
8.2.6	Centispace

Centispace is a commercial LEO PNT constellation which 
is being built by Beijing Future Navigation Technology 
Company in collaboration with the 29th Research Institute 
of China Electronic Technology Group Corporation (CETC-
29). The Centispace constellation will be broadcasting 
navigation signals in the L-band, making it fully compatible 
with existing GNSS receiver hardware. 

The goal of the Centispace constellation is to support 
BeiDou by reducing PPP convergence time from several tens 
of minutes to less than a minute. 

The Centispace constellation will consist of 190 satellites 
in three sub-constellations across three different orbital 
planes. The first segment contains 120 satellites at an orbital 
altitude of 975 km at inclination angle of 55° (Figure 22). 
This segment includes most of the satellites and provides 
coverage in mid-latitude regions. The second segment 
contains 30 satellites at an orbital altitude of 1,100 km at a 
polar orbit of 87.4°, which expands coverage over the polar 
regions. Finally, the third segment consists of 40 satellites 
at an altitude of 1,100 km and an inclination of 30° orbit to 
expand the coverage in low-latitude regions.

Figure 22. Centispace First Segment Constellation (120 satellites) 
[94].

Centispace has already a number of demonstration satellites 
in orbit allowing some users to carry out performance 
evaluation trials [93]. Centispace has presented at the 2023, 
2024 and 2025 ICG workshops, however only the 2023 
presentation is publicly available, hence the constellations 
details in Table 16 are based on the 2023 presentation, with 
a caveat that some of the information could be out of date 
[94].

Table 16. Centispace Constellation Details.

General Information

Country of Origin China

System Ownership Private

Services Provided High Accuracy Service, High Integrity 
Service, GNSS Monitoring Service

Target Sectors

Performance Targets High Accuracy Service: ~10 cm
Integrity Service: Availability 99.99%, 
Alarm time: < 3s

GNSS Independence Designed to complement GNSS

Timescale Reference GNSS and ground stations

Service Area Global

Operational Status Operational

Constellation Details

Orbital altitude Segment 1 – 975 km; 
Segment 2 & 3 – 1100 km

Inclination Segment 1 - 55°; Segment 2 – 87.4°; 
Segment 3 - 30°

Satellite class Mini (100kg)

Payload Type Dedicated satellite

Constellation Type Dedicated PNT Constellation

Operational SVs Unknown

IOC

FOC

Signal Security Architecture

Signal structure

Signal Encryption

Signal Authentication

RF Characteristics

Frequency Band L-Band

Signal Names CL1, CL5

Signal Frequency CL1 – 1569-1581 MHz
CL5 – 1170-1182 MHz

ITU Approval Status Filed, pending

Modulation Type BPSK

Data Rate (bps) 1000

Chip Rate (Mcps) 2.046

User Received Power -157.0 dBW

User Equipment

Receiver  
Manufacturer
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8.2.7	Geely

Geely Holding Group is a Chinese multinational automotive 
manufacturer headquartered in Hangzhou. The company 
manufactures and sells cars under its own brand as well as 
with its subsidiaries and joint ventures such as Volvo, Zeekr, 
Polestar, Proton, Smart and Lotus. 

In 2018, Geely Holding Group established GeeSpace as its 
dedicated commercial space subsidiary to develop and 
operate a LEO satellite constellation supporting connectivity 
and positioning services. This initiative forms part of Geely’s 
broader strategy to vertically integrate critical technologies 
underpinning future intelligent mobility, including SATCOM 
and positioning infrastructure. By developing its own space-
based capability, Geely aims to reduce reliance on external 
satellite navigation providers and enable tightly integrated 
positioning and connectivity services across its automotive 
brands and mobility platforms.

GeeSpace is pursuing a LEO constellation incorporating 
dedicated navigation payloads within its broader satellite 
architecture, described in detail in Section 10.5. The full 
constellation is planned to exceed 5,000 satellites, of 
which a defined subset, approximately 240 spacecraft, are 
expected to carry navigation payloads operating in L-band. 
This navigation-capable segment is intended to provide 
positioning and timing services from LEO, supporting Geely’s 
long-term objective of delivering space-based PNT capability 
integrated with its mobility ecosystem. An example of the 
GeeSpace GSP100 satellite platform is shown in Figure 23.

Figure 23. Geely GSP100 satellite (Source: Geely).

Geely’s entry into satellite navigation highlights the 
expanding role of non-traditional space actors in the 
development of LEO PNT capability. Unlike standalone 
navigation providers, Geely’s constellation is closely aligned 
with its automotive and mobility ecosystem, enabling 
direct integration of space-based positioning and timing 
services into future vehicle platforms. This vertically 
integrated approach reflects the growing importance of 
assured, independent PNT infrastructure for connected and 
autonomous mobility applications. Table 17 summarises the 
limited public technical details currently available on the 
Geely constellation.

Table 17. Geely Constellation Details.

General Information

Country of Origin China

System Ownership Private

Services Provided

Target Sectors

Performance Targets

GNSS Independence

Timescale Reference

Service Area Global

Operational Status Operational

Constellation Details

Orbital altitude 620 km

Inclination

Satellite class Mini (100 kg)

Payload Type

Constellation Type SATCOM constellation with selective 
navigation payloads

Operational SVs Unknown

IOC

FOC 240

Signal Security Architecture

Signal structure

Signal Encryption

Signal Authentication

RF Characteristics

Frequency Band L-Band

Signal Names

Signal Frequency

ITU Approval Status

Modulation Type

Data Rate (bps)

Chip Rate (Mcps)

User Received Power 

User Equipment

Receiver  
Manufacturer
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8.2.8	SatNet LEO

China Satellite Network Group Co. Ltd. (China SatNet), the 
state-owned entity responsible for the Guowang broadband 
mega constellation (Section 10.5.2), is also developing a 
LEO PNT system referred to as SatNet LEO. Similar to Geely, 
navigation payloads will be hosted on a defined subset 
of satellites in the constellation. This selective-payload 
approach enables navigation capability to be deployed at 
scale while leveraging the infrastructure and deployment 
cadence of a national LEO communications system.

The initiative forms part of China’s broader strategy to 
extend its space-based PNT architecture into low Earth 
orbit. The system is intended to operate in conjunction 
with BeiDou, contributing to a multi-layer PNT architecture 
combining GEO, IGSO, MEO, and LEO satellites to enhance 
overall service performance and resilience.

China SatNet presented at the 2024 and 2025 ICG LEO 
PNT workshops, however the presentations are not 
available to the public and technical details remain 
limited. Nevertheless, the system is expected to provide 
augmentation and performance enhancement to BeiDou, 
including improved positioning accuracy, faster convergence 
for high-precision positioning applications, and enhanced 
signal availability in challenging environments. Table 18 
presents limited publicly available information on the SatNet 
LEO constellation. 

8.2.9	Celeste

Celeste is the European Space Agency’s LEO PNT In-
Orbit Demonstrator (IOD) initiative developed under the 
FutureNAV programme, forming part of Europe’s long-
term vision for a resilient, multi-layer PNT architecture. 
The system is intended to complement existing Galileo 
and EGNOS services by introducing a LEO layer capable of 
improving positioning accuracy, availability, and robustness, 
particularly in challenging environments and under 
interference conditions. Celeste mission represents the 
first step towards this objective, aiming to validate key 
technologies and demonstrate the operational value of LEO-
based navigation signals [95]. 

The Celeste IOD consists of two parallel demonstration 
missions led by GMV Aerospace and Thales Alenia Space 
(TAS), each deploying a small constellation consisting 
of five satellites along with associated ground and user 
segments. In total, ten satellites will be deployed, including 
two Pathfinder-A CubeSat-class spacecraft (~20-30 kg) in a 
quasi-polar at approximately 510 km altitude, followed by 
eight Pathfinder-B microsatellites (~100 kg) in a quasi-polar 
at approximately 560 km altitude. The Celeste constellation 
is shown in Figure 24.

Table 18. SatNet LEO Constellation Details.

General Information

Country of Origin China

System Ownership Government

Services Provided Positioning, timing

Target Sectors

Performance Targets

GNSS Independence

Timescale Reference

Service Area Global

Operational Status Operational

Constellation Details

Orbital altitude

Inclination

Satellite class

Payload Type

Constellation Type SATCOM constellation with selective 
navigation payloads

Operational SVs Unknown

IOC

FOC 2030 / 504 satellites

Signal Security Architecture

Signal structure

Signal Encryption

Signal Authentication

RF Characteristics

Frequency Band L-Band

Signal Names

Signal Frequency

ITU Approval Status

Modulation Type

Data Rate (bps)

Chip Rate (Mcps)

User Received Power 

User Equipment

Receiver  
Manufacturer
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Figure 24. Celeste IOD Constellation.

These satellites will broadcast experimental navigation 
signals across multiple frequency bands, including L, S, C, 
and UHF, enabling evaluation of frequency diversity, signal 
performance, and interoperability with existing GNSS and 
terrestrial networks. The demonstration phase is scheduled 
to begin with initial launches from early 2026, with in-orbit 
experimentation continuing through at least 2027 [95]. 
Pathfinder A satellites from GMV and TAS are shown in 
Figure 25.

Figure 25. GMV Pathfinder A satellite (left), and TAS Pathfinder A 
satellite (right) [95].

The Celeste IOD represents the first step toward a potential 
operational European LEO PNT capability. Building on the 
IOD missions, ESA and the European Union are preparing 
a follow-on In-Orbit Preparatory Phase (IOPP), focused on 
technology maturation. This phase is intended to bridge the 
gap between demonstration and operational deployment, 
enabling procurement and deployment of a future European 
LEO PNT constellation. Such a system could form an 
institutional extension of the European GNSS infrastructure, 
augmenting Galileo and EGNOS, or be realised through 
commercial operators delivering LEO-based PNT services 
within the European navigation ecosystem [95]. Table 19 
provides publicly available information on the Celeste IOD 
mission.

Table 19. Celeste IOD Constellation Details.

General Information

Country of Origin Europe

System Ownership Institutional or Commercial

Services Provided Positioning, Timing

Target Sectors Professional, critical infrastructure, 
transportation, autonomous vehicles, 
mass-market, IoT, personal safety

Performance Targets Decimetre-level positioning 
Nanosecond-level timing

GNSS Independence Augmentation to GNSS

Timescale Reference GNSS

Service Area Regional Demonstrator building up to 
global operational service

Operational Status Demonstration

Constellation Details

Orbital altitude 550 km

Inclination Quasi Polar Orbit

Satellite class GMV - 1 x 12U CubeSat 
4 x 100kg Microsats 
TAS -  1 x 16U CubeSat 
4 x 30kg Microsats

Payload Type Dedicated satellite

Constellation Type Dedicated IOD PNT Constellation

Operational SVs 2 SVs planned for March 2026

IOC

FOC 2027 / 10 satellites

Signal Security Architecture

Signal structure Proprietary

Signal Encryption Signals have encryption

Signal Authentication Signals have authentication

RF Characteristics

Frequency Band GMV - L/S, C and UHF Signal in Space 
and 2-way payload (S)
TAS - L/S, C and UHF Signal in Space 
and 2-way payload (UHF)

Signal Names

Signal Frequency 
(MHz)

L-band             (1166.22 – 1217.37)
C-band             (5010 – 5250)
S-Band RDSS   (2483.5 – 2500)
S-Band MSS    (1980 – 2010)
S-Band MSS    (2170 – 2200)
UHF                  (460-470)

ITU Approval Status Pending

Modulation Type Various

Data Rate (bps)

Chip Rate (Mcps)

User Received Power 
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8.2.10	 Fergani Space

Fergani Space is a Turkish space startup founded in 2022 
as a subsidiary of Baykar, a Turkish aerospace and defence 
company best known for its unmanned aerial vehicle (UAV) 
systems. Public material describes a planned LEO satellite 
constellation intended to support communications and 
geolocation services, alongside development of related 
space systems, including orbit transfer vehicle (OTV) 
concepts. The company also markets the constellation 
toward civilian application areas including maritime, 
aviation, IoT, weather, logistics and enterprise use cases. 
These activities sit within Türkiye’s broader efforts to 
develop sovereign space-based PNT capabilities.

In parallel, Türkiye is pursuing a sovereign regional PNT 
constellation similar to Japan, India and South Korea. 
The system, dubbed Bölgesel Konumlama ve Zamanlama 
Sistemi (BKZS), or Regional Positioning and Timing System 
is a government-led programme identified as a flagship 
objective under the Turkish National Space Program. BKZS 
is being designed as a regional system focused on Türkiye 
and its surrounding region, with preliminary architecture 
concepts envisioning eight-satellite constellation [96].

Within this context, Fergani Space’s LEO PNT constellation 
is envisaged as a potential supporting layer for BKZS, 
particularly through the use of LEO satellites to complement 
a future regional PNT architecture. Fergani’s planned LEO 
constellation could provide supporting capabilities to BKZS 
such as rapid-update geometry, alternative signal paths, and 
on-orbit technology maturation. However, public sources 
do not yet define a formal programmatic or operational 
integration between Fergani Space and BKZS, nor specify 
whether LEO-based services would be incorporated into the 
core BKZS system design.

According to information published on Fergani Space’s 
website, the planned satellites are described as being in 
the 100 kg mass class, operating at altitudes in the 500-600 
km range (Figure 26). The satellites are intended to host 
payloads supporting missions such as communications and 
geolocation, with global coverage envisaged across L, S, Ku 
and Ka frequency bands.

Figure 26. Fergani Space Satellite (Source: Fergani Space).

In 2025, Fergani Space launched two LEO satellites as part 
of its early space activities. Public information indicates 
that these missions were conducted to demonstrate and 
test satellite technologies and space systems associated 
with Fergani’s planned LEO constellation, although no 
operational service capability has been publicly defined. 
The currently available information on Fergani Space 
constellation is provided in Table 20 below.

Table 20. Fergani Space Constellation Details.

