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Abstract

This paper presents recent advancements in high-precision GNSS positioning tailored for robust marine
dynamic positioning (DP). It highlights the utilization of multi-constellation and multi-frequency
observations coupled with ambiguity resolution techniques to reduce convergence time, enhance accuracy,
and ensure stability. Additionally, the integration of Navigation Message Authentication strengthens
resilience against intentional spoofing of GNSS signals.

Drawing on Fugro's expertise in providing high-precision positioning services via transmission through
geostationary satellites, the study showcases the benefits of these advancements in enhancing reliability
and precision in maritime environments.

By leveraging multi-constellation and multi-frequency observations with ambiguity resolution, the paper
demonstrates accelerated convergence time, improved accuracy, and heightened stability in marine DP
applications. In addition, the paper shows the use of multi-constellation observations helps mitigating
interference and ionospheric scintillation effects. Furthermore, the incorporation of Navigation Message
Authentication safeguards against malicious attempts to manipulate GNSS signals, ensuring the integrity
of positioning data.

These advancements elevate DP performance, enhance vessel safety, and streamline operations in
challenging offshore conditions. The paper includes positioning results to provide empirical evidence of
the efficacy of these techniques.

Finally, the paper underscores the continuous evolution of GNSS technology, emphasizing the ongoing
enhancements in satellite constellations and signal diversity, which contribute to the dynamic nature of this
field.

Abbreviation / Definition

DP — Dynamic Positioning

GNSS - Global Navigation Satellite System
DGPS — Differential GPS

PPP — Precise Point Positioning

IAR — Integer Ambiguity Resolution

G2 — GPS and GLONASS

G4 — GPS, GLONASS, Galileo, BeiDou
BDS- BeiDou Navigation System

NMA — Navigation Message Authentication
PDOP - Position Dilution of Precision
VPN — Virtual Private Network

VBS — Virtual Base Station DGPS

Introduction

Fugro augmented GNSS positioning solutions have been at the forefront of innovation in providing robust
real-time positioning using satellite links for more than 30 years. It transitioned from meter-level, muti
reference DGPS [1], through decimeter level carrier phase HP regional system [2] to achieving sub-
decimeter precision with PPP [3] systems such as G2/G4 [4][5].

The advent of PPP has revolutionized GNSS real-time positioning by utilizing precise satellite orbit and
clock data, along with advanced error modeling, to deliver highly accurate positioning without the need for
the satellite corrections from local reference stations. Precise Point Positioning (PPP) is an optimal GNSS
augmentation method for worldwide real-time positioning with sub decimeter accuracy. The high accuracy
positioning is achieved by using precise orbits and clocks, as well as dual frequency code and carrier
observations in the user solution.
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Historically, GNSS real-time positioning primarily revolved around the GPS developed by the United
States and GLONASS developed by Russia. In recent years, the GNSS has expanded with the deployment
of new systems, notably BeiDou and Galileo. The BeiDou Navigation Satellite System developed by
China, has undergone significant upgrades with the introduction of its third-generation constellation, BDS-
3. This new generation improves the system's accuracy, coverage, and overall performance. BDS-3 features
an increased number of satellites in orbit, providing more robust global coverage and enhanced service for
users, particularly in the Asia-Pacific region. Fugro PPP services have been leveraging expanding GNSS
constellation satellites and signals.

Improving the accuracy and reliability of PPP has been significantly advanced by using multi-constellation
GNSS and Integer Ambiguity Resolution. By integrating signals from multiple GNSS constellations such
as GPS, GLONASS, Galileo and BeiDou the availability and reliability of satellite observations are
enhanced, leading to better positioning accuracy. This multi-constellation approach enhances satellite
solution geometry represented by PDOP and mitigates the impact of signal obstructions, providing more
robust and reliable positioning. Additionally, Integer Ambiguity Resolution (IAR) [6], which involves
utilizing the fractional phase correction biases to resolve the carrier phase ambiguities to their correct
integer values, further refines the accuracy of PPP and improves the convergence time.

