselines, as a first step towards
establishing space-based navigation networks.

I. INTRODUCTION

The Distributed Multi-GNSS Timing and Localization (DiGiTaL) flight software is a real-time, onboard flight software package
developed at the Stanford Space Rendezvous Laboratory (SLAB) for multi-GNSS absolute and relative Orbit Determination
(OD) [1, 2, 3, 4]. GNSS has provided a globally accessible measurement source for navigation in-orbit [5], with rich heritage
of algorithms and measurement combinations applied to distributed space system missions [6, 7, 8, 9]. Developments in
GNSS-based precise navigation have driven new mission concepts, such as gravimetry as in GRACE [10, 11] and GRACE-FO
[12]; radar interferometry as in TanDEM-X [13]; distributed telescopy as in PROBA-3 [14, 15, 16] and VISORS [17, 18]; and
in the near-future, starlight interferometry as in STARI [19, 20] and SILVIA [21]. The ongoing modernization of GNSS ushers
in new real-time correction services such as Galileo High Accuracy Services (HAS) [22], QZSS MADOCA [23], and BeiDou
B2B-PPP [24]. Of these, Galileo HAS provides global coverage through the E6-B signal-in-space or the HAS Internet Data
Distribution (IDD) [25]; QZSS MADOCA and BeiDou B2B-PPP provide only regional coverage in Asia-Pacific. NASA JPL
has also proposed an equivalent JPL HAS [26]. The availability of such services in modern GNSS presents an opportunity for
their adoption in DiGiTaL v2, for enhanced on-board autonomous navigation capabilities.
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Despite this progress, two gaps remain in the literature. First, real-time precise absolute orbit determination onboard using
only GNSS remains nascent. This contrasts with the state-of-the-art in real-time precise relative OD, which has seen sustained
development for flight use e.g. PRISMA [9], CanX-4/5 [27, 28], SNUGLITE-II [29, 30] and VISORS [2, 18]. Ground
post-processed solutions dominate the provision of absolute OD solutions using IGS products [31, 32], while real-time on-board
OD relies traditionally on the noisier broadcast. The emergence of global correction services such as Galileo HAS now makes
it feasible to close this gap, by bringing decimeter-level absolute positioning accuracy within reach of onboard flight software.
Second, to the best of the authors’ knowledge, no prior work has jointly studied simultaneous precise absolute and relative OD
within a unified, on-board, real-time architecture, although this has been studied specifically for algorithms for undifferenced
and uncombined GNSS observables [33]. It is also established that absolute orbits are actually observable through relative state
knowledge [34, 35]. This hints at potential synergy when executing absolute and relative OD on-board simultaneously. This
capability is therefore of interest to the longer-term vision of establishing distributed spacecraft navigation networks.

Motivated by this vision, this paper’s key objective is a first-step evaluation of DiGiTaL’s absolute and relative OD performance,
for a simple two-spacecraft network, with the advent of Galileo HAS augmentation. Three contributions are presented in the
stages of (1) architecture, (2) algorithms, and (3) assessment. First, the flight software architecture for real-time HAS-augmented
absolute and relative OD is presented, including the HAS ingestion pipeline and HAS-aware measurement processing. Second,
to extend the flight software’s capabilities beyond short-baseline regimes where ionospheric path delays are much less correlated
between receivers, a new bias-aware and time-correlated process model for differential ionospheric path delay estimation is
introduced, which exploits geometry-free observables, and does not rely on a prior ionospheric model. Third, the accuracy and
coverage characteristics of operational Galileo HAS orbit and clock corrections are assessed against IGS precise products.

The paper is organized from here on as follows: Section II provides a review of literature; Section III outlines the flight software
architecture, implementation details of Galileo HAS interfacing, and improved algorithms to handle long baseline relative
OD; Section IV provides an overview of GNSS testbed capabilities with Galileo HAS, and simulation modeling parameters;
Section V presents navigation performance results from the test campaigns; Section VI assesses the availability and accuracy
of real Galileo HAS corrections; and Section VII concludes and outlines future work.

II. REVIEW OF LITERATURE

The literature on ground-based precise absolute and relative orbit determination via GNSS is well-established, with several
commercial and proprietary software packages available [36, 37, 38]. Therefore, the focus of this review is on real-time and
on-board implementations.

1. On Real-Time Absolute Orbit Determination with GNSS

Goldstein et al (2001) presents one of the earliest demonstrations of autonomous, real-time onboard absolute orbit determination
using only code pseudorange from GPS Block II/ITA [39]. It was implemented via the GEODE package by NASA Goddard
Space Flight Center, and ran on data from GPS/MET (year 1997, under selective availability) and TOPEX/POSEIDON (year
2000, without selective availability), each with 7.6m and 1.2m of 3D Root-Mean Square Error (RMSE) respectively. The
advent of rapid IGS products [40] permitted ‘near’ real-time (on the scale of hours) precise absolute orbit solutions at sub-meter
accuracies [41], even on single-frequency measurements [42]. The more recent release of real-time IGS products permitted
precise point positioning for terrestrial receivers with sub-centimeter accuracies [43], but required connectivity to an NTRIP
client i.e. internet connectivity, and hence is not applicable for real-time orbit determination as these corrections are unavailable
via signal-in-space. Interestingly, even without these corrections, the ongoing modernization of GNSS has significantly improved
the quality of broadcast products such that sub-meter absolute OD can be achieved in real-time with them [44]. Enhanced
rubidium clocks on GPS Block III [45] and passive hydrogen maser clocks on Galileo [46], combined with Galileo’s 10—-100 min
ephemeris refresh rate, have reduced the Signal-In-Space Range Error (SISRE) to as low as 0.10m for Galileo — approximately
three times better than GPS [47]. Hauschild and Montenbruck (2021) showed through simulation on Swarm-C that including
Galileo yields a two- to three-fold navigation accuracy improvement over GPS-only processing, achieving decimeter-level 3D
RMSE without external corrections [44], and this is subsequently confirmed in flight-data tests using Sentinel-6A [48, 49].
Centimeter-level performance, however, still requires signal-in-space augmentation. Hauschild et al [50] applied pre-operational
Galileo HAS test signal corrections to Sentinel-6A flight data and achieved 3D RMSE errors of 9.0cm, 8.2cm, and 6.9cm for
GPS-only, Galileo-only, and GPS + Galileo respectively. Matsushita et al demonstrated that the inclusion of QZSS-MADOCA
correction signals into a real-time OD filter achieved a 10cm 3D RMSE accuracy when within the QZSS-visible zone [51].
DiGiTaL v2 is motivated by these findings, and builds on this state-of-the-art using Galileo HAS augmentation.