General Information

Country of Origin Türkiye

System Ownership Private

Services Provided Positioning, Timing, SATCOM

Target Sectors Maritime, aviation, IoT, logistics and 
enterprise services

Performance Targets

GNSS Independence

Timescale Reference

Service Area Global

Operational Status Operational

Constellation Details

Orbital altitude 500-600 km

Inclination

Satellite class Mini (100 kg)

Payload Type Dedicated satellite

Constellation Type SATCOM & PNT Constellation

Operational SVs 2

IOC

FOC

Signal Security Architecture

Signal structure

Signal Encryption

Signal Authentication

RF Characteristics

Frequency Band L, S, Ku, Ka

Signal Names

Signal Frequency

ITU Approval Status

Modulation Type

Data Rate (bps)

Chip Rate (Mcps)

User Received Power 

User Equipment

Receiver  
Manufacturer
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8.2.11	 NSSTC LEONAV

The United Arab Emirates National Space Science and 
Technology Center (NSSTC) is leading LEONAV, a national 
LEO PNT initiative being developed as part of the country’s 
broader space and technology strategy. Publicly, LEONAV is 
framed as a step towards space-based navigation services, 
with an emphasis on national capability development, 
resilience, and international cooperation.

LEONAV is being advanced through a UAE-France 
partnership, with publicly announced involvement from 
U-Space, Thales Alenia Space, CNES, and Safran, alongside 
programme-level support from the UAE Space Agency. 
Public statements describe LEONAV as a sovereign initiative 
aligned with emerging navigation demands and the growing 
importance of assured PNT.

According to public announcements by NSSTC and its 
industry partners, LEONAV is progressing via an initial 
technology-demonstration phase, intended to validate key 
elements of LEO-based navigation from orbit [97]. This early 
phase is described as focusing on experimental navigation 
signal transmission and associated system validation 
activities, and is positioned as a precursor to more advanced 
system development. The LEONAV satellite is shown in 
Figure 27 below.

Figure 27. NSSTC LEONAV Satellite (Source: NSSTC).

While LEONAV is aiming towards a future LEO navigation 
capability, detailed system characteristics remain largely 
undisclosed. Publicly available information does not yet 
specify constellation size, orbital configuration, signal 
design, frequency use, or quantified positioning and timing 
performance targets. Likewise, the degree to which LEONAV 
would operate independently of existing GNSS, or act as a 
complementary augmentation layer, has not been formally 
stated. It should be noted that NSSTC have participated in 
the 2025 ICG LEO PNT workshop.

Overall, LEONAV should be characterised as an early-
stage national LEO PNT programme, currently focused on 
technology demonstration and international partnership 
building. Its longer-term operational scope and service 
characteristics remain under development and are not yet 
defined in the public domain. Some of the details are shown 
in Table 21.

Table 21. NSSTC LEONAV Constellation Details.

General Information

Country of Origin United Arab Emirates

System Ownership Government

Services Provided Positioning, Timing

Target Sectors

Performance Targets

GNSS Independence

Timescale Reference

Service Area Global

Operational Status Operational

Constellation Details

Orbital altitude

Inclination

Satellite class

Payload Type Dedicated Satellite

Constellation Type Dedicated PNT Constellation

Operational SVs 0

IOC

FOC

Signal Security Architecture

Signal structure

Signal Encryption

Signal Authentication

RF Characteristics

Frequency Band

Signal Names

Signal Frequency

ITU Approval Status

Modulation Type

Data Rate (bps)

Chip Rate (Mcps)

User Received Power 

User Equipment

Receiver  
Manufacturer
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8.2.12	 KASA

The Republic of Korea, through the Korea AeroSpace 
Administration (KASA), has indicated early-stage plans 
for a LEO PNT capability intended to augment the Korean 
Positioning System (KPS). The proposed LEO system is 
described as GNSS-dependent and designed to enhance 
positioning accuracy and resilience, with potential 
applications across mobility, agriculture, and other sectors. 
The initiative is positioned as an augmentation layer rather 
than a standalone navigation system, reinforcing Korea’s 
broader national PNT architecture.

At this stage, the system remains in demonstration and 
conceptual definition. Preliminary parameters suggest 
operation in LEO at an altitude in the range of 500-1000 km, 
utilising micro satellites and supporting a fused SATCOM-
PNT configuration.

The system is in the very early stage of development with 
IOC targeted for 2036, which means that key elements 
including constellation configuration, signal structure, 
frequency band and performance targets, are yet to be 
determined. However, as an intermediate step, the Korea 
Aerospace Research Institute (KARI) and the Electronics 
and Telecommunications Research Institute (ETRI) plan to 
launch two micro satellites each in 2030 as demonstration 
missions. KARI’s mission focuses on the technology 
demonstration of dedicated PNT, while ETRI’s mission aims 
to demonstrate a fused SATCOM-PNT configuration. These 
projects are planned to kick off in 2026. Table 22 provides 
some details on the upcoming KASA LEO PNT constellation.

Table 22. KASA Constellation Details.

General Information

Country of Origin Republic of Korea

System Ownership KASA

Services Provided Augmentation of the KPS to enhance 
PNT accuracy and resilience

Target Sectors Mobility, Agriculture, etc.

Performance Targets

GNSS Independence GNSS Dependent System

Timescale Reference

Service Area

Operational Status Demonstration

Constellation Details

Orbital altitude 500-1000 km (TBD)

Inclination

Satellite class Micro Satellite

Payload Type Dedicated, Fusion (SATCOM+PNT)

Constellation Type

Operational SVs 0

IOC After 2036

FOC

Signal Security Architecture

Signal structure

Signal Encryption

Signal Authentication

RF Characteristics

Frequency Band

Signal Names

Signal Frequency

ITU Approval Status Yet to start

Modulation Type

Data Rate (bps)

Chip Rate (Mcps)

User Received Power 

User Equipment

Receiver  
Manufacturer
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8.2.13	 VyomIC

VyomIC is a new Indian entrant to the LEO PNT landscape, 
emerging from AeroDome Technologies, a Bengaluru-based 
space startup developing advanced satellite navigation 
and timing solutions. Founded in 2023, VyomIC aims to 
establish India’s first commercial, dedicated LEO-based PNT 
service, designed to operate independently of existing GNSS 
infrastructure while complementing both global GNSS and 
the Indian regional navigation system NavIC.

VyomIC positions itself as a high-assurance PNT provider, 
targeting applications where robustness, security, and 
integrity are critical, including critical infrastructure, 
aviation, defence, autonomous systems, and timing-
sensitive sectors.

The proposed system is based on a dedicated constellation 
of LEO satellites carrying navigation and timing payloads, 
with the stated objective of delivering resilient centimetre-
level positioning and nanosecond-level timing for global 
users. The company emphasises interoperability with GNSS 
and NavIC, cyber-secure signal design, and sovereign control 
of both space and ground segments, aligning with India’s 
broader strategy to strengthen national PNT resilience.

As of December 2025, VyomIC has not publicly disclosed 
detailed constellation parameters such as orbital altitude, 
number of satellites, or operating frequency bands. The 
programme remains in the design and early demonstration 
phase, with initial test missions planned for 2026. Table 23 
provides some details on the VyomIC constellation that are 
publicly available.

Table 23. VyomIC Constellation Details.

General Information

Country of Origin India

System Ownership Private

Services Provided Positioning, Timing

Target Sectors Autonomous systems, critical 
infrastructure, mission-critical 
operations, mass Market

Performance Targets Centimetre-level positioning 
Nanosecond-level timing

GNSS Independence Independent from GNSS (GNSS will act 
as redundant source)

Timescale Reference Ground based Reference Stations and 
GNSS

Service Area Global

Operational Status Operational system

Constellation Details

Orbital altitude

Inclination

Satellite class

Payload Type Dedicated Satellite

Constellation Type Dedicated PNT Constellation

Operational SVs 0

IOC 2027 / 4 satellites

FOC 2032

Signal Security Architecture

Signal structure Proprietary

Signal Encryption Signals have encryption

Signal Authentication Signals have authentication

RF Characteristics

Frequency Band L, S

Signal Names

Signal Frequency

ITU Approval Status

Modulation Type

Data Rate (bps)

Chip Rate (Mcps)

User Received Power 

User Equipment

Receiver  
Manufacturer
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8.2.14	 GLONASS LEO

In addition to modernising its core MEO constellation, 
Russian State Space Corporation “Roscosmos” is pursuing a 
multi-layer GLONASS architecture that includes a future LEO 
as well as high-orbit navigation components. The proposed 
GLONASS LEO layer is intended to complement the existing 
MEO constellation by enhancing availability, robustness, and 
positioning performance.

GLONASS LEO is envisaged as a constellation of 240 satellites 
deployed in circular LEO orbits across 30 orbital planes, at 
an altitude of around 1,000 km, with orbital inclinations 
of 64.8° and 87° [98]. This configuration is designed to 
significantly improve satellite geometry and increase signal 
availability, including in high-latitude regions.

The LEO layer is expected to provide several performance 
advantages over MEO-only operation. These include 
substantially higher received signal power, with gains 
of up to 20 dB in the L-band, improved resistance to 
interference and jamming, and enhanced positioning 
accuracy driven by favourable geometry and faster-varying 
satellite motion. Roscosmos estimates that the introduction 
of the LEO component could improve overall GLONASS 
positioning accuracy by up to 34%, assuming precise orbit 
determination and tight integration with the existing 
system.

From a signal and payload perspective, the LEO satellites 
are expected to transmit a new dedicated navigation signal 
in the L-band, with the possible addition of an auxiliary 
signal in the Ku-band or another frequency band under 
consideration. Each satellite would carry onboard GLONASS 
and multi-GNSS receivers supporting L1, L2, L3, and L5 
bands, enabling advanced inter-system synchronisation and 
supporting a new fast, precise orbit determination concept 
tailored to LEO dynamics. Planned satellite launch mass is 
stated to be below 200 kg, enabling rapid deployment and 
replenishment.

As an initial step, Roscosmos plans to manufacture and 
launch two demonstration GLONASS LEO satellites by 
around 2030 to validate system concepts, signals, and 
orbit determination techniques. While the full operational 
timeline and service commitments for the LEO layer have 
not yet been defined, the programme reflects a clear 
strategic intent to evolve GLONASS toward a resilient 
multi-orbit PNT system, broadly aligned with emerging 
international trends in LEO-augmented navigation.

Table 24. GLONASS LEO Constellation Details.

General Information

Country of Origin Russian Federation

System Ownership Government

Services Provided Positioning, Timing

Target Sectors Transport and logistics, emergency 
services, critical infrastructure, logistics, 
fleet management and IoT

Performance Targets Increased availability, higher signal 
power, and positioning accuracy 
improvement

GNSS Independence Integrated GLONASS layer

Timescale Reference GLONASS and ground stations

Service Area Global

Operational Status Operational

Constellation Details

Orbital altitude 1000 km

Inclination 30 orbital planes – polar at 87° and 
inclined at 64.8°

Satellite class < 200kg

Payload Type Dedicated Satellite

Constellation Type Dedicated PNT Constellation

Operational SVs 0

IOC 2 demo satellites by 2030

FOC

Signal Security Architecture

Signal structure

Signal Encryption

Signal Authentication

RF Characteristics

Frequency Band Primary signal in L-band
Auxiliary signal in Ku-band

Signal Names

Signal Frequency

ITU Approval Status

Modulation Type

Data Rate (bps)

Chip Rate (Mcps)

User Received Power 

User Equipment

Receiver  
Manufacturer
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8.3	 Dedicated PNT Service Providers Summary
As of December 2025, 14 dedicated LEO PNT initiatives 
are globally identifiable, reflecting sustained strategic 
momentum and growing recognition of LEO as a 
complementary layer within multi-orbit PNT architectures. 
Compared to the nine constellations profiled in the 2024 
edition, five additional national programmes from UAE, 
Türkiye, India, South Korea and Russia have emerged or 
gained greater clarity during 2025.

At the time of writing only Iridium PNT is operational 
and delivering commercial services. All other providers 
remain in various stages of technology demonstration, 
initial deployment or constellation development. 
Several programmes have progressed through in-orbit 
demonstrations, signal-in-space validation and early satellite 
launches, indicating tangible technical advancement, though 
full operational capability remains several years away for 
most systems.

Frequency choices remain diverse, with L-band dominant, 
however C-band and S-band also starting to gather 
attention, and specialised applications such as VHF 
Data Exchange System (VDES) Ranging mode targeting 
VHF frequency for maritime domains. Figure 28 shows 
the various service providers and where they sit on the 
frequency spectrum. 

Overall, the dedicated LEO PNT market has transitioned 
from conceptual exploration to early implementation. The 
coming 3-5 years will determine which of these initiatives 
achieve sustainable operational scale, commercial viability 
and meaningful integration into national and international 
PNT resilience strategies.

Figure 28. RF frequency bands utilised by LEO PNT service providers.
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SoOP from LEO satellite communication constellations 
have evolved from theoretical research concepts into 
experimentally demonstrated navigation capabilities. 
While Section 7.2 positioned SoOP within the broader LEO 
PNT ecosystem, this chapter examines its technical and 
chronological development in greater detail.

The exploitation of LEO SATCOM signals for navigation 
predates the current mega constellation era. Early studies in 
the late 1990s and early 2000s explored the use of Doppler 
measurements from narrowband LEO communication 
satellites to enable position estimation despite limited 
satellite availability [99], [100]. In the early 2010s, formal 
observability analyses and adaptive estimation frameworks 
established the mathematical foundations for navigation 
using uncooperative transmitters, demonstrating under 
what conditions receiver states could be recovered without 
access to dedicated navigation signals [101].

The deployment of large-scale broadband mega 
constellations from 2019 onwards marked a significant 
turning point. Dense satellite geometry, wideband 
waveforms based on Orthogonal Frequency Division 
Multiplexing (OFDM), and persistent downlink beacons 
enabled the first positioning demonstrations using Starlink 
and OneWeb signals. OFDM is a multicarrier modulation 
technique in which data are transmitted simultaneously 
across many closely spaced subcarriers, forming a 
structured time-frequency grid. This structure, originally 
designed for high-throughput communications, later 
proved advantageous for navigation observable extraction. 
Research subsequently expanded to include carrier-phase 
tracking, signal-structure reconstruction, and multi-
constellation fusion, significantly improving geometry and 
robustness.