Position integrity, reliability and stability is of paramount importance for efficient and safe DP operations.
Multi-constellation, multi-frequency and high accuracy GNSS positioning ensure that vessels and rigs
experience a stable position when on DP. Additionally, multi-constellation and multi-frequency solutions
provide vast improvements to positioning in environments where open-sky observations are constrained
such as alongside structures and during ionospheric disturbances.

Fugro has been a leading provider of high-precision GNSS positioning services over the years. It utilizes
geostationary satellites to deliver global satellite corrections to users worldwide reliably and with small
latency.

Fugro GNSS Augmentation Systems Infrastructure
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Fugro operates a global network of over 100 reference stations, providing critical reference station data for
various GNSS augmentation services, as shown in Figure 1. These stations are strategically distributed to
ensure comprehensive coverage and reliability. The data collected from these reference stations is processed
and used to compute corrections at Fugro's Network Control Center. This centralized facility integrates and
manages the reference station data, generating accurate and timely corrections to enhance positioning
precision. By leveraging this extensive network and sophisticated correction algorithms the resulting
satellite orbits and clocks are more accurate than the broadcast satellite parameters.

Real-time precise orbit and clock estimates are then sent to the users in the field as corrections to the
broadcast navigation message, using six L-band geostationary satellites, whose ground coverage is depicted
in Figure 1. The system is built with significant levels of redundancy, including a dual-brand receiver
network that ensures service continuity should one of the brands have an anomaly. In addition, DGPS range
correction data is also generated from the network data to support legacy DGPS service, thus Fugro
continues to support legacy services in addition to the state-of-the art PPP services. The high-level
architecture of the system is depicted in Figure 2.
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Fig. 2 Fugro GNSS augmentation system architecture

On the user side, Fugro employs various GNSS receivers with the embedded solutions developed by Fugro.
The user solution has been tested and fine-tuned in both real-time and post-processing mode using GNSS
data from the Fugro reference network.

Robust Correction Transmission

Achieving high accuracy with PPP requires reliable delivery of correction data with minimal latency. To
ensure timely and accurate corrections delivery, Fugro utilizes geostationary satellites for data transmission,
as depicted in Figure 2. These satellites, positioned in geostationary orbits, maintain a constant position
relative to the Earth's surface, providing a stable and consistent link for delivering correction information.
This minimizes latency and ensures that the correction data is received quickly and efficiently. Typical
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correction age used in the PPP G4 solution is shown in Figure 3. The resulting correction age is well under
20 seconds and is found to be sufficient for minimizing the effects of temporal residual errors.
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Fig. 3 Age of correction of G4 positioning solution

High Accuracy Multi-Constellation Solution

Fugro PPP solutions leverage multi-constellation satellites for the uniform geometry of the solution, as
shown in the sky plot in Figure 4. Multiple GNSS system satellites provide better spatial distribution in the
sky than the satellites of a single satellite system. Therefore, having more satellites makes the positioning
fix more robust and able to reject erroneous observations. Also, Fugro’s multi-constellation solutions have
been proven in the field to alleviate the problems caused by the loss of satellites due to signal obstructions.
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Representative real-time positioning results observed on a known point in Lafayette, Louisiana are shown
in Figure 5. Similar results were observed at various monitoring locations. These results can be summarized
as 95% level accuracies of under 5 and 8 cm, for horizontal position and vertical, respectively.
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Figure 5 G4 real-time positioning results, Lafayette, Louisiana, August 11, 2024

lonospheric Scintillations Mitigation Improvements

Scintillations are rapid fluctuations in the phase and amplitude of the GNSS signals caused by the disturbed
ionosphere. The occurrence rate of ionospheric scintillations has maximums around the equinox seasons
(spring and fall). lonospheric scintillations in equatorial and polar areas have a different physical nature
and impact. In general, the impact of the scintillations on the GNSS in the equatorial areas appears to be
more severe than in the polar areas.