2. On Real-Time Relative Orbit Determination with GNSS

Real-time onboard precise relative OD has had a richer flight heritage than its absolute counterpart, as it does not require
correction services, but can rely on differential measurements between receivers to cancel correlated range biases and errors
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[52]. Early work by Leung, Montenbruck, and Kroes established real-time filter architectures for spacecraft formation flying,
leveraging the code-carrier dispersion of GRAPHIC measurements [53] and single-difference carrier phase to achieve millimeter-
level relative positioning accuracy, validated in software simulations and hardware tests [8, 10, 54]. Similar architectures were
developed by Psiaki and Mohiuddin, augmenting ionospheric Total Electron Count (TEC) as an estimable filter state and exploring
IAR under weak-signal conditions in geostationary scenarios [55, 56, 57]. Psiaki and Mohiuddin support this with rigorous
measurement noise derivations [58]. The practical aspects of implementation for both real-time and post-processed navigation
were consolidated by D’Amico and Montenbruck for PRISMA and TanDEM-X [9] respectively. PRISMA demonstrated the first
real-time onboard single-differenced float ambiguity estimation, achieving centimeter-level relative OD, with IAR forsaken to
meet onboard compute constraints [59]. This is similarly demonstrated on CanX-4/5 nanosatellite platform, achieving centimeter
relative OD [27, 28], but in a smaller 1U form-factor. More recently, Low et al demonstrate millimeter relative OD accuracy in
software-in-the-loop faster-than-real-time simulations of the VISORS GNC software [18] and real-time hardware-in-the-loop
tests [1]. Similarly, Shim et al demonstrated successful IAR in a simulated SNUGLITE-III mission, achieving mm-accuracy
with GPS L1 on a CubeSat form-factor [29, 30]. Sensor fusion with differential GNSS has been explored, including vision-based
angles-only and pose estimation measurements [60]. Low et al demonstrate that the tight coupling of non-GNSS measurements
into the integer search process makes IAR possible even under high-noise, weak or side lobe signal conditions [2]. DiGiTaL
was subsequently redesigned as v2 with a rigorous filter architecture formally accounting for body-frame center-of-mass and
antenna phase center uncertainties via consider analysis [1]. The re-design also introduced a lightweight memoryless Fault
Detection, Isolation, and Recovery (FDIR) module, as well as a new correlation-aware process noise model which significantly
improves relative orbit prediction accuracies. Deliberate efforts to computationally optimize DiGiTaL v2 are also pursued,
including customized linear algebra libraries which maximize exploitation of sparsity, exploitation of matrix structures, and
state compression [1]. DiGiTaL is being integrated into various flight missions such as VISORS [18] and STARI [19, 20]. The
availability of these correction services [22, 23, 24, 25] now creates opportunities to realize precise absolute and relative OD
capabilities in real-time on-board GNSS-based navigation flight software, which is the focus of this paper.

III. FLIGHT SOFTWARE ARCHITECTURE
1. Preliminaries on the Flight Software

This subsection briefly summarizes the DiGiTaL flight software architecture shown in Figure 1, with subsequent subsections
focusing further on key changes that enable simultaneous absolute and relative OD over varying baselines. This work builds
directly on the architecture design by Low et al [1]. All filter configurations per state are listed in Appendix A. For a
two-spacecraft formation, the filter state vector Z jointly tracks the chief (c) and deputy (d) spacecraft, and is defined as

2o [Fm Toy Gocy Olo, Fa, Tgy Geqy Ota, N, N, AI} (1)

where 7, ; € R? are the Earth-Centered Inertial (ECI) position and velocity of spacecraft i € [c,d]; @.,; € R are empirical
accelerations in the Radial-Tangential-Normal (RTN) frame; cd¢; € R is the receiver clock offset in distance units; N €
R32, N € R32 are 32 channels each containing float and fixed carrier phase ambiguities; and Al are the differential ionospheric
path delays between two undifferenced carrier phase measurements. Receiver clock offsets and empirical accelerations are
modeled as first-order Gauss-Markov processes. Float ambiguities /V can be flagged as either undifferenced Nzp or single-
differenced Ngp in channel meta-data, but fixed ambiguities N are always single-differenced, as DiGiTaL (in this version)
will not attempt IAR on undifferenced float ambiguities since phase biases are not included in the current phase of Galileo
HAS corrections. In the differential process, satellite-specific phase biases are removed; but, for undifferenced measurements,
they remain [61]. Hence, the undifferenced carrier phase ambiguity cannot be treated as intrinsically integer in nature until
phase biases are accounted for [58, 62]. For single-frequency processing, the undifferenced float ambiguities are treated as
uncombined. For dual-frequency, the undifferenced float ambiguities are treated as ionosphere-free combined.

The software triggers filter updates on-receive of either (i) local GNSS observables or (ii) remote GNSS observables sent over
crosslink. The filter can be run as an Extended Kalman Filter (EKF), a Consider EKF (CEKF), or an Unscented Kalman Filter
(UKF). If CEKEF, then the consider parameters are the center-of-mass to antenna-phase-center offset uncertainties per spacecraft,
W = [Ap., Aps] € RO [1]. Both the time and measurement updates need not be bound to the same mode. For instance, one
can pair the EKF time update with the UKF measurement update for computational savings [3]. The default mode is the CEKF,
as it is assumed that there is imperfect center-of-mass and phase center knowledge [1, 63].

The time update runs a high-fidelity orbit propagator. Perturbation forces include geopotential accelerations from GGMO1S
[64], with a telecommand-configurable degree and order up to 120. The filter models atmospheric drag using the Harris-Priester
model [65], and the estimated empirical accelerations are applied to the acceleration model to close the loop. The measurement
update logic is split by frequency mode. If single-frequency observables are received, then the filter processes GRAPHIC
[53] observables for coarse absolute orbit determination and Single-Differenced Carrier Phase (SDCP) for precise relative
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*Geometry-free measurement updates can be set by telecommands, to increase observability to Ng,,¢ and Al for long-baseline relative OD.