Comprehensive surveys of opportunistic navigation 
using LEO communication satellites have recently been 
published, including a broad system-level review of LEO 
SoOP architectures and observables [69], [102], [103] as 
well as a dedicated survey of Doppler-based positioning 
techniques [104]. While these surveys focus primarily on 
signal-level methodologies and estimation frameworks, 
the present chapter adopts a chronological perspective, 
situating these developments within the broader evolution 
of the LEO PNT ecosystem and highlighting the transition 
from early Doppler-based concepts to modern mega 
constellation exploitation. The focus remains exclusively on 
non-cooperative LEO SATCOM signals used for navigation 
purposes, distinguishing this category from the dedicated 
LEO PNT systems discussed in Chapter 8 and the cooperative 
SATCOM-enabled architectures examined in Chapter 10. 

9.1	 Historical Foundations – Origins of LEO 
SoOP
The exploitation of LEO communication satellites for 
navigation predates the modern mega constellation era 
by more than two decades. In the late 1990s, researchers 
explored whether Doppler measurements from LEO 
telecommunications satellites could support position 
estimation despite limited satellite availability. Early studies 
demonstrated that LEO communication spacecraft could 
assist in rapid integer ambiguity resolution by leveraging 
their fast-changing geometry, and analysed position 
determination using one or two LEO satellites based 
primarily on Doppler observables [105], [106].

These studies identified a key structural advantage of LEO 
systems – large Doppler shifts due to rapid orbital motion, 
and strong geometric diversity over short time intervals. 
Even with sparse constellations, time-varying geometry 
provided observability opportunities not available in 
traditional MEO navigation systems. However, practical 
implementation was constrained by limited satellite 
visibility, lack of navigation-grade timing information, and 
the absence of publicly documented signal structures.

Over the following decade, research began examining 
the integration of carrier-phase measurements from 
Iridium satellites to augment GNSS performance. By 2010, 
experimental investigations demonstrated that LEO carrier-
phase observables could accelerate ambiguity resolution 
and enhance integrity monitoring when tightly integrated 
with GPS [107]. These studies did not position LEO 
communication satellites as standalone navigation systems, 
but rather as geometric augmentation sources capable 
of improving estimation performance within hybrid GNSS 
frameworks.

Collectively, this early body of work examined the promise 
of LEO for PNT, and revealed the structural limitations 
imposed by sparse constellations and non-cooperative 
system design. These constraints would shape subsequent 
theoretical developments in the following decade.

9	 O P P O RT U N I ST I C N AV I G AT I O N U S I N G 
SATCO M S I G N A L S F RO M L EO
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9.2	 Theoretical Foundations and Estimation 
Frameworks
Following the early conceptual demonstrations of Doppler-
based positioning using LEO communication satellites, 
research in the early 2010s focused on establishing a 
rigorous mathematical foundation for navigation using non-
cooperative transmitters. Rather than assuming access to 
dedicated ranging signals, this work examined under what 
conditions receiver position, velocity, clock bias and other 
states could be recovered from opportunistically observed 
signals [101].

Central to this phase was the concept of observability – the 
ability to uniquely determine system states from available 
measurements over time. For LEO SoOP, observability is 
influenced not only by the number of satellites in view, but 
also by their rapid orbital motion, signal structure, and the 
time history of Doppler or carrier-phase measurements. 
Formal analyses showed that, under appropriate geometric 
and dynamic conditions, receiver position and clock states 
could be recovered when LEO transmitters were included 
in the estimation process [108]. Subsequent adaptive 
formulations extended these results to scenarios involving 
unknown transmitter states and clock instabilities, modelling 
communication satellites as uncooperative signal sources 
within the estimation process [109].

Building on these foundations, adaptive estimation 
frameworks were developed to accommodate unknown 
transmitter states, clock instabilities, and limited prior 
knowledge of signal parameters. These approaches 
incorporated transmitter motion and clock behaviour 
directly into the state-estimation process, rather than 
relying on broadcast navigation messages [110], [111]. 
Such formulations extended classical GNSS state-estimation 
theory to environments in which ephemeris data, timing 
stability, and signal specifications were not guaranteed.

In parallel with formal observability analyses, early work 
also addressed the practical signal-processing challenges 
associated with extracting navigation observables from 
satellite transmissions. Methods for reconstructing 
continuous carrier-phase histories from intermittent 
narrowband signals were developed, demonstrating that 
meaningful Doppler and phase measurements could be 
recovered despite burst structures and symbol modulation 
[100], [112]. These contributions established the signal-
level feasibility required for later experimental positioning 
demonstrations.

Collectively, this body of work transformed LEO SoOP 
from an experimental concept into a formally analysable 
navigation problem. By the mid-2010s, the theoretical 
viability of non-cooperative LEO-based navigation had 
been firmly established, setting the stage for subsequent 
experimental demonstrations using operational narrowband 
constellations.

9.3	 Experimental Demonstrations with 
Narrowband LEO Constellations
The first practical demonstrations of LEO-based positioning 
in the modern era emerged between 2017 and the early 
2020s, using legacy narrowband satellite communications 
constellations such as Iridium and Orbcomm. 

It should be noted that the opportunistic exploitation of 
Iridium SATCOM signals discussed in this chapter refers 
exclusively to non-cooperative SoOP research. These 
activities are independent of and not associated with the 
dedicated Iridium PNT service described in Chapter 8.

Early assessments of LEO navigation capability highlighted 
the fundamental advantage of low orbital altitude: strong 
Doppler dynamics and rapid geometric evolution improve 
state observability compared to MEO systems [113]. 
These studies suggested that even without pseudorange 
observables, LEO Doppler could support meaningful 
navigation performance, particularly for velocity and clock 
estimation [114].

Subsequent experimental work validated these predictions. 
Doppler measurements from Orbcomm satellites, treated 
as SoOP, were tightly coupled with an IMU to limit inertial 
drift and support navigation in GNSS-denied environments 
[115], [116]. Extending this approach to newer systems, 
Doppler-based navigation was achieved using Iridium NEXT 
and Orbcomm signals [117], [118].

Parallel work examined Iridium specifically as an 
alternative PNT source. Experimental and analytical studies 
demonstrated that Iridium NEXT signals could support 
position and velocity estimation in GNSS-challenged 
environments, highlighting the practical feasibility of 
exploiting narrowband LEO constellations for navigation 
[119], [120]. Software-defined receiver implementations 
also emerged during this period [121]. Multi-constellation 
Doppler positioning was demonstrated using architectures 
capable of exploiting multiple LEO systems simultaneously 
[122]. 

Across these demonstrations, several consistent findings 
emerged:

•	 	LEO Doppler alone is sufficient to observe receiver 
velocity and clock drift.

•	 	Position accuracy is typically at the tens-to-hundreds of 
metres level in standalone Doppler configurations.

•	 	Tight coupling with inertial sensors substantially 
improves performance and continuity.

•	 	Multi-satellite tracking significantly enhances 
robustness.
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However, narrowband LEO systems imposed inherent 
constraints. Burst structures limited continuous phase 
tracking, bandwidth restricted precise timing extraction, 
and satellite orbit knowledge was not provided at the 
level typical of GNSS broadcast ephemerides. As such, this 
phase should be viewed as proof-of-concept validation. It 
demonstrated that GNSS-independent positioning using 
commercial LEO SATCOM is physically and experimentally 
feasible, but fundamentally constrained by signal structure 
and system design. This set the stage for the next major 
shift – broadband mega constellations offering dramatically 
improved geometry, bandwidth, and signal accessibility.

9.4	 The Broadband LEO Breakthrough
By 2019, the scale of broadband LEO mega constellations 
had fundamentally altered the geometry of the navigation 
problem. Unlike earlier narrowband systems, SpaceX’s 
Starlink started to deploy hundreds, and rapidly thousands, 
of satellites in multiple orbital planes, dramatically 
increasing satellite availability and accelerating time-varying 
geometry. At the same time, wideband downlink waveforms 
provided significantly richer signal content, enabling 
more precise Doppler estimation and improved tracking 
robustness compared to legacy narrowband bursts.

Early experimental work demonstrated that these 
broadband signals could be exploited for positioning even 
without access to navigation payload data. Initial results 
using Starlink downlinks showed that Doppler-dominant 
processing alone could support practical position and 
velocity estimation under suitable dynamic and geometric 
conditions [123], [124]. These studies established that 
the combination of dense geometry and wideband signal 
structure materially improved performance compared to 
earlier narrowband demonstrations, even when treated as 
non-cooperative SATCOM signals.

At Ku-band frequencies used by most broadband LEO 
systems, first-order ionospheric delay is strongly reduced 
due to its inverse-square dependence on carrier frequency 
[125]. Tropospheric delay remains frequency independent, 
but is well characterised using established models such 
as Saastamoinen and VMF3 mapping functions [126]. 
Consequently, for broadband LEO downlinks, residual 
propagation errors are generally small relative to other 
system-level error sources. 

In parallel, foundational analyses and system-level studies 
reinforced the feasibility of Doppler-based navigation using 
LEO systems, demonstrating that time-varying frequency 
measurements from rapidly moving transmitters can 
constrain receiver states in a manner analogous to an 
enhanced Transit-style approach (Section 8.1.1), but with 
far denser geometry and improved observability properties 
[127], [128]. Carrier phase-based approaches showed the 
potential of achieving decimetre-level accuracy with Starlink 
SoOP [129].

Collectively, these studies extended beyond pure Doppler 
theory to show that carrier phase and tightly coupled 
filtering with inertial sensors could overcome spot-
beam visibility limitations, enabling practical navigation 
performance under realistic mega constellation conditions. 
They also confirmed that broadband LEO constellations 
were not merely incremental improvements over earlier 
systems, but represented a structural shift in GNSS-
independent positioning capability.

However, during this phase, signal structure was still largely 
undocumented and proprietary, limiting the extraction of 
higher-order observables, such as precise timing markers 
or carrier-phase measurements. While Doppler-based 
positioning had become experimentally credible, unlocking 
the full navigation potential of broadband LEO systems 
required deeper understanding of waveform design and 
frame structure. This transition marked the beginning of a 
new research direction focused on signal structure recovery 
and carrier-phase exploitation.

9.5	 Broadband Multi-Constellation LEO 
Positioning
The rapid expansion of broadband LEO mega constellations 
after 2019 created a dense and globally distributed signal 
environment. SpaceX’s Starlink constellation deployed 
first at scale, with OneWeb subsequently establishing 
an operational fleet in near-polar orbit. While several 
additional broadband LEO systems were announced during 
this period, most remained in early developmental phases. 
By early 2020s, research began shifting from single-
constellation feasibility demonstrations toward explicit 
multi-constellation exploitation. Rather than treating 
Starlink or OneWeb independently, studies increasingly 
examined the combined geometric and observational 
benefits of fusing signals across systems operating in 
the Ku-band [130], [131], [132], and in some cases also 
incorporating observations from narrowband signals like 
Orbcomm and Iridium [133].

Beyond controlled mid-latitude demonstrations on the 
ground, multi-constellation broadband LEO positioning 
was also evaluated in more demanding operational 
environments, including stratospheric balloon experiments 
at an altitude of approximately 26 km [134], and in a 
maritime environment in the Arctic region [135]. In polar 
regions, the inclusion of OneWeb’s near-polar orbital planes 
significantly improved satellite availability and produced a 
more balanced satellite geometry at extreme latitudes.

These findings mirror the evolution observed in multi-
GNSS positioning, where combining independent 
constellations yields improved availability, geometric 
strength, and solution robustness relative to single-system 
use. As additional broadband LEO systems progress 
toward operational deployment (e.g., Amazon Leo, Telesat 
Lightspeed, etc.), the principle of constellation diversity is 
likely to play an increasingly central role in opportunistic 
LEO-based positioning architectures.
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Collectively, this phase represents a shift from 
demonstrating that individual broadband LEO systems 
can support navigation, to quantifying how constellation 
diversity enhances observability, reduces geometric 
imbalance, and improves estimator stability. Broadband 
LEO signals were no longer treated as isolated signals of 
opportunity, but increasingly as components of an emerging 
multi-system LEO PNT layer.

9.6	 Enter the Waveform: Broadband LEO 
Signal Structure
The evolution of broadband LEO signals from Doppler-
only emitters to cognitively exploitable waveforms can 
be traced the revolutionary framework in [100] showing 
a general LEO-agnostic receiver design capable of blindly 
acquiring, estimating, and tracking the beacon of four LEO 
constellations (Starlink, OneWeb, Iridium, and Orbcomm), 
each adopting a different modulation and multiple access 
scheme. 

Parallel to this, were two decisive breakthroughs. The first 
was the systematic characterisation of the Starlink Ku-
band downlink, which revealed a repeatable OFDM frame 
structure containing identifiable synchronisation sequences 
[64]. This established that Starlink transmissions were not 
merely broadband energy, but deterministic waveforms 
that could be aligned in time and frequency. In particular, 
the identification of primary synchronisation signals (PSS) 
and secondary synchronisation signals (SSS) enabled blind 
frame detection and symbol timing recovery, providing the 
first reliable entry point into the waveform. Portions of the 
downlink could therefore be treated as engineered beacon 
components rather than opportunistic spectral energy. 
Here, beacon refers to structured and repeatable elements 
that provide deterministic time-frequency reference points 
for receiver alignment and observable extraction. This is 
shown in Figure 29 below [64].

Figure 29. Frame layout for the Ku-band Starlink downlink along time-frequency dimensions [64]. 

Building on this structural characterisation, subsequent 
work demonstrated that these OFDM synchronisation 
sequences could be exploited for direct ToA estimation 
without operator cooperation. By leveraging PSS and 
SSS embedded within the Starlink downlink, blind frame 
alignment and pseudorange observable generation were 
achieved, establishing that broadband LEO signals can 
function as deterministic ranging sources rather than 
merely Doppler emitters. This marked a decisive shift from 
frequency-based opportunistic positioning to time-based 
observable extraction [136].

Complementary work formalised the frame model 
and developed a parametric signal simulator, enabling 
reproducible evaluation of acquisition and tracking 
strategies under controlled conditions [65]. Further 
studies analysed the timing behaviour of the frame and 
assessed the stability of the extracted timing observables. It 
showed that while timing observables could be recovered 
under low signal-to-noise conditions, significant beam-
to-beam variations and the absence of steering toward a 
common time standard currently limit purely opportunistic 
pseudorange-based PNT with Starlink [137]. At the 
same time, the analysis indicated that the underlying 
satellite hardware is fundamentally capable of supporting 
pseudorange-based positioning and timing performance 
potentially exceeding GNSS.
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Figure 30. Full OFDM beacon structure in the Starlink Ku-band downlink [47]. 