Scintillations are typically confined to certain parts of the sky, so not all visible satellites are affected by
the scintillations at the same time. Multiple GNSS system satellites have typically better spatial distribution
in the sky than the satellites of a single satellite system. Therefore, adding more satellites from other GNSS
systems to the solution makes the positioning fix more resilient during ionospheric scintillations..

Not only increased availability of satellites but also Fugro PPP solution algorithm advancements played a
crucial role in improving positioning performance during scintillations. An advanced algorithm was
developed to filter out the increased observation noise caused by scintillations. The improved algorithm
was tested and fine-tuned using vast amount of many years of GNSS data from the Fugro network,
especially from monitoring stations in equatorial and polar areas.

Figure 6 presents the real-time G2 and G4 positioning results and satellite count plots of the satellites used
from a Fugro monitoring station in Port of Spain, Trinidad from March 2024. The Port of Spain monitor
station employed the integrated GNSS receiver and L-band demodulator for receiving the Fugro correction
broadcast over the ARSAT geostationary satellite. This station is located in the geomagnetic equatorial area
and is frequently affected by scintillations. The effects of the scintillations can be noticed between the UTC
hours of 0 and 5, corresponding to the time just after the local sunset. There are noticeable fluctuations in
the number of the satellites used in a solution caused by the satellites dropping out of and coming back into
the solution.
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G4 solution performed better than G2 solution; the maximum horizontal error was 20 cm and smaller than

G2

maximum horizontal error of about 50 cm. These results represent the typical pattern of better G4

solution performance than of G2 solution due to use of additional Galileo and BeiDou satellites.
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Fig. 6 Horizontal G2 and G4 results during scintillations, Port of Spain, Trinidad, March 15-16, 2024.

Interference Mitigation

GNSS signal interference is a practical problem on DP vessels originating from various sources. It results
in lower quality of satellite signal and in some cases complete loss of signal. Multi-constellation GNSS
with multi-frequency signals enhances interference mitigation. It offers a higher level of resilience
compared to GPS-only or any single GNSS thanks to the increased number of satellites.

As an example, Figure 7 shows stable horizontal position error for a PPP solution in Luanda in case of loss
of GPS and Galileo signals resulting in dropout of GPS and Galileo satellites from the G4 solution between
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about 12 and 14 hours. However, the G4 solution is unaffected as it switched to use the only available
GLONASS and BeiDou satellites. Subsequent analysis showed the interference was affecting the signals
in 1545 MHz band, affecting GPS L1 and Galileo E1 signals. However, GLONASS and BeiDou satellites
operate in different bands and were not affected in this case enabling continuous high accuracy positioning.
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Fig. 7 Horizontal position results during heavy interference, Luanda, Angola, March 3, 2024.

Anti Spoofing

GNSS signal spoofing poses a significant threat to the integrity of satellite navigation systems, potentially
leading to severe disruptions in DP operations. Spoofing involves the transmission of counterfeit GNSS
signals that mimic legitimate ones, misleading receivers into calculating incorrect positions. This can
compromise safety and operational efficiency of DP operations.

Multi-constellation and multi-frequency GNSS solution mitigates the threat of signal spoofing significantly
through enhanced signal diversity and robustness. By leveraging signals from multiple GNSS constellations
alongside multiple frequencies, these solutions create a more complex and resilient system that is harder to
deceive.

Multi-constellation approaches ensure that positioning calculations are not solely reliant on the signals from
any single satellite constellation. This diversity means that spoofing attempts targeting one constellation
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can be more easily detected and countered by signals from other constellations. Additionally, multi-
frequency GNSS systems receive data across several frequency bands, further complicating spoofing
efforts. Spoofers would need to replicate and transmit multiple signals simultaneously across various
frequencies, increasing the difficulty and cost of successful spoofing attacks. In addition, Fugro developed
two methods to further reduce the risk of spoofing.