Figure 1: DiGiTaL v2 — Navigation functional architecture.

orbit determination. If dual-frequency observables are received, ionosphere-free code is used for absolute orbit determination.
If Galileo HAS corrections exist for a specific computed measurement, then the more precise undifferenced ionosphere-free
carrier phase measurements are executed for undifferenced float ambiguity estimation, to aid precise absolute OD. Geometry-free
single-differenced measurements provide observability of Al, and assist in de-aliasing and differentiating the biases enacted on
the computed carrier phase measurements due to IV vs Al states. The filter estimates one differential ionospheric path delay Al
per tracked GNSS satellite, defined as the single-differenced (remote minus local) ionospheric delay on the primary frequency.
It is well-known that the ionospheric delay is inversely proportional to the square of the signal frequency, as a consequence of
its dispersive nature [52]. Hence, the delay on a secondary frequency f» scales relative to the primary as f2/f2, and a single
slot Al state captures the delay on all tracked frequencies for that satellite. The geometry-free combination of single-differenced
observables eliminates range and clock terms, isolating AI. Measurement updates are accepted only if they pass the FDIR
monitor [1]. All measurement model equations are provided in the Appendix for brevity and ease of reference.

The IAR module receives SDCP ambiguities maintained in the filter state. Double differences are formed internally to eliminate
receiver clock errors [52], followed by decorrelation and basis reduction via an LDL decomposition [66]. An integer least-
squares search is then performed using the Modified LAMBDA algorithm devised by Chang et al [67]. A success-rate P-test
[68] selects the largest subset of double differences whose joint fix probability meets a prescribed threshold, enabling partial
ambiguity resolution when full resolution is unreliable [69]. A discrimination D-test then validates that the best integer candidate
is sufficiently more probable than the runner-up before any ambiguities are committed to the filter.
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2. Interfacing Specifics with Galileo HAS Corrections

DiGiTaL interfaces with Galileo High Accuracy Service (HAS) corrections using the Radio Technical Commission for Maritime
Services (RTCM) State Space Representation (SSR) message format [70]. Four RTCM v10403.3 Message Types (MT) are
supported: GPS orbit and clock combined corrections (MT 1060); GPS code biases (MT 1059); Galileo orbit and clock
combined corrections (MT 1243); and Galileo code biases (MT 1242). The ingestion pipeline proceeds in three stages: (1)
packet validation, (2) issue number association, and (3) application of orbit & clock corrections, plus the updating of code
bias knowledge. First, packets are validated by checking for the RTCM preamble byte (0xD3), correct message header IDs,
valid GNSS PRN IDs and counts, and a CRC-24Q integrity check at the message tail-end. Only messages with good integrity
(e.g. no corrupt bytes, no unexpected truncations) are forwarded. Second, the Issue of Data Ephemeris (IODE) numbers are
matched to existing ephemerides, as each correction must be applied only to the broadcast ephemeris and clock sharing the same
issue number. However, the time-of-arrival of a Galileo HAS correction packet with a new IODE is not guaranteed to arrive
in-sync with an updated broadcast ephemeris. To bridge this latency, DiGiTaL retains the two most recent ephemeris and clock
broadcasts per satellite in a statically allocated buffer, and then searches for the matching IODE within these entries. Third,
if (i) the correction IODE matches either the current or preceding broadcast IODE, and (ii) the time of ephemeris and clock
(toe and t,.) remain within the validity window, then corrections are tagged to the broadcast data and applied at measurement
computation time. This process is depicted in Figure 2. Full correction algorithms follow the HAS ICD [22, 25].

Figure 2: Galileo HAS correction interfacing pipeline.

3. Filter Measurement Noise With vs Without Corrections

The presence or absence of Galileo HAS corrections on a single computed measurement has implications on the filter’s applied
measurement noise during state updates. If neither current nor prior broadcast data can be associated with the corrections via
a matching issue number, the navigation filter falls back to the uncorrected broadcast ephemeris. The implication of this is
that the filter must distinguish HAS-corrected versus uncorrected observations at measurement time, thereby enabling selective
weighting of the filter measurement noise oy,

OM = OSISRE + OUEE )

This can be done by summing the appropriate SISRE one-sigma ogisgg with the User-Equipment Error (UEE) one-sigma
oUEE, taken from Table 1 and applied to Equation 2. The parameters o, and o4 refer to the receiver thermal noise of
undifferenced and uncombined code and carrier phase measurements, and are modelled by Psiaki and Mohiuddin [58], with a
directionally-dependent application of thermal noise models performed for DiGiTaL in Section III.D of [1]. The coefficients
yi = f2/(f} — f2)and vo = f2/(f? — f2) refer to the ionosphere-free combination scalings. SISRE contributions to SDCP
are assumed zero due to differential cancellations.

Table 1: Filter measurement noise allocation, based on the measurement type, and the status of SISRE corrections.

Observable Mode OUEE osisre (broadcast)  osisre (corrected)
SDCP Both V2 -0y None None
GRAPHIC Single-freq.  /(0,/2)2 + (04/2)2 50cm Scm
Ionosphere-Free Code Dual-freq. \/m - 0p 50cm Scm
Ionosphere-Free Carrier Dual-freq. \/m X 50cm Scm
SD Geometry-Free Code Dual-freq. 20, 50cm Scm
SD Geometry-Free Carrier  Dual-freq. 204 50cm Scm
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4. Estimating the Differential Ionospheric Path Delays for Long Baselines

Across long baselines, the ionospheric delay experienced by the two spacecraft on a common GNSS satellite line-of-sight
becomes decorrelated. The single-difference (remote minus local) ionospheric delay from satellite & is termed the differential
ionospheric path delay, AI'c“d, where cd denotes the local chief (¢) to remote deputy (d) receiver pair; the full vector across all k
slots is Al (see Equation 1). The dispersive nature of the ionosphere implies that path delays scale inversely with frequency, so
a single scalar state at the primary frequency f; suffices to characterize Alffd across all signals tracked on satellite k.

Across long baselines spanning tens to hundreds of km, individual AI’jd states can reach meter-level magnitudes [71, 72],
in contrast to the short-baseline where the delay is negligibly small. Any unestimated AI’c“d aliases directly into the single-
differenced float ambiguity AN fd, since both states enter the single-differenced carrier phase as range biases. Even with

dual-frequency observations, inadequate process modeling can sustain high correlations between Allgd and AN fd throughout
the arc, rendering IAR unreliable, due to uncertainty spillover.

Importantly, the average of all Al state mean values over all k at a given epoch is not expected to be zero. This bias arises
because absolute ionospheric path delays represent a scaled, oblique projection of the vertical total electron content (VTEC)
column onto each satellite line-of-sight [72]. Kroes reported an averaged value across all Al states equal to —2.8 m at a 200 km
separation distance for GRACE post-processed solutions [71], and the same effect is expected at GRACE-FO given that they
have nearly identical separation distances and formation geometries during nominal operations.