Another notable investigation evaluated whether the newly 
exposed synchronisation and pilot-tone components could 
support navigation observables beyond Doppler alone, 
examining signal-to-noise limits, pseudorange viability, 
and the impact of communication-layer corrections on 
measurement stability [138]. In this context, pilot tones  
refer to known reference subcarriers embedded within 
the OFDM waveform that support channel and phase 
estimation, and which may be repurposed for navigation 
processing. Overall, the study concluded that Starlink 
signals could support Doppler-based positioning in 
practice, but that pseudorange observables were affected 
by communication-layer dynamics and required careful 
modelling to be usable for navigation.

Related work investigated blind Doppler recovery from 
broadband LEO OFDM signals in the absence of known 
synchronisation sequences. The results showed that metre-
level differential positioning was achievable without prior 
knowledge of proprietary waveform structure, reinforcing 
that broadband LEO signals can serve as practical navigation 
sources even under limited signal transparency [139].

In parallel, the seminal simultaneous tracking and navigation 
(STAN) architecture was introduced, to enable joint 
estimation of satellite and receiver states [71], [140]. The 
approach jointly estimated satellite and receiver states 
within an extended Kalman filter, addressing the poorly 
known satellite ephemerides and timing errors. This shifted 
the focus from signal discovery alone to integrated state 
estimation and cognitive processing.

The second breakthrough came with the blind recovery 
of substantially larger portions of the Starlink OFDM 
resource grid, enabling exploitation of the full beacon 
structure rather than isolated synchronisation sequences 
[47]. By coherently leveraging a much broader fraction 
of the time-frequency frame, this approach achieved an 
approximately 18 dB improvement in effective processing 
gain relative to earlier partial-beacon methods. In addition, 
the approach showed enhanced pseudorange estimation 
resolution (down to nanosecond-level precision) and 
improved Doppler estimation resolution (down to 
Hertz-level precision). This marked a structural shift in 
capability. Starlink signals could now be treated as a 
partially reconstructable waveform supporting robust 
observable extraction. The distinction between pilot tones, 
synchronisation sequences, and the wider OFDM grid gave 
way to full-beacon cognition (Figure 30 below).
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In the figure above, the main panel shows the time-
frequency map of the OFDM beacon, illustrating how 
structured energy is distributed across both time and 
frequency. The top panel projects the OFDM frame into 
the time domain, the left panel into the frequency domain, 
and the bottom panel provides a zoomed view of selected 
OFDM symbols at the beginning and end of the frame. 
Two parts of the beacon are specifically highlighted. The 
B1 region corresponds to the beginning and end of the 
frame, where structured energy spans the full 240 MHz 
channel bandwidth, but only part of the beacon duration. 
Consequently, the B2 region corresponds to narrow 
bands at the low and high frequency edges of the channel 
(approximately 2 MHz wide), which persist across the entire 
beacon duration [47].

Importantly, these structural insights were not unique 
to Starlink. Similar blind signal processing techniques 
were applied to OneWeb’s Ku-band downlink and it 
was demonstrated that OneWeb transmissions contain 
beam-specific periodically repeated beacons embedded 
within 250 MHz channels, multiplexed across eight 
frequency slices and sixteen spatial beams [141]. This is 
demonstrated in Figure 31 below. 

Figure 31. OneWeb’s Ku-band downlink signal allocation [141].

A blind beacon estimation framework [68] was used to 
extract these sequences, enabling acquisition over Doppler 
search spans on the order of 200-270 kHz, Kalman filter-
based carrier and code tracking, and exclusive positioning 
using several OneWeb satellites. Unlike Starlink’s distributed 
OFDM grid reconstruction, OneWeb’s structure revealed 
distinct beam-dependent beacon signatures, allowing 
empirical characterisation of beam switching behaviour and 
signal-to-noise ratio profiles. 

The evolution from synchronisation-sequence detection to 
structured beacon reconstruction marked a decisive shift 
in broadband LEO navigation research. Both Starlink and 
OneWeb signals progressed from being treated as partially 
known opportunistic emissions to structurally interpretable 
navigation signals. In parallel, receiver architectures evolved 
to accommodate partially known and dynamically varying 
waveforms, enabling coherent exploitation of full OFDM 
resource grids and beam-dependent beacon structures. 
Collectively, these advances established that broadband 
LEO SATCOM systems can now function as engineered PNT 
resources. 

9.7	 Performance Envelope and System 
Constraints
The preceding sections have demonstrated that broadband 
LEO constellations can support positioning and timing 
through Doppler, ToA, and carrier-phase exploitation. 
However, these systems were not originally designed 
as purpose-built navigation constellations. Their PNT 
capability therefore operates within a defined performance 
envelope shaped by signal structure, clock behaviour, orbital 
knowledge, beam management, and supporting ground 
infrastructure. Understanding these constraints is essential 
to separating demonstrable technical feasibility from 
sustained operational performance. The achievable accuracy, 
robustness, and convergence behaviour of LEO-based PNT 
solutions will depend on these parameters.

Whereas Chapter 4 considered purpose-built LEO PNT 
architectures with dedicated orbit determination and time-
scale realisation mechanisms, this section examines the 
constraints encountered when broadband LEO constellations 
are exploited in the absence of such navigation-specific 
provisions.

9.7.1	Clock Stability

Clock behaviour is a primary determinant of achievable 
positioning and timing performance. In broadband LEO 
constellations, satellite oscillators are optimised for 
communications synchronisation rather than navigation 
users. Consequently, clock stability parameters are neither 
openly specified nor broadcast in the manner of GNSS 
correction models.

Recent work has shown that LEO satellite clock stability can 
materially influence positioning performance. In particular, 
mismodelling clock stochastic behaviour can lead to filter 
inconsistency, slow convergence, or divergence when carrier-
phase observables are used [142]. Adaptive estimation 
approaches have therefore been proposed to account for 
uncertainty in satellite clock process noise, highlighting that 
clock dynamics constitute a governing constraint in high-
precision LEO positioning.

Timing extraction from broadband LEO signals has also 
been demonstrated in practice [137]. However, achievable 
timing performance depends on the constellation’s internal 
synchronisation architecture, including ground discipline and 
network coordination mechanisms. Unlike GNSS, absolute 
time transfer is not inherently guaranteed by the signal 
design itself.

Clock stability and modelling therefore define a practical 
boundary of the LEO PNT performance envelope [143]. High-
accuracy positioning and timing are feasible, but they rely 
on appropriate stochastic modelling, estimation strategies, 
and, in some cases, architectural support beyond the space 
segment alone.
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9.7.2	Orbit Determination and Ephemeris Accuracy

Accurate knowledge of satellite position and velocity is 
fundamental to any space-based PNT system. Unlike GNSS, 
in broadband LEO constellations, navigation-grade broadcast 
ephemerides are generally not provided. Instead, users may 
rely on publicly available orbital products, independently 
estimated state vectors, or externally generated precise 
orbit solutions. The accuracy and timeliness of this state 
information directly bounds achievable positioning 
performance.

Recent modelling studies have shown that spatial ephemeris 
errors propagate directly into user position estimates and 
can become a dominant error source in high-precision LEO 
positioning [144]. In Doppler-based solutions in particular, 
uncertainty in satellite velocity and position enters the 
measurement model explicitly, and orbit errors may couple 
with clock and user-state estimation [145].

Experimental demonstrations using broadband LEO signals 
have further highlighted practical dependence on publicly 
distributed Two-Line Element (TLE) sets and simplified 
general propagation models [146]. While such approaches 
enable feasibility demonstrations, they do not provide high 
precision orbital accuracy associated with dedicated GNSS 
ephemeris products. Orbit determination and ephemeris 
accuracy therefore define a structural boundary within the 
LEO PNT performance envelope.

9.7.3	Beam Geometry and Signal Availability

Broadband LEO constellations employ multi-beam 
architectures optimised for capacity, frequency reuse, and 
dynamic traffic management. Spot beams are steered to 
maximise throughput and spectral efficiency, resulting in 
spatially discrete coverage patterns that evolve as satellites 
traverse the sky [147].

From a positioning perspective, beams are both the source 
of the signal and a limiting factor. Beam hopping strategies 
can affect positioning accuracy by changing which signals 
are available and how the geometry evolves over time 
[148]. This means that observability is not solely a function 
of satellite geometry, but also of beam allocation and 
scheduling policies.

Empirical analyses of operational broadband LEO systems 
further demonstrate that beam switching and footprint 
boundaries can produce measurable variations in received 
carrier-to-noise ratio and tracking continuity [141]. As 
satellites transition between beams, users may experience 
changes in signal strength, temporary tracking degradation, 
or altered measurement noise characteristics. These effects 
introduce time-varying measurement conditions that differ 
from the mostly uniform signal coverage typical of GNSS 
constellations.

Beam geometry and signal availability therefore define 
an additional structural boundary within the LEO PNT 
performance envelope. While satellite density may provide 
favourable geometric DOP, the effective signal environment 
may be mediated by beam design and management 
strategies that were not optimised for navigation continuity.

9.7.4	Ground Segment Dependence and Network 
Aiding 

In the context of opportunistic broadband LEO PNT, 
network aiding refers to the external estimation and 
dissemination of refined satellite state information, 
including orbit and, in some cases, clock parameters. As 
mentioned in Section 9.7.2, broadband LEO constellations 
do not broadcast navigation ephemerides for positioning 
users. Instead, users often rely on publicly available orbit 
data such as TLE sets, which describe satellite orbital 
parameters at a reference epoch, and are propagated 
using the Simplified General Perturbations 4 (SGP4) orbit 
model. While suitable for general tracking purposes, TLE/
SGP4-based orbits can exhibit kilometre-level along-track 
errors within hours of epoch, which directly translate into 
large positioning errors when used in standalone user 
filters. Several recent studies demonstrate that practical 
opportunistic LEO PNT requires external ephemeris 
refinement generated by a supporting ground segment.

One such study showed that a reference receiver can track 
non-cooperative Starlink satellites and distribute refined 
orbital elements to users, reducing horizontal positioning 
errors from kilometre-level to metre-level [149]. Similarly, 
recent work on network-based precise orbit determination 
has demonstrated that LEO satellite states can be estimated 
using distributed ground monitoring infrastructure and 
multi-station tracking, enabling the generation of refined 
orbital products independent of the constellation operator 
[151]. These approaches move beyond simple propagation of 
public TLEs and instead implement dynamic state estimation 
frameworks capable of mitigating along-track and clock-
induced errors through continuous observation and filtering.

Network-aided pseudorange positioning has now 
been demonstrated using operational broadband LEO 
constellations. In particular, recent studies using Starlink 
and OneWeb signals incorporated externally generated 
clock and orbit corrections directly into the user navigation 
filter, enabling stable state estimation under realistic orbit 
uncertainties [152], [153]. These results confirm that 
pseudorange-based LEO PNT is feasible when high-quality 
state information is supplied from ground infrastructure. 
Complementary work in the geodetic domain has examined 
carrier-phase exploitation of Starlink signals, showing that 
while phase tracking is technically viable, high-precision 
positioning remains critically dependent on refined satellite 
orbit products beyond standard public ephemerides [154].

Recent work has also proposed SBAS-like augmentation 
architectures tailored to opportunistic LEO PNT, in which 
clusters of ground monitoring stations estimate refined orbit 
and synchronisation parameters and disseminate these 
products to users via an auxiliary NTN link. Such approaches 
effectively extend traditional SBAS principles to broadband 
LEO constellations, providing structured correction layers to 
stabilise pseudorange and timing observables under non-
cooperative signal conditions [155].

Beyond orbit refinement, network aiding can also encompass 
the coordinated generation and distribution of signal 
and timing products. In one implementation, distributed 
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monitor and reference stations capture broadband SATCOM 
signals and generate time-aligned signal snapshots, from 
which refined state and timing information are derived 
and disseminated to users via a service layer [156]. This 
architecture introduces a structured ground infrastructure 
that delivers externally generated externally generated state 
and timing information directly to user devices. In doing so, 
it occupies an intermediate position between purely user-
side opportunistic processing and fully integrated fused PNT 
architectures (see Section 10.6.1 for more details).

A common limitation across the aforementioned approaches 
is the baseline between the reference receiver (base) and 
the navigating receiver (rover). A breakthrough paradigm 
shift in ground segment aiding was developed in [72], in 
which LEO ephemeris and timing errors are captured by two 
parameters, estimated at the base, and communicated to 
the rover asynchronously, with the rover placed hundreds of 
kilometers away. Such approach enables very sparse network 
design across massive geographic regions (e.g., a dozen or so 
reference nodes are sufficient to cover the continental US) 
[157].

Taken together, these results indicate that opportunistic 
LEO PNT performance is not solely a function of satellite 
geometry or signal structure, but also of the availability, 
quality and latency of externally generated state, timing and 
signal products. The ground segment therefore becomes an 
intrinsic component of an effective LEO architecture based 
on SoOP PNT.

9.7.5	Achievable Performance in Practice

The results reviewed in this chapter demonstrate that 
broadband LEO SATCOM signals can be processed as 
meaningful navigation observables once their waveform 
structure is sufficiently modelled. In practice, achievable 
performance is best understood as a three-tier envelope:

•	 	Standalone opportunistic use (public ephemerides 
only).

•	 	Network-aided opportunistic use (externally refined 
state products).

•	 	Service-like architectures (continuous orbit and timing 
control approaching cooperative behaviour).

At the baseline, standalone opportunistic positioning that 
relies on publicly available TLE data and standard orbit 
propagation typically remains in the hundreds of metres to 
kilometre-level error regime [149]. In this configuration, orbit 
and clock uncertainty directly map into the user solution. 
Even when Doppler, ToA, or carrier-phase observables 
are successfully extracted, the absence of navigation-
grade ephemerides prevents consistent high-accuracy 
performance. Analytical modelling of timing and spatial 
ephemeris errors in non-cooperative LEO constellations 
shows that orbit and clock uncertainty map directly into 
user position error, and that user-side compensation alone 
cannot eliminate this growth without externally refined state 
products [150].