The first method called Satguard NMA involves the use of cryptographic keys included in Fugro broadcast.
It ensures Navigation Message Authentication, hence NMA abbreviation, authenticating the navigation
messages for all GNSS systems. In addition, it involves authenticating Fugro G4 broadcast correction data.
This cryptographic technique strengthens the security and integrity of the GNSS solution by embedding
digital signatures that verify the authenticity of the transmitted data.

The second method of spoofing detection and mitigation relies on the method already used for Quality
Control purposes, namely using the two GNSS receivers and monitoring the distance between the two
antennas, as depicted in Figure 8. If the receivers were spoofed, the calculated positions of both receivers
would be the same and consequently the distance would be zero. Therefore, detecting zero distance would
indicate the presence of spoofing. By implementing these additional measures for spoofing mitigating, the
likelihood of successful spoofing attack is lowered significantly.

. o

Spoofer

‘\\L\\
- ()
Fig. 8 Spoofing detection using two antennas.

Multi-Frequency Integer Ambiguity Resolution Advancement

The multi-frequency PPP IAR system developed by Fugro represents the latest enhancement in G4 service
offering. It extends the capabilities of the current dual-frequency PPP solution by incorporating additional
frequencies to improve convergence. Dual-frequency G4 solution used in operations, relies on two GNSS
signals to correct for ionospheric delays which are significant source of GNSS errors. However, a G4
solution converges to high accuracy in tens of minutes. A multi-frequency PPP IAR solution builds upon
this foundation by utilizing three or more frequencies, allowing faster convergence to precise positions.

The key enhancement in multi-frequency IAR solution is the exploitation of the integer nature of carrier
phase observations. Carrier phase measurements, which are highly accurate but ambiguous, can benefit
significantly from the additional frequency observations. By using three or more frequencies, the solution
leverages integer ambiguity resolution more robustly, effectively improving the speed and accuracy of the
convergence process. The ability to resolve these ambiguities into integer values directly enhances the
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precision of the positioning solution and reduces the time required for the system to reach a stable and
accurate state.

Multi-frequency PPP IAR solution utilizes satellite biases which are included in the Fugro broadcast. These
biases are systematic errors inherent in the GNSS signals due to various factors such as satellite clock
discrepancies. These biases are computed using Fugro GNSS reference network data.

Multi-frequency PPP 1AR solution not only enhances the speed at which the system converges to a precise
solution but also provides more reliable and accurate positioning data. Overall, multi-frequency PPP IAR
represents a powerful extension of dual-frequency technique, offering significant improvements in
convergence, accuracy, and error correction.

The comprehensive convergence testing of multi-frequency solution was carried out by restarting the
positioning solution every hour over a 10-day period. The horizontal and vertical convergence plots shown
in Figure 9 demonstrate multi-frequency solution convergence times of under one minute rather than ten or
more minutes with G4 PPP solution.
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Fig. 9 Horizontal and Vertical Convergence Times at 95% level

Conclusion

In conclusion, the continued advancement of multi-constellation high-precision GNSS augmentation
solutions developed by Fugro plays a crucial role in enhancing dynamic positioning applications,
particularly in challenging and harsh tracking environments. By integrating signals from multiple GNSS
constellations these solutions ensure robust and reliable positioning, even under difficult conditions where
single-constellation systems might falter.

Simultaneously, advancing anti-spoofing measures in Fugro positioning solution remains a critical focus.
As GNSS systems become more sophisticated, so do the techniques employed to protect them.
Implementing advanced cryptographic methods and authentication protocols help safeguard against
spoofing threats, maintaining the integrity and security of the positioning data.

Recently developed multi-frequency solution further bolsters positioning capabilities by offering improved
convergence and accuracy. This advancement offers potential to achieve accurate and stable positions
quickly, even in dynamic and complex scenarios.
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