In the literature, three known real-time on-board modeling and estimation approaches to Al states have been proposed. First,
Wu and Bar-Sever [73] treat each AI”; slot as zero-initialized white noise per epoch — essentially as independent draws with
no temporal propagation. Second, Kroes [10] adopts a random-walk formulation in his real-time estimation algorithm, using a
sufficiently large process noise that the filter covariance re-inflates the uncertainty of each Alfd state per update. Third, Giralo [74]
builds on Kroes’ approach by modeling each individual Alfd as a perturbation from the Klobuchar model, also driven by a random
walk. All three approaches did not actually exploit the geometry-free observables. Also, all three processes can be generalized
as First-Order Gauss-Markov (FOGM) processes, where each AI”, state evolves as AL, (t + 6t) = e/ TaIATR () +w(t); Tap
is the correlation time and w(t) is zero-mean Gaussian driving noise. The random walk model of Giralo and Kroes corresponds
to the limit 7 — oo, in which the exponential decay vanishes and the state integrates white noise indefinitely; the white-noise
model of Wu and Bar-Sever corresponds to the opposite limit 7 — 0, in which inter-epoch memory is lost entirely and each state
is redrawn independently at every update. Despite the differences in approach, prior work still demonstrated centimeter-level
navigarion accuracy as AI¥; states were treated as slack variables, filter-tuned to absorb nuisance residual differential biases,
including contributions from hardware delays [71]. While good positional navigation accuracy was achieved in prior work,
the time-varying structure and accuracy of the Al state vector per se were not fully evaluated for a real-time on-board setting.
Intuitively, one may expect the periodic orbital motion to produce diurnal variations of the VTEC field that drives Al, and that
the bias for GRACE-FO should be close to the post-processed —2.8m bias found by Kroes in GRACE [71]. The involvement of
geometry-free processing should also increase the observability and accuracy of estimated Al so that the structural variations
become more accurately captured in the state estimates.

This motivates the development of a new bias-aware formulation of FOGMs, which also involves geometry-free processing for
improved observability. To incorporate the known bias, the state mean of each AI’jd slot decays toward the running average
across the Al vector computed at time ¢ — At, where At is the time elapsed since the previous filter update. Let AL;(¢) denote
the filter’s mean estimate of the i-th Al slot at time ¢, and let M be the number of actively tracked slots in the Al vector. The
running average Al is updated as:

. 1 M
Al(t) = 3 ; AL (t — At) 3)
AL(t) = Al + e A1 (AL (t — At) — Al) (4)

This formulation ensures that the satellite-to-satellite variations decay toward the shared mean over the correlation time 7, while
the shared mean itself is continuously updated from the filter’s own estimates. The result is a process model that respects the
known structural existence of a non-zero average value of all Al states at long baselines, while still allowing relative variations
per Al across lines-of-sight to evolve about this average.

For improved measurement observability, in addition to SDCP, single-differenced geometry-free (GF) code and carrier phase
observables are processed, which eliminate geometry-dependent contributions to the range model and isolates the dispersive
ionospheric delay and the GF ambiguity combination. For a review of measurement models, the reader is invited to peruse
Appendix B. This new approach is evaluated in Section V.
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IV. GNSS AND GALILEO HAS TESTBED CAPABILITIES

Four well-tested GNSS data sources, depicted in Figure 3, have been developed in the Stanford Space Rendezvous Laboratory:
(1) a software GNSS emulator; (2) a software playback utility that converts GNSS observables in RINEX format and Galileo
HAS IDD messages into a receiver-compatible binary stream; (3) a real-time hardware GNSS signal emulator with receiver-in-
the-loop; (4) live-sky GNSS antennas for terrestrial testing and zero-baseline calibration. Of these, only the software sources (1)
and (2) are Galileo HAS-capable and hence used for this paper, while the hardware signal generator and receivers are presently
unlicensed to generate Galileo HAS observables. Software emulation of GNSS and HAS observables emulate the receiver and
crosslink latencies in test campaigns [1]. Software playbacks faithfully obey the time-ordering of all messages from the files
of observables, based on their time stamps, although it is acknowledged that these could differ from the exact time-of-emission
due to real latencies. Both software and hardware GNSS emulators have been extensively used, tested, and validated against the

real-time hardware emulator [1, 75].

Figure 3: GNSS signal sources from the GNSS testbed in SLAB.

In the software GNSS emulator, the simulation modeling parameters are tabulated in Table 2, Table 3, and Table 4.

Table 2: Dynamics modeling for both the simulation truth and flight software.

Ground truth dynamics Filter dynamics
State representation Quasi-nonsingular orbital elements Cartesian
State equations Gauss’ variational equations Fundamental orbital differential equations
Integrator RK45 (Dormand-Prince) RK4 (non-adaptive step size)
Geopotential GGMOS5S (60x60) GGMO1S (20x20)
Drag model NRLMSISE 00, F10.7 = 184.6, Ap = 18.4 Harris-Priester
Solar radiation pressure  Analytical sun ephemeris with cylindrical shadow  —
Third body gravity Analytical Sun & Moon ephemeris -

Table 3: GNSS signal-in-space conditions modeling Table 4: Spacecraft and receiver uncertainty parameters.
GNSS signals GPS L1 C/A and L2 P(Y) Parameter Unit Dist. Value
GNSS gain/phase pattern Spherical gain, 170° aperture Spacecraft mass kg Gaussian  0.02
GNSS ephemeris source Broadcast + Galileo HAS Spacecraft COM mm Uniform 3
GNSS ephemeris pos. error  [0.5, 1.0, 0.5] RTN (Gaussmn, m) GNSS antenna PCO bias mm ) 10
GNSS ephemeris vel. error  [10, 30, 10] RTN (Gaussian, pm/s) R -

HAS corrected pos. error [5, 15, 5] RTN (Gaussian, cm) GNSS antenna PCO noise  mm Gaussian 1
Tonospheric model Klobuchar diurnal delays GNSS antenna direction arcsec  Gaussian 30
Receiver horizon mask 0° from horizon Receiver clock drift rate m/s Gaussian 0.1
Receiver aperture mask +15° from local horizontal Carrier ambiguity range ~ cycles  Uniform  +10
Receiver gain/phase pattern ANTCOM 1.9G1215A Attitude knowledge arcsec  Gaussian 20

Table 5: Klobuchar ionospheric model parameters used in ground truth measurement emulation.

aq 1% a3 0y B1 B2 B3 Ba
2.794E-8 -7.451E-9 -1.192E-7 1.788E-7 137200 -98300 65540 -393200

The dynamics model in Table 2 intentionally employs higher fidelity perturbations in the ground truth than in the filter’s
knowledge of the dynamics, for testing purposes, although the latter can be set to a higher fidelity either at compile-time pre-
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flight or via telecommands in-flight. Contributions to measurement errors from Table 3 and Table 4 comprise: (i) GNSS SISRE,
(i) GNSS receiver antenna phase center offset noise and biases, (iii) GNSS receiver antenna mounting errors, (iv) spacecraft
mass errors, (v) center-of-mass errors, (vi) receiver clock biases and drift, (vii) attitude knowledge error, (viii) ionospheric
delays, (ix) carrier phase ambiguities, (x) receiver thermal noise modeled via a calibrated gain pattern. All emulated inputs
into the flight software are also scheduled with random delays ~ 1s to simulate hardware latencies, using an event-driven
simulation loop [76]. The simulated ephemerides errors after Galileo HAS corrections in Table 3 follow the radial, along-track,
and cross-track errors reported by Hauschild et al for the Galileo HAS test signal experiment with Sentinel-6A [50].