Performance improves significantly when an independent 
ground monitoring network is introduced to refine satellite 
orbit (and, where feasible, clock behaviour) and distribute 
these products to users. Demonstrations across multiple 
constellations indicate that metre-level positioning becomes 
achievable once refined orbital products are incorporated 
into the estimation framework [149], [152]. In this regime, 
performance is primarily governed by the latency, accuracy, 
and robustness of the supporting state products rather than 
by waveform modelling itself.

A third regime emerges when orbit and timing estimation 
are continuously updated, quality-controlled, and 
disseminated with service-level consistency [158], [159]. 
Here, the architecture begins to move beyond purely 
opportunistic exploitation toward a managed state layer 
that wraps around otherwise uncooperative signals [156]. 
This architectural evolution from standalone exploitation 
to managed state distribution forms a natural bridge to the 
PNT-as-a-Service (PNTaaS) concepts discussed in Chapter 10, 
where orbit and timing products are explicitly generated and 
delivered as part of a structured service layer.

9.8	 Summary
This chapter has tracked the development of opportunistic 
navigation using LEO SATCOM signals as it progressed from 
early Doppler-only demonstrations to structurally informed 
exploitation of broadband mega constellations. Initial 
narrowband studies established that rapidly moving LEO 
transmitters could provide strong Doppler observability, 
while formal estimation analyses clarified the conditions 
under which receiver states could be recovered from non-
cooperative signals. These foundations transformed LEO 
SoOP from a conceptual possibility into a mathematically 
analysable navigation problem.

The deployment of broadband LEO mega constellations 
marked a structural turning point. Dense satellite geometry, 
wideband OFDM waveforms, and persistent downlink 
beacons enabled systematic signal reconstruction and 
carrier-phase exploitation. The identification of repeatable 
frame structures and structured beacon components in 
systems such as Starlink and OneWeb shifted broadband LEO 
signals from opportunistic emissions to partially engineered 
PNT resources.

Across experimental campaigns, multi-constellation 
demonstrations, and increasingly sophisticated estimation 
frameworks, it was shown that opportunistic LEO navigation 
performance is governed less by unknown signal structures 
than by orbit knowledge, clock modelling, and architectural 
integration. As research moves from standalone exploitation 
toward network-aided and managed-state paradigms, 
broadband LEO systems increasingly resemble an emergent 
PNT layer within a broader multi-system architecture.
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While Chapters 8 and 9 explored dedicated LEO PNT 
constellations and SoOP approaches respectively, this 
chapter examines fused SATCOM-PNT architectures. Several 
distinct architectural models are now emerging in this 
category.

First approach, and arguably the most integrated, involves 
broadband mega constellations (e.g., Starlink, OneWeb, 
Amazon LEO) delivering communications service and PNT 
capability over a shared waveform using either proprietary 
broadband physical-layer implementations inspired by LTE 
frameworks or emerging 3GPP 5G New Radio (NR) NTN 
standards.

Second model uses a dual-mission approach in narrowband 
spectrum to provide communications and PNT services 
via separate channels (e.g., Iridium, Globalstar), with a 
designated waveform or shared signal structure, but often 
proprietary.

Third approach leverages maritime communication 
systems such as the VHF Data Exchange System (VDES), 
where positioning capability is introduced through the 
ranging mode (R-Mode) functionality embedded within 
the communication signal. The way VDES is implemented 
is closely aligned with the 3GPP NTN PRS concept, in that 
positioning is enabled through structured timing and ranging 
elements embedded within a communication waveform.

Fourth model maintains a broadband mega constellation, 
but includes a small subset carrying dedicated navigation 
payloads (e.g., Geespace, Guowang).

Finally, PNT-as-a-Service architectures utilise signals from 
SATCOM satellites in LEO, MEO and GEO, combined with 
corrections from ground reference and monitoring networks. 
In this case, signals are generally used cooperatively with 
constellation operators, not strictly as SoOP, however they 
are also not built for navigation in the manner of dedicated 
systems.

The following sections examine each of these approaches 
and representative providers.

10.1	Fused SATCOM-PNT Services (5G NTN / 
3GPP Based)
Unlike opportunistic exploitation of broadband signals, fused 
SATCOM-PNT services based on 3GPP 5G NTN standards 
are designed from the outset to support integrated 
communication and positioning functions. Within the 5G 
NR framework, positioning is treated as a native capability, 
with defined reference signals, timing structures and 
measurement procedures. As NTN extends this framework 
into LEO and other orbital regimes, positioning performance 
becomes closely linked to spectrum allocation, waveform 
design, network synchronisation and satellite constellation 
geometry. 

This section examines the technical foundations of 
NTN-based positioning and assesses how standardised 
5G architectures may enable structured SATCOM-PNT 
integration.

In parallel with standardised NTN developments, integrated 
broadband mega constellation architectures have also been 
proposed in which positioning is deliberately embedded 
within the communications waveform itself. In these models, 
short ranging bursts are time-multiplexed within existing the 
SATCOM spectrum and transmitted using the constellation’s 
native modem and antenna infrastructure, enabling GNSS-
like pseudorange generation without dedicated navigation 
payloads [158], [159]. 

10.1.1    Frequency Ranges and Their Relevance to 
NTN Positioning

Within the 3GPP 5G NR framework, spectrum is categorised 
into defined Frequency Ranges (FR). These ranges 
shape waveform design, bandwidth availability, antenna 
architecture, and ultimately positioning performance. The 
primary ranges relevant to NTN are summarised below:

•	 	Frequency Range 1 (FR1) – approximately 410 MHz to 
7.125 GHz.

	 FR1, commonly referred to as sub-6 GHz, provides 
favourable propagation characteristics, wide coverage, 
and low path loss. However, available bandwidth is 
typically more limited compared to higher frequencies.

•	 	Frequency Range 2 (FR2) – approximately 24.25 GHz to 
52.6 GHz.

	 Often described as mmWave, FR2 enables very large 
bandwidths and potentially finer ranging resolution, 
but suffers from higher path loss, narrower beam 
requirements, and greater susceptibility to atmospheric 
attenuation.

•	 	Frequency Range 3 (FR3) – emerging discussions 
between approximately 7 GHz and 24 GHz.

	 FR3, sometimes termed as upper mid-band, aims to 
balance bandwidth and propagation characteristics, 
and is increasingly considered in 5G-Advanced and 6G 
studies [160].

For NTN and fused SATCOM-PNT architectures, these ranges 
present different trade-offs between ranging precision 
(bandwidth-driven) and geometry/coverage robustness 
(propagation-driven). The three frequency ranges are shown 
graphically in Figure 32 and the various features of each are 
described in Table 25.

10	SATCO M-E N A B L E D P N T: 
A RC H I T EC T U R ES A N D A P P ROAC H ES
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Figure 32. 3GPP Frequency Ranges mapped across the radio spectrum and SATCOM bands.

Table 25 provides a synthesis of key technical characteristics 
across FR1, FR2 and the emerging upper mid-band, based 
on 3GPP specifications [161], antenna theory [162], 
mmWave propagation studies [163], and bandwidth–ranging 
relationships from classical radar and navigation theory [164].

Table 25. Comparison of 3GPP Frequency Ranges and their key technical characteristics.

Parameter FR1 (Sub-6 GHz) FR3 (Upper mid-band) FR2 (mmWave)

Frequency 0.41 - 7.125 GHz ~7 - ~24 GHz (emerging) 24.25 - 52.6 GHz

Propagation Strong Moderate Weak

Path Loss Low Medium High

Available Bandwidth Moderate High Very high

Ranging Resolution Potential Moderate High Very high

Atmospheric Sensitivity Low Moderate High

NTN Geometry Support Favourable Balanced Challenging

Power Requirements Lower Moderate Higher

Beamwidth Wider Moderate Narrow

In practice, frequency range selection directly influences 
link budget, geometry, and time-resolution constraints, 
and therefore the achievable performance of NTN-based 
positioning.

10.1.2    NTN Positioning Architectures and Design 
Trade-offs

The fused SATCOM-PNT paradigm seeks to leverage existing 
or planned SATCOM constellations that may interface 
with, or evolve toward, emerging 3GPP NTN frameworks. 
However, these systems today remain largely proprietary 
at the waveform and physical-layer level, even as they are 
positioned to deliver PNT services either as a resilience layer 
or as a fully integrated capability. Two integration models are 
generally identified in the literature. The first is the loosely 
integrated approach, where a dedicated PNT physical layer 
is overlaid onto the SATCOM infrastructure. The second is 
the tightly integrated approach, where positioning signals 
reuse the SATCOM waveform, protocol stack and payload 
architecture end-to-end [165].

In practice, most current research and system studies 
focus on the latter, particularly within the 3GPP 5G NTN 
framework. The NTN standard provides defined mechanisms 

for positioning reference signals (PRS), uplink/downlink time 
difference of arrival (UL-TDoA / DL-TDoA), and round-trip 
time (RTT) measurements, effectively creating a structured 
pathway for integrated communications and ranging [165]. 

Five representative NTN-based PNT use cases have been 
identified in the literature spanning regulatory, resilience, 
mobility and timing domains. These include: 

•	 	User equipment location verification for public warning 
and lawful interception support.

•	 	GNSS-free initial network access enabling uplink 
synchronisation without external positioning. 

•	 	Resilient PNT services as a backup or complement to 
GNSS.

•	 	High-accuracy positioning for connected and 
autonomous driving. 

•	 	Secure time and frequency distribution for critical 
infrastructure [165]. 

The indicative performance targets associated with each 
use case are summarised in Table 26, but it should be noted 
that these capabilities are contingent upon significant 
architectural adaptation relative to traditional SATCOM 
design.
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Table 26. Potential Fused PNT use cases based on 3GPP NTN [165].

Use case Title Description Accuracy (95%) PNT methods

UC-01 User equipment location 
verification

Regulatory-driven user location 
verification for public warning, emergency 
services, and lawful interception.

5 - 10 km horizontal RTT

UC-02 GNSS-free initial network  
access

Enabling uplink synchronisation and 
timing advance estimation without 
dependence on GNSS.

120 m 3D for 30 kHz 
subcarrier spacing

30 m 3D for 120 kHz 
subcarrier spacing

DL-TDoA

UC-03 Resilient PNT Backup or complementary positioning 
and timing capability to GNSS with 
enhanced security features.

5 m horizontal
8 m vertical

RTT
DL-TDoA 
UL-TDoA

UC-04 Autonomous driving High-accuracy positioning to support 
connected and autonomous vehicle 
operation in remote areas.

20 cm horizontal
2 m vertical

RTT 
DL-TDoA 
UL-TDoA

UC-05 Secure timing Secure and high-accuracy time and
frequency distribution for critical
infrastructures.

10 - 100 ns RTT

SATCOM systems are optimised for throughput and link 
efficiency, typically operating with non-overlapping spot 
beams and single-satellite service paradigms. By contrast, 
single-epoch positioning requires simultaneous line-of-sight 
to at least four satellites. Achieving this within SATCOM 
beam constraints is non-trivial [166]. Beam coverage design 
has therefore emerged as a central engineering trade-off. 
Proposed approaches include:

A.	 Multi-epoch PNT with One Spot Beam

B.	 Single-epoch PNT with Multiple Spot Beams

C.	 Single-epoch PNT with One Spot Beam and Sidelobes

D.	 Single-epoch PNT with Multiple wide beams  
(approach similar to GNSS)

These approaches are illustrated in Figure 33 and described 
in more detail below. 

Figure 33. Beam coverage approaches [165].

Approach A retains the classical SATCOM cell orchestration 
strategy, where a user is served by a single spot beam from 
one satellite. The position solution is derived from range 
measurements collected over multiple epochs as the satellite 
moves. This makes it the least disruptive option from a 
network perspective since no cross-satellite coordination 
is required and a conventional single-beam user terminal 
can be used. However, the trade-off is performance and 
latency. Because geometry is built up over time rather than 
instantaneously, convergence can be slow, and performance 
depends heavily on user clock stability. Dynamic users 
may require inertial navigation sensors to bridge epochs. 
Maintaining lock on a fast-moving LEO satellite without prior 
position knowledge is also challenging. This approach favours 
simplicity over instantaneous solution and accuracy.

Approach B modifies cell orchestration so that multiple 
satellites provide PNT signals to the same ground cell within 
a single epoch. This enables true geometric diversity and 
significantly improves achievable DOP and positioning 
accuracy. For this approach, two user terminal variants are 
considered:

•	 	Single-beam terminals relying on rapid beam 
switching and tight time coordination (higher network 
complexity)

•	 	Multi-beam terminals, capable of tracking several 
satellites simultaneously (higher user complexity and 
cost)
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This approach delivers strong positioning performance, 
but requires tight signal coordination and approximate 
user location knowledge to steer beams appropriately. It 
represents a balanced trade-off between geometry quality 
and implementation complexity.

Approach C leverages the serving satellite’s spot beam 
together with deliberate use of sidelobes from other 
satellites. While sidelobes occur naturally in phased-array 
antennas, here they are intentionally incorporated into the 
beam design, shifting the concept from opportunistic PNT to 
cooperative (Fused) PNT. This method reduces the need for 
additional wide beams, but imposes design constraints as 
sidelobe characteristics must remain predictable and stable 
as satellites are replaced or upgraded. Like Approach B, both 
single-beam and multi-beam user terminals are possible. 
System complexity increases because sidelobe performance 
must now meet explicit commitments. It offers geometric 
improvement with potentially lower spectral overhead than 
wide-beam approaches.

Finally, approach D introduces a GNSS-like concept where 
each satellite transmits a dedicated wide beam carrying the 
PNT signal. This simplifies user acquisition and reduces the 
need for tight beam scheduling, since coverage resembles 
broadcast navigation systems. However, wide beams reduce 
spectral efficiency and may require additional transmit 
power to maintain sufficient link margin. At least one spot 
beam per cell may still be needed for SATCOM services. User 
terminals may require multi-beam or multi-band capability, 
increasing SWaP-C. This approach most closely mirrors 
classical RNSS architecture, but represents the highest 
system-level complexity and resource commitment within a 
SATCOM framework [165].

10.1.3    Implications for Commercial Mega 
constellations

The preceding analysis indicates that fused SATCOM-PNT 
within a 3GPP NTN framework is technically feasible, but 
not architecturally neutral. Enabling positioning and timing 
within broadband mega constellations originally optimised 
for throughput and spectral efficiency requires deliberate 
design choices affecting beam orchestration, waveform 
usage, synchronisation strategy and terminal capability.

Across recent studies, four recurring engineering constraints 
emerge [166], [59], [167]. First, geometry management 
becomes a central design variable. Classical SATCOM 
architectures prioritise non-overlapping spot beams and 
single-satellite service paradigms, whereas single-epoch 
positioning requires simultaneous line-of-sight to multiple 
satellites within the same Earth-fixed cell. Achieving this 
within existing beam layouts often necessitates modified 
scheduling, coordinated multi-beam operation, sidelobe 
exploitation, or wider broadcast beams.

Second, a trade-off arises between spectral efficiency and 
positioning coverage. Wide-beam or broadcast-style PNT 
transmission simplifies acquisition and improves geometric 
diversity, but reduces capacity efficiency and may increase 
power requirements. Conversely, tightly steered spot-beam 
architectures preserve throughput, but complicate geometry 
and synchronisation.

Third, user terminal complexity becomes a major factor. 
Multi-beam tracking, tighter timing control, and higher 
frequency operation may improve ranging performance, 
but increase SWaP-C, cost and receiver design complexity. 
The extent to which positioning is handled at the network 
layer versus the terminal layer is therefore a key architectural 
decision.

Finally, robust fused PNT capability depends on network-
level synchronisation and time distribution. Techniques such 
as RTT, UL-TDoA and DL-TDoA rely on precise inter-satellite 
and satellite-ground timing alignment, which may exceed the 
requirements of conventional broadband service delivery.

Taken together, these constraints imply that fused SATCOM-
PNT is not a uniform capability that can simply be activated 
within existing constellations. Rather, it reflects a spectrum of 
architectural commitment. The degree to which commercial 
mega constellations adapt their beam design, waveform 
structure and system orchestration to accommodate 
geometry-aware positioning forms the basis of the provider 
analysis that follows.

10.2	Broadband SATCOM Constellations and 
Their PNT Potential
This section examines selected current and emerging 
broadband SATCOM mega constellations and assesses their 
potential to support fused SATCOM-PNT capabilities. The 
analysis builds upon the architectural and system-level 
considerations outlined in Sections 10.1.2 and 10.1.3, 
focusing on how existing beam design, waveform structure, 
constellation geometry and terminal ecosystems may enable 
or constrain integrated positioning and timing services.

While detailed physical-layer analysis of individual 
waveforms is beyond the scope of this report, certain 
architectural characteristics including bandwidth, beam 
steering, satellite altitude and network synchronisation, 
provide useful first-order indicators of PNT suitability.

At the time of writing (December 2025), no broadband 
SATCOM operator has formally committed to offering PNT 
as a commercial service. The assessments that follow should 
therefore be understood as forward-looking and conceptual. 
They evaluate technical feasibility and architectural 
alignment rather than declared product strategies.
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10.2.1    Starlink

Starlink, operated by SpaceX, is the largest LEO broadband 
satellite constellation with thousands of satellites deployed 
primarily in ~550 km circular orbits. Designed as a high-
throughput communications network, the system operates 
in the Ku, Ka and V-bands using wideband OFDM waveforms, 
digital beamforming and increasingly extensive inter-satellite 
laser links. Its scale, global coverage and dense spatial 
geometry distinguish it as the most mature commercial LEO 
broadband architecture currently in operation.

As of late 2025, independent satellite tracking data indicates 
there are around 9,350 Starlink Satellites in orbit, making 
it by far the largest operational LEO system globally [169]. 
Under its initial FCC authorisation, SpaceX is approved 
to deploy approximately 12,000 satellites. A subsequent 
Generation 2 (Gen2) filing proposes an additional ~30,000 
spacecraft across multiple orbital shells, bringing the long-
term potential constellation size toward ~42,000 satellites. 
The visualisation in Figure 34 illustrates the Gen2 expansion 
architecture and its multi-shell structure.

Figure 34. Visualisation of the 30,000 planned satellites from the 
Starlink Generation 2 constellation (Source: European Southern 
Observatory).

The operational Starlink Gen 1 satellites are based on a 
compact, flat-panel bus architecture optimised for high-
throughput broadband communications (Figure 35). Each 
spacecraft integrates phased-array antennas supporting Ku 
and Ka-band operation, digital beamforming electronics, 
onboard processing, electric propulsion for orbit 
maintenance and manoeuvring, and a single deployable 
solar array for power generation. Inter-satellite laser 
links (ISLs) enable space-based routing and system-level 
synchronisation across orbital shells. 

Figure 35. Starlink Gen 1 satellite rendering (Source: © SpaceX).

From a positioning and timing perspective, several features 
of the Starlink architecture are noteworthy. The system’s 
wide instantaneous bandwidth and high effective radiated 
power provide favourable conditions for precise ToA 
estimation. Its dense LEO geometry supports frequent 
satellite visibility changes and strong signal levels at the 
user terminal. Network synchronisation is maintained at 
the system level using external time references, although 
no dedicated navigation message structure is publicly 
documented, however, as shown in Section 9.6 several 
independent studies have experimentally characterised 
the waveform and documented its structure and timing 
properties in the open literature [47], [64]. Access to the 
signal environment remains mediated through proprietary 
terminals or emerging direct-to-device (D2D) services, 
suggesting that any future structured PNT capability would 
likely be cooperative rather than open-access.

Although Starlink was not originally conceived to have 
PNT capabilities, SpaceX has recently positioned the 
constellation within the broader policy discussion on 
US PNT resilience. In reply comments submitted to the 
US Federal Communications Commission (FCC) in May 
2025, SpaceX explicitly highlighted the capability of next-
generation LEO constellations to deliver GPS-independent 
PNT solutions and framed PNT as a potential service layer 
delivered alongside broadband and direct-to-device mobile 
satellite services [170]. 

Starlink’s current broadband services operate primarily 
in the Ku and Ka-bands. In its 2025 FCC filing, however, 
SpaceX discussed the integration of PNT capabilities within 
mobile-satellite service (MSS) spectrum allocations. MSS 
is a regulatory service category historically associated with 
L-band and adjacent mid-band mobile-satellite allocations 
(e.g., around 2 GHz), rather than the higher-frequency Ku/
Ka broadband links used by existing Starlink terminals. 
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The FCC comments therefore suggest that any structured 
PNT offering may be associated with future D2D MSS 
services, rather than the current Ku-band broadband 
architecture. The practical consequence is that any future 
PNT offering may be architecturally distinct from the 
current Ku-band broadband layer, with different bandwidth 
characteristics, device-level observability constraints, and 
potentially different positioning performance envelopes 
[170].

The filing emphasises that Starlink systems are designed 
to operate independently of GNSS for internal operations, 
and that integration of PNT services could contribute 
to a more resilient, market-driven PNT ecosystem. This 
represents a notable shift from purely academic use of 
opportunistic signals toward an explicit policy alignment 
with national resilience objectives. While no dedicated 
commercial PNT service has been formally announced, 
SpaceX’s FCC submission positions Starlink as a credible 
contributor to a diversified system-of-systems PNT 
architecture. Table 27 presents publicly available details on 
Starlink constellation.

Table 27. Starlink Constellation Details (Source: SpaceX FCC filings 
2018-2025 public sources).

General Information

Country of Origin United States of America

System Ownership Private

Operator SpaceX

Services Provided Commercial SATCOM, Defence / 
Government services, emerging into 
D2D

Orbital altitude 340 - 570 km

Satellite class Gen 1 - Mini (260 kg)
Gen 2 (Mini) - Small (525-730 kg)

Operational SVs ~ 9,350

IOC 2020 / ~ 1,000 satellites

FOC Current: ~ 2031 / ~ 15,000
Long-term: Late 2030s / ~42,000

RF Characteristics

Frequency Band Ku, Ka, V

Number of Channels 8

Channel Bandwidth 240 MHz

Number of steerable 
Spotbeams

48

Beam Footprint (km) 10 km

Modulation / 
Waveform

OFDM

Frame Duration 4/3 ms

Taken together, Starlink represents the most mature 
broadband LEO architecture with credible potential to 
support integrated SATCOM-PNT capability. Its global scale, 
dense geometry and high signal power ecosystem provide 
structural advantages for resilient positioning and timing 
augmentation. However, the transition from architectural 
potential to a defined PNT service offering would depend 
on many factors discussed above, including signal design 
choices, timing stability provisions, spectrum access 
decisions and commercial strategy.

10.2.2    OneWeb

OneWeb (now operated by Eutelsat Group) is an 
operational LEO broadband constellation providing 
global connectivity services, with the first-generation 
system comprising of around 648 satellites in LEO, using 
Ku-band user links for communications (Figure 36). The 
constellation is primarily marketed toward enterprise, 
government and mobility segments, supported by a 
managed ground segment and a distribution ecosystem 
oriented toward service integrators rather than mass 
consumer terminals.

Figure 36. Visualisation of OneWeb Gen 1 constellation [171].

From a positioning and timing perspective, OneWeb’s 
architecture differs in scale and altitude from lower-orbit 
broadband systems, with satellites operating at an altitude 
of approximately 1,200 km. This higher altitude reduces 
instantaneous satellite density at the user terminal, at 
the same time extending coverage footprints. The Ku-
band communications waveform and managed beam 
architecture are optimised for broadband delivery rather 
than structured navigation messaging, and no publicly 
documented navigation signal design exists. However, the 
constellation’s controlled service model and enterprise-
oriented user base may provide a more straightforward 
pathway for cooperative timing or positioning features 
integrated within managed services.

The OneWeb Gen 1 satellite is a compact LEO 
communications platform using Ku-band user links and Ka-
band feeder links to deliver global broadband services. The 
spacecraft architecture is optimised for high-throughput, 
beam-managed connectivity (Figure 37).
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Figure 37. OneWeb Gen 1 Satellite (Source: https://eoportal.org)

While OneWeb’s current services are communications-
focused, PNT-related capabilities have increasingly 
appeared in public positioning around the evolution of 
the system, particularly for UK and European resilience 
objectives. In written evidence submitted to a UK 
Parliamentary committee, OneWeb stated that the Gen 
1 constellation already has the potential capability to 
provide an enhanced, resilient timing service, and further 
claimed that Gen 2 satellites will offer full PNT capability 
from 2026 [172]. These statements are notable, but they 
remain high-level and do not, in themselves, constitute a 
formally declared plan for a commercial PNT service. 

Consistent with this cautious interpretation, reporting 
on OneWeb’s PNT direction has often emphasised 
collaboration and preparatory work rather than a defined, 
standalone navigation offering. For example, OneWeb 
and the UK National Physical Laboratory (NPL) announced 
a collaboration covering Gen2 PNT system timescale 
design and certification activities linked to OneWeb timing 
services, however, the announcement had very limited 
public detail on implementation and performance targets 
[173].

A second, strategically important development is 
Eutelsat’s role in the SpaceRISE consortium, which has 
been awarded the EU concession contract to develop and 
operate IRIS², Europe’s secure connectivity constellation 
(see Section 10.2.5). Eutelsat frames its SpaceRISE role 
as a major contribution to IRIS² system engineering 
and multi-orbit design. This linkage matters for PNT not 
because IRIS² is explicitly a navigation programme, but 
because secure connectivity architectures increasingly 
foreground assured timing, synchronisation and resilient 
service assurance as enabling functions, particularly for 
defence, government and critical infrastructure use cases. 
In this context, OneWeb’s evolution and its relationship 
to IRIS² provide a plausible pathway through which 
cooperative timing and positioning features could become 
strategically relevant, even if not marketed as a dedicated 
GNSS replacement service.

Table 28 presents publicly available details on OneWeb 
constellation.

Table 28. OneWeb Constellation Details (Source: FCC and Ofcom 
filings).

General Information

Country of Origin United Kingdom merged with France’s 
Eutelsat Group

System Ownership Private

Operator Eutelsat

Services Provided Broadband connectivity (enterprise, 
government, mobility), emerging 
timing interest

Orbital altitude 1,200 km

Satellite class Gen 1 - Mini (150 kg)

Operational SVs ~ 654

IOC 2023 (global coverage)

FOC 2024 (Gen 1 complete)

RF Characteristics

Frequency Band Ku-band - user links
Ka-band - feeder links

Number of Channels 16

Channel Bandwidth 250 MHz

Number of steerable 
Spotbeams

Fixed elliptical beams with Venetian 
blind pattern

Beam Footprint (km) 1600 km x 65 km

Modulation / 
Waveform

Proprietary

Frame Duration 10 ms

For the purposes of fused SATCOM-PNT potential, 
OneWeb’s most credible relevance is in cooperative, 
service-managed architectures rather than opportunistic 
exploitation. The enterprise/government orientation of 
the user segment and service model may lower barriers 
to introducing value-added timing or positioning functions 
(for selected user classes) compared with purely consumer 
broadband systems. At the same time, the public record 
suggests that OneWeb’s PNT narrative remains aspirational 
and programme-linked, most clearly via UK timing/
PNT collaboration and the broader European sovereign 
connectivity agenda.

10.2.3    Amazon Leo

Amazon Leo (formerly Project Kuiper) is a large commercial 
LEO broadband programme intended to deliver global, 
low-latency connectivity and compete directly in the 
emerging LEO broadband market. The FCC originally 
authorised Amazon to deploy 3,236 Gen 1 satellites in 
three main orbital shells at 590 km, 610 km and 630 km, 
supporting fixed-satellite service (FSS) operations, with 
associated gateway and user segment infrastructure 
(Figure 38). Since April 2025, Amazon has begun deploying 
operational satellites, with successive launch campaigns 
described by Amazon as building an initial on-orbit fleet 
ahead of commercial service [174].
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Figure 38. Visualisation of Amazon Leo constellation  
(Source: https://rivieramm.com).

Unlike some broadband LEO constellations that emphasise 
Ku-band user links, Amazon Leo’s system design centres 
on Ka-band user spectrum. This provides access to wide 
channel allocations, but also inherits the propagation 
sensitivities typical of higher-frequency satellite links, 
with implications for signal availability, link margins and 
terminal design in any future PNT application.

Academic studies have also examined the navigation 
potential of signals representative of the Amazon Leo 
architecture. For example, one study showed that 
combining multiple frequency components into a virtual 
wideband “meta-signal” can significantly improve code 
tracking precision and robustness under the high Doppler 
dynamics typical of LEO systems [175]. Although such 
studies assume cooperative knowledge of the signal 
structure and therefore do not represent opportunistic 
signal exploitation, they illustrate how broadband 
communication waveforms similar to those planned for 
Amazon Leo could support navigation observables if 
appropriately designed.