In the software GNSS emulator, HAS corrections are generated synthetically at an ideal 100% PRN coverage to isolate navigation
algorithm performance from service availability. This means that every HAS correction packet contains corrections for all GNSS
satellites in GPS and Galileo. This is an intentional idealization of the test case using real flight-data playback, where real HAS
packets are ingested as-recorded from the HAS IDD and hence subject to actual packet loss and service gaps.

V. TEST RESULTS
1. Summary of Test Campaigns and Results

Three test campaigns of increasing challenge are presented and summarized in Table 6. The first is a software simulation
of VISORS over a short ~ 200m baseline in a passively-safe controlled relative orbit, for 24 hours starting 01 Oct 2024
00:00:00 GPST [18]. The second is a software simulation of the GRACE-FO formation over a long ~ 200km along-track-
separated baseline, for 24 hours starting 08 Dec 2025 05:00:00 GPST. The third campaign is the ‘real-time’ flight data playback
equivalent of the second campaign, using real GRACE-FO onboard GNSS observables from the RINEX files, alongside real
Galileo HAS corrections recorded from the HAS IDD.

Table 6: Test campaign overview.

Campaign 1 Campaign 2 Campaign 3
Type Software simulated Software simulated Real flight data playback
Mission VISORS GRACE-FO GRACE-FO
Baseline ~ 0.2km (controlled) ~ 200km (free drift) ~ 200km (free drift)
Arec start (GPST) 01 Oct 2024 00:00:00 08 Dec 2025 05:00:00 08 Dec 2025 05:00:00
Arc duration 24 hours 24 hours 24 hours
GNSS observables Emulated Emulated Real (RINEX)
Galileo HAS source Synthetic (100% coverage) Synthetic (100% coverage) Real IDD recording
Ionosphere Klobuchar (emulated) Klobuchar (emulated) Real (in observables)

4a: Campaign 1: Simulated VISORS.

4b: Campaign 2: Simulated GRACE-FO.

4c: Campaign 3: Real flight data GRACE-FO.

Figure 4: Relative orbit plots with truth overlaid against state estimates for all three campaigns. Note that origin (chief spacecraft) is not
shown in both plots of Campaign 2 and 3 (GRACE-FO) as it is far too separated in the along-track over the long baseline.

For brevity, only the time-series results of the real flight data playback with GRACE-FO data are shared in this paper, in Figure 5,
since they also represent the most accurate depiction of DiGiTaL v2’s performance under real-world signals and conditions. The
consolidation of navigation results is then found in Table 7 which includes a comparison of processing (i) between simulation
and flight data, as well as (ii) with and without Galileo HAS corrections, for all campaigns.
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Sa: Absolute orbit position errors (ECEF) by GRACE-FO (C) Sb: Absolute orbit velocity errors (ECEF) by GRACE-FO (C)
Sc: Relative orbit position errors (RTN) by GRACE-FO (C to D) 5d: Relative orbit velocity errors (RTN) by GRACE-FO (C to D)
Se: Single-differenced ambiguity fix rate by GRACE-FO (C) 5f: Count of GNSS satellites tracked by GRACE-FO (C)

Figure 5: Campaign 3 navigation statistics using real GRACE-FO flight data with real Galileo HAS IDD data (08-Dec-2025 05:00:00 to
09-Dec-2025 05:00:00, GPST). The states are retrieved directly from DiGiTaL v2 flight telemetry. No post-processing is conducted. The
ground truth references NASA JPL’s Level 1B daily precise orbit products for GRACE-FO [77, 78].

9
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Table 7: Summary of navigation performance. Comparisons are made between (i) simulations vs flight data playbacks, and (ii) with and
without Galileo HAS corrections. The shaded green column corresponds to the campaign with the time-series plots presented in Figure 5.

Simulated Campaign Real Flight Data
Campaign 1 Campaign 2 Campaign 3
VISORS GRACE-FO GRACE-FO
RMSE Ideal HAS No HAS® | Ideal HAS No HAS™ | Real HAS No HAS*
Abs. Pos. (cm) 6.382 33.916 8.670 61.568 15.156 68.619
Abs. Vel. (mm/s) 0.166 0.513 0.204 1.036 0.184 1.045
Rel. Pos. (cm) 0.262 0.354 0.977 2.322 4.301 5.397
Rel. Vel. (mm/s) 0.004 0.012 0.038 0.056 0.101 0.124
IAR Fix Rate 99.977%  99.742% | 69.096%  58.776% | 57.825%  46.253%

* Without HAS corrections — undifferenced carrier phase measurement updates are not executed due to large SISRE contributions (see Figure 1).

2. Discussion of Navigation Performances

Several key observations emerge from Table 7, organized below by the specific comparison being made.

Comparing Absolute OD — With vs Without Galileo HAS: HAS corrections consistently yield a three- to five-fold
improvement in absolute position 3D RMSE across all campaigns. This improvement is driven by undifferenced ionosphere-
free carrier phase updates, which are executed by the flight software only when HAS provides a trustworthy SISRE floor for
undifferenced float ambiguity estimation (see Table 1). Without corrections, processing falls back to only ionosphere-free code,
as the SISRE is too noisy for convergence of float ambiguities. Similar improvements are observed for absolute velocity. HAS
corrections, while serving primarily to enhance absolute OD, also play a role in the improvement of IAR fix rates for relative
OD as seen in Campaign 2 and Campaign 3, as the corrections reduce the overall state uncertainty. This effect does propagate
indirectly to reduce the single-difference float ambiguity uncertainties through the cross-covariances.