From a PNT perspective, Amazon Leo’s relevance at 
present lies more in its underlying architecture than in any 
explicit PNT commitment. The planned constellation scale 
and LEO altitude regime will support strong received signal 
levels and rapid geometry change at the user terminal, 
which are two favourable attributes for resilient ranging 
and timing concepts. Public FCC technical appendices 
indicate a system built around highly steerable spot beams, 
frequency reuse, and dynamic interference-management 
approaches consistent with modern phased-array LEO 
broadband designs. However, no publicly documented 
navigation message structure or dedicated timing signal 
design has been announced, and the user access model 
remains oriented toward managed broadband services 
rather than open-access positioning.

In contrast to SpaceX’s explicit engagement with the US 
FCC PNT inquiry (see Section 10.2.1), Amazon has not 
publicly positioned Amazon Leo as a provider of GPS-
independent PNT services. The programme narrative 
is instead centred on deployment progress, terminal 
production and service rollout. 

That said, Amazon has indicated that D2D offerings are in 
development, and that spectrum compatibility in MSS-
allocated bands is a key design consideration, which is an 
important signal of strategic alignment with the broader 
3GPP/NTN ecosystem, even if not framed as PNT [176]. 

Table 29 presents publicly available details on Amazon Leo 
constellation.

Table 29. Amazon Leo Constellation Details (Source: FCC filings 
and public sources).

General Information

Country of Origin United States of America

System Ownership Private

Operator Amazon

Services Provided Broadband connectivity (consumer, 
enterprise, government)

Orbital altitude 590 - 630 km

Satellite class Small (~ 600 kg)

Operational SVs 180

IOC Not yet declared (deployment ongoing)

FOC Planned 3,232 satellites

RF Characteristics

Frequency Band Ka-band

Number of Channels

Channel Bandwidth

Number of steerable 
Spotbeams

Beam Footprint (km)

Modulation / 
Waveform

OFDM

Frame Duration

For fused SATCOM-PNT potential, Amazon Leo currently 
presents a credible platform opportunity rather than 
a committed PNT pathway. Its constellation scale, LEO 
geometry, and digitally steered beam architecture are 
consistent with the first-order characteristics that could 
support cooperative timing or ranging overlays in the 
future, particularly if Amazon were to pursue tighter 
network synchronisation guarantees or standardised 
NTN-aligned positioning hooks. At the same time, in 
the absence of explicit operator intent, published signal 
designs, or policy-facing statements on resilient PNT, the 
most defensible assessment is that Amazon Leo’s PNT 
potential remains architectural rather than programmatic.
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10.2.4	 Telesat Lightspeed

Lightspeed is a next-generation LEO broadband 
constellation developed by Telesat, a Canadian 
satellite operator with a long-standing presence in 
GEO communications. The planned system comprises 
approximately 198 satellites in polar and inclined orbital 
planes at ~1,000 km altitude, using advanced digital 
beamforming, optical inter-satellite links and Ka-band user 
and feeder links. Lightspeed is positioned primarily toward 
enterprise, government, maritime, aviation and mobility 
markets rather than mass-consumer broadband.

Figure 39. Visualisation of Telesat Lightspeed constellation 
(Source: https://satellitetoday.com).

Lightspeed’s public system descriptions highlight fully 
digital payloads, beam hopping, dynamic resource 
allocation and network-level synchronisation features 
consistent with high-performance 5G NTN alignment. 
From a physical-layer perspective, the use of Ka-band 
wideband channels and regenerative processing supports 
high data throughput and flexible waveform management, 
though no public plans to support PNT services have been 
disclosed. Each Lightspeed spacecraft is built on a modular, 
high-power LEO bus with electric propulsion and optical 
crosslinks enabling global mesh connectivity (Figure 40). 

Figure 40. Telesat Lightspeed Satellite  
(Source: https://spacenews.com).

From a PNT perspective, Lightspeed’s relevance lies in 
three architectural characteristics detailed below:

•	 	Altitude and geometry (1,000 km orbital altitude) 
provides strong received signal levels relative to MEO 
systems.

•	 	Digital regenerative payload architecture provides 
onboard signal processing and waveform control 
flexibility, which could in principle support structured 
signal overlays or timing functions if ever pursued.

•	 	Enterprise/government service orientation lowers 
barriers to cooperative timing or positioning services 
delivered under managed service models rather than 
open broadcast paradigms.

Table 30 presents publicly available details on Telesat 
Lightspeed constellation.

Table 30. Telesat Lightspeed Constellation Details (Source: FCC 
filings and public sources).

General Information

Country of Origin Canada

System Ownership Private

Operator Telesat

Services Provided Broadband connectivity (enterprise, 
government, maritime, aviation, 
mobility)

Orbital altitude ~ 1,000 km

Satellite class Small (~ 700 kg)

Operational SVs 0

IOC

FOC 2028 / 198 satellites

RF Characteristics

Frequency Band Ka-band

Number of Channels

Channel Bandwidth

Number of steerable 
Spotbeams

Beam Footprint (km)

Modulation / 
Waveform

OFDM

Frame Duration
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To date, Telesat has not publicly positioned Lightspeed as 
a PNT system nor made explicit claims regarding resilient 
timing or navigation capabilities. However, Canada’s 
national interest in sovereign space infrastructure and 
secure communications, combined with Lightspeed’s 
carrier-grade design philosophy, suggest that cooperative 
timing distribution or NTN-aligned positioning interfaces 
would be architecturally feasible should strategic drivers 
emerge. For fused SATCOM-PNT potential, Lightspeed 
therefore presents a structured and technically disciplined 
platform, but one whose PNT trajectory remains 
undeclared.

10.2.5    IRIS2 and Related European NTN Positioning 
Initiatives

Infrastructure for Resilience, Interconnectivity and 
Security by Satellite (IRIS²) is the European Union’s secure 
connectivity programme established under Regulation 
(EU) 2023/588 and implemented through a public–private 
partnership awarded to the SpaceRISE consortium led 
by SES, Eutelsat and Hispasat. The programme is framed 
primarily as a sovereign, multi-orbit secure connectivity 
infrastructure, combining satellites in LEO  and MEO 
orbits, which is intended to enhance resilience, strategic 
autonomy and protected governmental communications 
across the EU [177]. Unlike Galileo and EGNOS, IRIS² is not 
positioned as a navigation system, nor has any dedicated 
navigation payload or broadcast ranging service been 
formally announced. Its primary objectives relate to secure 
communications, resilience and strategic autonomy [177].

Public programme descriptions indicate that IRIS² 
is designed to integrate with terrestrial 5G/6G NTN 
frameworks and support encrypted, assured services with 
high levels of synchronisation and service continuity. These 
architectural requirements, which include multi-orbit 
coordination, disciplined time distribution across space 
and ground segments, as well as software-defined payload 
control, are foundational to secure communications 
performance. While implemented for connectivity 
purposes, they are also structurally relevant to cooperative 
timing and positioning concepts.

IRIS² is conceived as a multi-orbital architecture comprising 
approximately 290 satellites, including around 264 in 
LEO and roughly 18 in MEO (Figure 41). This layered 
configuration is intended to combine low-latency 
regional coverage with enhanced continuity and strategic 
redundancy across the system [178].

Key programme characteristics and architectural 
parameters are summarised in Table 31.

Figure 41. IRIS2 constellation (Source: SpaceRISE).

Table 31. IRIS2 Constellation Details (Source: SpaceRise 
documentation and public sources).

General Information

Country of Origin European Union

System Ownership Government (public programme)

Operator SpaceRise Consortium

Services Provided Secure governmental communications, 
broadband connectivity, critical 
infrastructure support

Orbital altitude LEO ~ 1,200 km
MEO ~ 8,000 km

Satellite class

Operational SVs 0

IOC

FOC 2030 / ~290 satellites

RF Characteristics

Frequency Band Ka-Mil, Ka, Ku

Number of Channels

Channel Bandwidth

Number of steerable 
Spotbeams

Beam Footprint (km)

Modulation / 
Waveform

5G NR NTN

Frame Duration 10 ms as per 3GPP TS 38.211

State of the Market Report Low Earth Orbit Positioning Navigation and Timing – 2025 Edition81



In parallel with IRIS² programme development, the 
European Commission has initiated procurement actions 
examining fused PNT architectures based on European 
Infrastructure [179]. These activities explore the 
feasibility of integrating positioning and timing functions 
into wideband NTN systems, including the use of 3GPP 
PRS, multi-epoch estimation and hybrid ToA and FOA 
processing. Although not formally linked to IRIS² baseline 
service definitions, these studies indicate that EU-level 
strategic planning increasingly considers cooperative PNT 
capabilities exploiting communications signals.

Recent European research has examined the feasibility 
of hosting positioning functions within wideband 3GPP 
NTN architectures. One study proposed an experimental 
framework for hybrid navigation combining 5G NTN signals 
(e.g. FR1/FR2) with dedicated L-band LEO-PNT and GNSS 
signals, outlining approaches using both time-based and 
frequency-based observables [59]. Complementary studies 
evaluated positioning performance based on wideband 
NTN architectures representative of IRIS². The studies 
showed that metre-level positioning and sub-microsecond 
timing are achievable under favourable synchronisation 
and beam geometry conditions, particularly when multi-
epoch filtering is applied [166], [167].

It is important to note that these studies do not establish 
an IRIS² PNT mandate. Rather, they demonstrate that 
wideband, multi-orbit NTN architectures of the type 
envisaged within EU secure connectivity frameworks are 
technically capable of supporting cooperative timing and 
ranging observables under appropriate synchronisation 
and signal conditions.

Within the broader European ecosystem, experimental 
initiatives such as the Celeste in-orbit demonstration 
(Section 8.2.9) are investigating advanced resilient PNT 
concepts across multiple frequency bands. No formal 
linkage between Celeste and IRIS² has been announced, 
and IRIS² remains positioned as a secure connectivity 
infrastructure rather than a navigation system.

10.2.6    Skykraft

Skykraft is developing a LEO constellation dedicated to 
space-based Air Traffic Management (ATM), intended 
to provide global surveillance of aircraft through 
multilateration techniques such as Multilateration (MLAT) 
and Wide Area Multilateration (WAM). The Skykraft 
spacecraft configuration is illustrated in Figure 42. In 
this sense, Skykraft differs from the broadband SATCOM 
providers profiled in this section, however, it is included 
due to its direct architectural links to timing and PNT-
related functions.

A notable feature of the Skykraft system is its embedded 
timing architecture. The spacecraft needs to maintain 
precise knowledge of satellite position and time through 
its inter-satellite links in the Ka band, together with TT&C 
links in S-band. While operational tolerances are based on 
Air Traffic Control needs so are not designed to rival GNSS 
positioning performance, the network is designed for sub-
100 ns timing knowledge globally with the current system 
architecture.

Such an independent, precisely timed signal source 
can support GNSS integrity monitoring by allowing 
receivers to identify inconsistent or spoofed GNSS signals. 
Furthermore, trusted secondary dissemination of GNSS 
almanac and ephemeris data over such a link (effectively 
an assisted-GNSS channel) could mitigate persistent 
spoofing effects by enabling controlled cold-start recovery 
or authenticated assistance data refresh. In safety-critical 
environments, such capabilities provide an additional 
recovery pathway rather than a standalone navigation 
solution.

Although Skykraft is not a broadband SATCOM provider, 
its architecture illustrates an important evolution in LEO-
based services, being an industry-specific constellation 
that inherently requires precise orbit and time knowledge 
for mission delivery. In doing so, the constellation 
establishes an embedded timing infrastructure that can, 
in principle, be extended beyond the primary surveillance 
function.

In 2024, Skykraft was awarded an Australian Space Agency 
grant to explore potential PNT-related capabilities within 
its ATM constellation [168]. While their primary mission 
remains space-based Air Traffic Management, the grant 
reflects growing recognition that constellations requiring 
precise time synchronisation for operational purposes may 
also contribute to broader national resilience objectives.

From an architectural perspective, Skykraft’s system aligns 
closely with the discussion in Section 3.1.5 on timing-
only systems. The constellation does not aim to provide 
full PNT capability, but can in-principle provide timing 
services based on the foundational requirement of its core 
surveillance function. In this sense, timing is considered an 
enabling system attribute, and navigation is the by-product 
of the 4-dimensional geometric model. This represents 
a distinct architectural model compared with GNSS and 
other ToA-based LEO PNT providers, where user time 
synchronisation emerges as a consequence of positioning.

For any nation state seeking sovereign backup timing 
strategy, such architectures are particularly relevant. 
A LEO system capable of delivering sub-100 ns timing 
illustrates how mission-driven constellations can provide 
trusted, redundant time to critical infrastructure. Even if 
not configured as a national time service, the presence of 
an alternative sovereign, space-based timing source would 
diversify national time transfer pathways and reduce 
systemic reliance on GNSS alone.

Key system parameters for Skykraft constellation relevant 
to PNT are summarised in Table 32.
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Figure 42. Skykraft-3 Satellite (Source: Skykraft).

Table 32. Skykraft Constellation Details (Source: Skykraft).

General Information

Country of Origin Australia

System Ownership Private

Operator Skykraft

Services Provided Air Traffic Management (ADS-B)

Orbital altitude 800 km

Satellite class Mini (< 300 kg)

Operational SVs 15 test satellites launched

IOC Jul 2027

FOC Dec 2028

RF Characteristics

Frequency Band S, X, K

Number of Channels N/A

Channel Bandwidth 7.5 MHz (S-band)

Number of steerable 
Spotbeams

N/A

Beam Footprint (km) N/A

Modulation / 
Waveform

Minimum Shift Keying

Frame Duration Variable, < 1 ms

10.3.1    Iridium

Iridium PNT as a dedicated navigation service was 
examined in detail Chapter 8. In this section, however, 
the focus shifts to Iridium as a dual-mission narrowband 
constellation that supports both SATCOM and PNT within 
the same satellite system. Unlike dedicated LEO PNT 
providers, Iridium was originally designed and deployed as 
an L-band mobile satellite communications system, with 
PNT introduced as a distinct capability layered onto the 
existing network.