Comparing Absolute OD — Simulated vs Real Galileo HAS: Transitioning from ideal synthetic HAS with 100% coverage
(Campaign 2) to real IDD-recorded HAS subject to real data gaps (Campaign 3), at the same 200 km GRACE-FO baseline,
degrades absolute position RMSE from 8.7 cm to 15.2 cm, relative position RMSE from 0.977 cm to 4.301 cm, and IAR fix rate
from 69.1% to 57.8%. From the plot of the count of HAS-corrected GNSS satellites in Figure 5f, there exist periods where the
count drops to 4 or fewer satellites. The data gaps in real HAS data drive this degradation, which are characterized in greater
detail in Section VI. Therefore, this indicates that the best-case algorithm performance can reach centimeter-accuracy if under
100% ideal HAS coverage, and degrades to 15 cm under real HAS coverage conditions. For GPS-only processing with Galileo
HAS, this performance is consistent with real flight data processing from Hauschild et al on Sentinel-6A data [50].

Comparing Absolute OD — Simulated vs Real Broadcast-Only: Disabling HAS in both GRACE-FO campaigns reveals
consistent broadcast-only results — absolute position RMSE of 61.6 versus 68.6 cm and absolute velocity of 1.036 versus
1.045 mm/s. This validates the performance consistency between the use of the software GNSS emulator and the actual flight
conditions, under broadcast-only conditions without HAS corrections.

Comparing Relative OD — Short vs Long Baselines: In Campaign 1, at the 200 m VISORS baseline, relative position
RMSE is sub-centimeter regardless of HAS (0.262 cm with, 0.354 cm without), as common-mode GNSS errors cancel nearly
completely in single-differencing. In Campaign 2, at 200 km this cancellation assumption breaks down: differential ionospheric
path delays must be explicitly estimated, relative position RMSE rises to 0.977 cm (with HAS and Al estimation) or 2.322 cm
(without), and IAR fix rate falls from 99.977% to 69.1% — driven by the aliasing of biases, reflected in the Al-ambiguity cross-
correlations, as well as reduced common-satellite visibility over a longer baseline. In Campaign 3, performance deteriorates
to ~ 4cm over the long baseline of GRACE-FO, using real flight and HAS data. This is due to (i) the non-ideal Galileo HAS
data gaps which worsen state uncertainty overall for both absolute and relative OD, and (ii) the real ionosphere’s greater spatial
complexity relative to the simulation-tested Klobuchar model. If considering only state estimate samples with fixed integers,
the RMSE of relative OD is 2.6cm.

10
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3. Results of Differential Ionospheric Path Delay Estimation

The estimates of AI’c“d for all k line-of-sights are presented in Figure 6, processed for Campaign 3, to represent actual ionospheric
behaviours in real flight conditions. Each colour in the scatter plot corresponds to each k-GPS satellite. A Fourier series curve
fit with outlier rejection is applied to the time series data of the estimated AlI,(¢) slots. The structure of the data reveals two
convincing trends. First, a dominant oscillatory mode with a period of approximately 98.55 minutes is shown, which closely
matches GRACE-FO'’s orbital period of 95 minutes. This confirms the expected sinusoidal signature of the VTEC structure
caused by the diurnal variations of the ionospheric behavior whenever the formation completes each orbit period. Second,
the curve fit exhibits a mean bias of -3.067m, which is close to the reported -2.8m average bias seen in the original GRACE
mission at the same baselines, and hence reflects the systematic biases and variations in differential ionospheric path length as
the spacecraft traverses different latitudes and local times. Since the ground truth values of differential ionospheric path delays
specific to the GRACE and GRACE-FO 200 km baselines are not a readily accessible value, the expected biases reported in
earlier work [71] and the expected diurnal variations are used for consistency cross-validation as to whether the Al states are
being accurately estimated or not.

Figure 6: Estimated single-differenced ionospheric delay Al per GPS satellite observed by GRACE-FO C in Campaign 3.

The original methods of Kroes et al [10], Wu et al [73], and Giralo et al [74], were also faithfully reproduced in DiGiTaL v2
for the purpose of comparison. However, to maintain ceteris paribus, the filter was not re-tuned when using these methods, and
relied on the same configurations as per Appendix A. The comparative results are summarized in Table 8, where the current
methodology in this paper performed slightly better in terms of relative OD performance, but was able to capture both the bias
and variational signatures of the Al states. Of interest to note is that the method by Kroes and Giralo both produce nearly
identical relative navigation accuracies and curve fitting results. This is expected, since the introduction of the Klobuchar delay
as an offset in Giralo’s method (over Kroes’) merely serves to alias with any other pre-existing bias parameters in the state vector.

Table 8: Comparison of differential ionospheric delay modeling methods.

Method 1 Method 2 Method 3 Method 4
Reference source This paper Wuetal [73] Kroesetal [10] Giralo et al [74]
Relative OD RMSE (cm) 4.301 6.903 7.533 7.532
Process model Biased FOGM  White noise Random walk Random walk
Dominant mode period 98.55 min 102.29 min 85.16 min 87.29 min
Dominant mode bias —3.067 m —0.0861 m 24974 m 2.6153 m
Goodness-of-fit (R?) 0.9537 0.9653 0.8670 0.8314
Uses GF observables? Yes No No No

11
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4. Runtime Analysis

Runtime analyses for DiGiTaL v2’s navigation algorithms, with and without Galileo HAS, are presented in Table 9, with the
time-series of runtimes shown in Figure 7. The test platform is a Xilinx Zyng-7000 System-on-Chip (ARM Cortex-A9, 650 MHz,
PetaLinux 2016.2, Linux Kernel v4.4), flat-sats which represent the VISORS flight computer. As this CPU is outdated (on a
2017 release) by modern small-satellite standards, these runtimes serve as a conservative benchmark.

Table 9: Averaged runtimes [ms] for core navigation function calls on the Zyng-7000 SoC. Note that the ionosphere-free undifterenced
carrier phase updates are not executed if no Galileo HAS corrections exist (see Figure 1).

Time Update IF Code IF Carrier SD GF Code SD GF Carrier  SDCP IAR Total

Without Galileo HAS 1.331 0.649 — 0.538 0.147 1.347 0.268 4.280

With Galileo HAS 2.024 1.141 0.966 0.908 0.297 2.397 0.355 8.088

Percentage Increase +52.0% +75.8% — +68.9% +101.9% +78.0% +32.5% +89.0%
7a: Runtimes [ms] without Galileo HAS 7b: Runtimes [ms] with Galileo HAS

Figure 7: Time-series of the navigation function runtimes per execution call in the real flight data processing of Campaign 3.

The inclusion of Galileo HAS corrections introduces a notable computational overhead. However, this overhead is not attributed
to the direct processing of HAS corrections, which is found to be negligible in compute cost. Rather, the increase in compute time
is attributed to the architecture design choice that any HAS-corrected measurements unlock the ionosphere-free undifferenced
carrier phase measurement update execution calls. This activates additional local channels in the filter state, expanding the
sub-vector of floats N, hence increasing the total number of active states. Since DiGiTaL v2 is computationally optimized to
compress inactive states [1], any new active states will quadratically increase the covariance size, thereby impacting the runtime
of covariance propagation, covariance updates and consider-covariance updates. As seen in Figure 7, the enlarged filter state
impacts runtimes of all navigation functions. However, the total compute runtime per update is still far below the per-second
1PPS rate of the receiver, even on a modest and arguably outdated on-board computer.

VI. ASSESSMENT OF GALILEO HIGH-ACCURACY SERVICES

The accuracy of the actual Galileo HAS corrections from the HAS IDD is assessed using telemetry from processing the real
GRACE-FO flight data campaign arc in Campaign 3. DiGiTaL’s on-board HAS-corrected GNSS satellite ephemerides and
clock offsets are compared against the IGS final precise orbit and clock products, which serve as ground truth. Corrections are
evaluated at the Antenna Phase Center (APC) — the effective point of GNSS signal emission from the satellite, which differs
from the spacecraft center of mass by the antenna offset and depends on the satellite’s attitude. APC positions are computed
from the broadcast orbit centers using the IGS20 ANTEX file, with the canonical yaw-steering attitude model of Bar-Sever
[79] applied to reconstruct satellite attitude throughout the arc. IGS precise clocks reference the P1-P2 ionosphere-free code
observable, whereas DiGiTaL tracks C1-P2. To ensure consistency in the clock comparison, observable-specific bias (OSB)

12
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8a: Broadcast-only (no HAS corrections) 8b: HAS-corrected

Figure 8: Aggregate orbit position error magnitude (top) and clock error (bottom) across all tracked GNSS satellites, referenced to IGS
precise products at the satellite APC. At each epoch, the mean, median, 25-75%, and 5-95% bands over all evaluated satellites are shown.
Broadcast-only statistics (left) are compared against HAS-corrected statistics (right) over the full GRACE-FO campaign arc.

files from the IGS are applied to convert the IGS P1-P2 clock reference to the C1-P2 convention [47]. Omitting this step would
introduce a systematic bias of several nanoseconds in the clock error comparison for GPS satellites, confounding the assessment.
This detail is similarly echoed by Hauschild et al in their assessment of the Galileo HAS test signal on Sentinel-6A [50].

Figure 8 presents the aggregate orbit position error and clock error statistics across all tracked GNSS satellites over the full arc.
Of 146,621 total ephemeris evaluations processed over the arc, 119,363 were HAS-corrected and 27,258 remained uncorrected,
yielding an effective HAS data gap rate of 18.6%. At each epoch, the mean, median, 25-75%, and 5-95% percentile bands
over all currently evaluated satellites are plotted. The broadcast-only solution (Figure 8a) exhibits orbit errors with a median
of approximately 1 m and a 5-95% band spanning several meters, consistent with published SISRE statistics for GPS. The
HAS-corrected solution (Figure 8b) yields a substantial reduction: the median orbit error drops to the decimeter level, and the
majority of the distribution is compressed below 20 cm. Clock errors are similarly reduced, from sub-meter broadcast errors to
the sub-decimeter level after HAS corrections. However, the 5-95% band in the corrected case is noticeably wider at isolated
epochs compared to the bulk of the arc, and a single pronounced clock outlier is visible near the end of the 24-hour arc, which
spikes to —15ns. The key takeaway is that Galileo HAS delivers a meaningful, consistent improvement in both orbit and clock
accuracy relative to broadcast ephemerides, but PRN-specific anomalies remain and cannot be ruled out at any given epoch.
This has a direct implication for filter design: applying the same corrected SISRE noise weighting (osisgg = 5 cm) uniformly
to all HAS-corrected measurements, regardless of PRN, will over-trust the measurements from anomalous satellites.

To illustrate the SV-specific variability in HAS correction quality, Figure 9 compares the two most extreme performers: PRN G06,
which ranks at the 95th percentile of orbit error (worst), and PRN G10, which ranks at the 5th percentile (best). PRN G06
shows orbit errors that approach 1 m in the along-track component, with a clear systematic offset that persists across the full
arc. PRN GI10, by contrast, exhibits orbit errors consistently within 10 cm throughout the arc, with no persistent bias in any
individual component. Clock quality is comparable between the two PRNs, confirming that the outlier tail in the aggregate
statistics is driven specifically by orbit correction quality for a small number of satellites, rather than by clock errors or data
gaps. The results show that the largest residual errors in the HAS-corrected solution are not broadly distributed across the
constellation, but are instead persistent, repeatable, and PRN-specific. This property is diagnostically important: since these
anomalies are systematic rather than random, then in principle, one can re-design the FDIR to monitor for high prefit residuals
stemming from consistently responsible GNSS PRN IDs. These can then be excluded once identified, thereby preventing the
effect of sub-par corrections from propagating into the navigation solution. This is an item identified for future work as a feature
upgrade to DiGiTaL v2’s current FDIR capabilities, to be extended to Galileo HAS correction monitoring.

13
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9a: GPS PRN GO06 (worst-performing, 95th percentile orbit error) 9b: GPS PRN G10 (best-performing, 5th percentile orbit error)

Figure 9: PRN-specific HAS correction quality for two representative GPS satellites. Top: time-series APC position error components
(radial, along-track, cross-track) and 3D magnitude, referenced to IGS precise products. Bottom: satellite clock error after HAS clock
correction. Grey-out regions indicate epochs where no HAS correction was received by DiGiTaL for that PRN.

VII. CONCLUSION

This paper presents the DiGiTaL v2 flight software augmented with Galileo High Accuracy Services (HAS), addressing
simultaneous real-time onboard precise absolute and relative orbit determination capabilities across short and long baselines.
Three contributions were presented in sequence as (1) architecture, (2) algorithms, and (3) assessment. First, a real-time
and on-board flight software architecture capable of Galileo HAS augmentation, compliant with RTCM 10403.3 interfacing, is
proposed and evaluated. Alongisde, a software GNSS and HAS emulator was also developed in this work for faster-than-real-time
evaluation. Second, for allowing relative navigation over longer baselines, an improved algorithm for differential ionospheric
path delay estimation Al is proposed. This technique models all states in the Al vector as bias-aware, time-correlated processes,
and observability of delays attributed solely to Al are improved with the inclusion of geometry-free processing. Third, a
comprehensive evaluation of the accuracy and coverage of operational Galileo HAS orbit and clock corrections is presented,
assessed against IGS precise products.

Across all campaigns, Galileo HAS corrections improve absolute position RMSE by a factor of three to five. Under ideal
simulated HAS, absolute position RMSE reaches 6-9 cm, as a representation of the algorithms’ best-case performance; under
real IDD-recorded HAS with an 18.6% data gap rate, it degrades to 15.2cm, as a representation of its realistic operational
performance. Relative position RMSE is 0.26 cm at the 200 m baseline and 4.3 cm at the 200 km baseline. The Galileo
HAS correction quality assessment over the 24-hour GRACE-FO arc confirms decimeter-level orbit corrections with residual
systematic anomalies concentrated in a small number of satellites. This makes it possible to detect and exclude problematic
GNSS satellites on-board in future features. Together, these results demonstrate the feasibility of real-time precise absolute and
relative navigation at both short and long baselines using only onboard resources and broadcast + correction services.

Three directions are identified for future work. First, the scalability of the DiGiTaL v2 software and the impact of distributing
the precise absolute OD solution over large networks are items of interest to be explored. Second, as Galileo HAS Phase 2
becomes operational, phase bias products will enable integer ambiguity resolution on undifferenced observables, extending
centimeter-level IAR accuracy to absolute orbit determination, as an item for future work. Third, on improving the GNSS and
Galileo HAS test beds, there is intent to upgrade the ground truth software with higher-fidelity ionospheric truth models — such
as NeQuick [80] or IONEX-derived maps — as a replacement to the Klobuchar model, for more accurate assessments of the
flight software. Hardware integration of modern Galileo E6-B licensed receivers as well as hardware licensing of the hardware
GNSS signal emulators will enable higher fidelity testing on these test beds in real-time too.
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A. APPENDIX: FILTER CONFIGURATION PARAMETERS

Table 10: DiGiTaL v2 filter configuration parameters for GRACE-FO processing. Position and velocity process noise is omitted as they are
derived analytically using a correlation-aware analytical process noise model derived in [1].

Parameter Description Default Units

Ocst Receiver clock offset 600 m
Initial sigma ON Undifferenced carrier phase ambiguity 100 cycles

OAl Differential ionospheric delay 30 m

O Empirical accelerations (RTN) 750, 850, 500 nms~?2

Ocom2peo COM-to-PCO offset (body frame) 3,3,10 mm

qcst Receiver clock offset 0.3 m

Test Time constant of receiver clock offset 120 S

T Empirical accelerations (RTN) 750, 850,500 nms~?2
Process noise 1, Time constant of empirical accelerations 300 s

qAI Differential ionospheric delay 1.5 m

TAL Time constant of differential ionospheric delay 30 S

qN Undifferenced carrier phase ambiguity 0.002 cycles

o, Undifferenced code noise 1.0 m
Meas. noise ¢ Undifferenced carrier phase noise 2.0 mm

OSISRE.B Broadcast SISRE 50 cm

OSISRE,C Corrected SISRE 5 cm

m Wet mass 600.103 kg
Dynamics Cy Drag coefficient 2.0 -

Aqg Drag wetted area 1.368 m?

Tmax Geopotential degree and order (GGMO1S) 20 -

Ne Innovation covariance rejection threshold 3.0 -
Others Dy Process noise correlation length scale [1] 10 km

Oman Velocity variance increase per maneuver 5.0 %
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B. APPENDIX: MEASUREMENT MODELS

This appendix collects the measurement model equations referenced throughout the paper. Receivers are indexed ¢ (local/chief)
and d (remote/deputy) satellite k; frequency f € {L1,L2} for GPS or {E1, E5a} for Galileo. The symbols p¥, dt., 5t*,

1] f, Ag, N f, bP, b%, and € denote the geometric range, receiver clock offset, satellite clock offset, ionospheric delay (positive
for code, negative for carrier), carrier wavelength, integer ambiguity, code and carrier hardware biases, and residual noise
respectively. Single-differenced (SD) quantities are denoted with a A prefix (deputy minus chief), and AN denotes the SD float
ambiguity absorbing the receiver-side phase bias.

Undifferenced Code, Undifferenced Carrier Phase, and GRAPHIC

P¥p = pf 4 c(5t. — 5tF) + T¢ ; + (b7, bjlf"f)Jr P )
o o £ e(0te = 6t8) = IEp + NpNEp + (b2 — b37) + el ©)
ggf =3 (Phy+ k) o

Ionosphere-Free Combinations

With v = f2/(f2 — f3) and 2 = f3/(f2 — £3):
Pck,IF = ’YchkiLl - 72Pck,L2 (8)
Or i =Nk 11 — 20k 1o 9)

These combinations eliminate the first-order ionospheric delay at the cost of amplified thermal noise by /7% + 3. When
Galileo HAS corrections are available, Equation 9 is used for undifferenced float ambiguity estimation to support absolute OD.

Single-Differenced Carrier Phase

Forming the SD between receivers d and c eliminates satellite clock and satellite-side phase biases. Absorbing the receiver-side
SD phase bias Abfd’ 7 into the float ambiguity gives:

AQE, ;= Apky+ cAdteq — AIE,  + N ANE,  + AP, (10)

where A ANF cd f = £ \; ANk caf + Ab . The SD float ambiguity ANE ca, ¢ Tetains integer nature only when the receiver-side
phase bias difference is zero or cahbrated in the undifferenced case with Galileo HAS Phase 1, this cannot be assumed (see
Section III).

Single-Differenced Geometry-Free Combinations

Using the first-order ionospheric scaling law AIY, [, = (f7,/f72) AIE; 1, the SD GF combinations are:

A¢cd a= Affd,m < ;M) + (Am ANE cd, L1 — AL2 AN, 12) Ag(‘d a Y
2

APdG = AI?d,Ll( - ;él> + Aesz (12)
i2

The GF code (Equation 12) provides an unambiguous measurement of Al fd} 11 at code-level precision. The GF carrier
(Equation 11) provides a tighter constraint once the GF float ambiguity combination (Ar,; AN fd’ 1 — AL2 AN §d7 o) i well-
estimated, which remains a real-valued quantity and does not reduce to an integer until successful IAR. The estimated Al fd’ I
is subsequently applied as a correction to Equation 10 on each frequency f;, scaled by f#,/f JQ Together, both GF observables
provide the measurement observability needed to separate Al from the float ambiguity states N in the filter covariance.
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