The PNT service (originally developed by Satelles and 
now provided as Iridium PNT) leverages an existing 
communications channel to transmit a purpose-designed 
timing and ranging waveform, without requiring any 
hosted payload or dedicated navigation hardware in orbit. 
Communications and PNT therefore remain architecturally 
distinct, even though they share the same platform. In this 
configuration, PNT is intentionally engineered and fully 
operator-supported, yet remains architecturally separate 
from the communications service.

10.3.2    Globalstar / Parsons

Globalstar is a narrowband LEO satellite communications 
constellation operating primarily in L- and S-band, 
whose signals have been leveraged to enable positioning 
capabilities. In this section, Globalstar is therefore 
considered as a dual-mission system in which satellite 
communications remain the core function, while PNT 
is enabled through cooperative use of the existing 
communications architecture.

Positioning over Globalstar has been developed by Parsons 
Corporation, which exploits the constellation’s downlink 
pilot signal in the S-band to derive Doppler-based 
positioning. Importantly, this approach does not introduce 
a new, purpose-designed navigation waveform into the 
space segment. Instead, it relies on structured reuse of an 
existing communications signal, supported by cooperation 
with the satellite operator and complemented by ground-
based processing and system knowledge. Communications 
and PNT therefore remain technically distinct, with 
positioning implemented through cooperative signal 
exploitation rather than intrinsic waveform fusion.

Globalstar thus exemplifies a dual-mission narrowband 
model that differs both from dedicated LEO PNT 
constellations and from fused SATCOM-PNT approaches. 
PNT capability is neither the primary design driver of 
the constellation nor embedded directly within the 
communications standard. 

Beyond the architectural description presented 
here, Parsons has continued to expand and mature 
its implementation, leveraging additional elements 
of Globalstar’s constellation and associated ground 
infrastructure. These developments enhance the system’s 
robustness and practical utility, particularly when deployed 
as an augmentation layer to GNSS and inertial systems. 

A more detailed technical evaluation of this implementation 
will be undertaken in a future edition of this report as 
the capability matures and additional public information 
becomes available.

10.3	Dual-Mission Narrowband SATCOM with 
Dedicated PNT
Unlike broadband mega constellations exploiting fused 
SATCOM-PNT architectures over 5G NTN frameworks, 
narrowband systems such as Iridium and Globalstar 
constellations represent dual-mission architectures in 
which communications and PNT services co-exist, but 
remain technically distinct. In these systems, positioning 
functionality is enabled through a specific channel, signal 
modification, or structured timing extension within the 
communications framework, rather than being intrinsically 
embedded within the waveform as in 3GPP NTN 
architectures.

State of the Market Report Low Earth Orbit Positioning Navigation and Timing – 2025 Edition83



10.4	Maritime Communication Systems 
Enabling PNT 
The VHF Data Exchange System (VDES) is a digital maritime 
communication system developed under the auspices 
of the International Maritime Organization (IMO), the 
International Telecommunication Union (ITU) and the 
International Association of Marine Aids to Navigation 
and Lighthouse Authorities (IALA) as an evolution of the 
Automatic Identification System (AIS). Operating in the 
maritime VHF band, VDES supports bi-directional data 
exchange between vessels, coastal infrastructure and 
satellites, enabling improved maritime safety messaging, 
traffic management and digital maritime services. 

In addition to its communication function, VDES has also 
been proposed as a platform for maritime positioning 
through the introduction of a ranging capability known 
as R-Mode. In this approach, timing and signal structure 
embedded within VDES transmissions allow receivers to 
estimate signal propagation delays and derive position 
estimates, providing a potential complementary or 
backup navigation capability in environments where GNSS 
performance may be degraded.

This ranging approach is conceptually aligned with cellular 
positioning frameworks, such as 3GPP NTN, where 
structured communication signals with known timing 
and characteristics are repurposed for time-of-arrival 
estimation. In this sense, VDES R-Mode can be understood 
as a maritime-specific implementation of a broader class 
of communication-based positioning techniques.

Although VDES R-Mode is not part of the 3GPP NTN / 
5G PRS ecosystem, it shares an important architectural 
feature with fused SATCOM-PNT concepts, which is that 
positioning is enabled cooperatively through structured 
timing and ranging elements embedded within a 
communications system.

Several providers including Sternula, Space Norway, 
ArkEdge Space, and the AOS consortium (AAC Clyde Space, 
Saab and Orbcomm) are currently pursuing VDES satellite 
constellations. Among these efforts, ArkEdge Space 
appears to represent the clearest case explicitly linking 
satellite VDES development with R-Mode style positioning 
functionality. Other providers are clearly active in satellite 
VDES communications, however no public evidence was 
identified that they are currently developing a comparable 
satellite VDES R-Mode positioning capability.

10.4.1    ArkEdge Space VDES

As well as developing a LEO PNT constellation described 
in Section 8.2.5, ArkEdge Space has been selected by the 
Japanese government as a satellite manufacturer for the 
development of a VDES satellite concept (Figure 43). As a 
derivative development beyond the project scope, ArkEdge 
Space is also developing VDES Ranging Mode (R-Mode), 
a ranging capability that leverages VHF-band signals 
originally designed for maritime communications. R-Mode 
is a maritime positioning system that enables vessels to 
determine their location by measuring signal travel time 

Figure 43. ArkEdge Space VDES Satellite (Source: ArkEdge Space).

While primary focus of VDES is on two-way communica-
tion and situational awareness, this activity contributes 
to ArkEdge Space’s broader experience with alternative 
ranging and navigation signal concepts. It is envisioned that 
the constellation will have between 50 and 100 satellites. A 
conceptual VDES constellation is shown in Figure 44.

Figure 44. Conceptual ArkEdge Space VDES Constellation  
(Source: ArkEdge Space).

ArkEdge Space is advancing VDES R-Mode as part of Japan’s 
broader maritime resilience and navigation strategy. VDES is 
an internationally standardised maritime communications 
system operating in the VHF band (157-162 MHz), original-
ly developed as the successor to AIS for ship-to-ship and 
ship-to-shore data exchange. R-Mode introduces structured 
pseudocode messages within the VDES framework that 
enable range measurements from satellite or terrestrial 
transmitters. It is therefore not a GNSS-like global navigation 
system in its own right, but a maritime positioning method 
designed to provide independent or backup positioning 
for vessels, particularly in coastal and open-ocean environ-
ments where GNSS signals may be degraded or unavailable. 
Details on the ArkEdge Space VDES-R mode constellation 
are shown in Table 33.

from VDES transmitters in the VHF band. It can provide 
an independent or backup positioning method for coastal 
and open-ocean navigation, particularly in scenarios where 
GNSS signals are degraded or unavailable.
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Table 33. ArkEdge VDES R-Mode Constellation Details.

General Information

Country of Origin Japan

System Ownership Private

Operator ArkEdge

Services Provided VDES R-Mode

Orbital altitude 500-600 km

Satellite class Micro

Operational SVs 0

IOC TBD

FOC 2030s / 50-100 satellites

RF Characteristics

Frequency Band VHF

Number of Channels 1-2

Channel Bandwidth 50-150 kHz

Number of steerable 
Spotbeams

N/A

Beam Footprint (km) N/A

Modulation / 
Waveform

BPSK

Frame Duration 1 minute

In architectural terms, ArkEdge’s VDES R-Mode concept 
represents an approach where positioning capability 
is derived from a communication system rather than 
from a purpose-built navigation payload. The primary 
mission of the VDES infrastructure remains maritime 
data exchange, while positioning functionality is enabled 
through structured ranging signals embedded within the 
VDES waveform. This approach allows vessels to estimate 
signal propagation delays from satellite or terrestrial 
transmitters, enabling a complementary navigation 
capability without requiring a dedicated navigation signal 
or a fully integrated SATCOM-PNT architecture.

10.5	 SATCOM Mega Constellations with 
Selective Navigation Payloads
This category includes large LEO SATCOM mega 
constellations that incorporate a selective subset of 
satellites equipped with dedicated navigation payloads. 
Unlike fully dedicated LEO PNT systems, navigation is not 
the primary mission of these constellations, but rather 
an embedded or complementary capability within a 
much larger broadband communications architecture. In 
most cases, only a fraction of the overall satellite fleet is 
expected to support navigation functionality, with the core 
business case remaining communications services. The 
two constellations considered in this section are Geespace 
from Geely and Guowang from China SatNet, which 
represent commercially driven and state-led approaches, 
to embedding selective navigation capability within large 
LEO communications systems.

10.5.1    Geespace

Geespace, founded in 2018, a commercial space company 
under the Geely technology ecosystem, is developing and 
operating the GEESATCOM LEO constellation. GEESATCOM 
is primarily an LEO communications system focused on 
IoT and data connectivity services. Longer-term plans 
envisage a constellation of more than 5,000 satellites, 
with around 240 equipped with dedicated navigation 
payloads. Navigation therefore represents a limited subset 
of the overall system, reinforcing the communications-
first character of the architecture. As of December 2025, 
Geespace reports 64 satellites in orbit, completing Phase 
I deployment, with near-global coverage excluding the 
polar regions. The system supports short-message data 
services and is positioned as a cost-efficient LEO IoT 
communications network [180].

The constellation is independently designed, 
manufactured and operated by Geespace, with in-house 
capabilities spanning satellite production, payload 
development, ground operations and user terminals. 
Publicly stated application domains include smart mobility, 
logistics, marine tracking and industrial monitoring [180]. 
Within the context of this report, Geespace represents 
a commercially driven LEO SATCOM mega constellation 
in which navigation functionality is embedded as 
a complementary capability inside a much larger 
communications framework.

10.5.2    Guowang

Guowang (literally national network) is a Chinese state-
backed LEO satellite internet mega constellation initiated 
in 2022 and managed by China SatNet, a state-owned 
enterprise established to build a national broadband space 
infrastructure.

Guowang is intended as a global broadband internet 
network, planned to eventually comprise approximately 
13,000 satellites, positioning it as a competitor to other 
large LEO communications constellations such as SpaceX’s 
Starlink [181]. At the end of 2025, dozens of operational 
satellites have been launched in multiple orbital groups, 
most are in higher LEO regimes around ~1,150 km altitude.

The programme’s primary mission is broadband 
communications with global coverage. Detailed public 
information on navigation services remains limited. 
Publicly available technical briefings indicate that the 
SATNET LEO navigation augmentation system forms 
a dedicated subset within the broader Guowang 
architecture, with a planned constellation of 504 satellites. 
Its scale and state-driven nature reflect broader strategic 
aims for national connectivity and space infrastructure, 
though the core function remains satellite internet rather 
than primary navigation.
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10.6	PNT-as-a-Service Using Broadcast SATCOM 
Signals
A final category in this section delivers positioning as 
a managed service layered over existing commercial 
satellite transmissions. Rather than deploying new space 
infrastructure, this model derives navigation observables from 
broadcast SATCOM signals from different orbital regimes and 
combines them with dedicated ground station monitoring. 
The result is a PNT-as-a-Service (PNTaaS) architecture that 
occupies an intermediate position between uncooperative 
SoOP approaches and fully integrated SATCOM-PNT systems 
by leveraging ground monitoring of the broadcast signals.

10.6.1    NAVSYS

The PNTaaS model is being developed by NAVSYS Corporation 
(USA). Rather than deploying dedicated navigation satellites, 
NAVSYS provides a managed data service that enables 
commercial broadband signals from LEO, GEO and MEO 
satellite systems to be used for positioning and timing. The 
architectural premise is that all GNSS signals operate in L-band 
and are therefore vulnerable to jamming or denial. In contrast, 
commercial SATCOM systems operate across C-, Ku- and 
Ka-bands, providing access to large numbers of satellites in 
multiple orbital regimes.

PNTaaS leverages these existing transmissions by publishing 
signal metadata, ToA information, and orbit/clock corrections 
from dedicated ground monitoring infrastructure. User 
equipment captures these selected signals and combines 
them with PNTaaS data services to generate position and 
timing solutions. NAVSYS has demonstrated a hybrid GEO+LEO 
approach, where GEO satellites provide persistent wide-area 
coverage and stable geometry, while LEO passes improve DOP 
and redundancy [156].

As of December 2025, the system reports operational GEO 
SoOP coverage in Continental United States and initial 
deployment in Europe using Ku-band GEO satellites including 
SES Astra 2E and Eutelsat Hotbird 13G. Precision orbit 
corrections are provided through the PNTaaS data service 
to improve ephemeris accuracy beyond publicly available 
TLE data. From a performance perspective, NAVSYS reports 
sub-2 metre pseudorange accuracy from SoOP correlation 
processing under suitable SNR conditions [156].

Importantly, PNTaaS does not depend on cooperation from 
satellite operators to embed new navigation payloads. 
However, NAVSYS engages with SATCOM providers to 
leverage their existing infrastructure to reduce operating 

and deployment costs. The system therefore relies on 
dedicated and existing ground monitoring infrastructure to 
provide layered signal metadata to enable PNT using existing 
commercial SATCOM signals. In this sense, NAVSYS represents 
a distinct category within the broader LEO PNT landscape, 
which can be categorised as a service-layer resilience 
solution that leverages the scale and frequency diversity of 
global SATCOM infrastructure without requiring new space 
deployment.

A key advantage of the PNTaaS approach, particularly relevant 
for countries without sovereign space-based PNT assets, is 
the ability to deploy a sovereign PNT service without owning 
or operating navigation satellites. By establishing nationally 
controlled ground infrastructure, governance frameworks, and 
service assurance mechanisms on top of existing commercial 
satellite signals, PNTaaS enables the delivery of an assured and 
sovereign PNT capability while leveraging global commercial 
space infrastructure.

10.7	 SATCOM-Enabled PNT Service Providers 
Summary
The SATCOM-enabled PNT landscape spans a spectrum of 
approaches. At one end are mega constellations whose 
primary mission remains broadband connectivity, that can 
utilise 5G NTN architectures to support fused SATCOM-PNT 
approaches. A second category comprises a narrowband 
dual SATCOM and PNT systems that use separate channels 
to provide each service. A third approach involves using a 
small selective number of satellites with dedicated navigation 
payloads as part of a larger SATCOM mega constellation. 
Finally, the PNT-as-a-Service model delivers positioning 
through managed exploitation of broadcast SATCOM signals 
and ground infrastructure without deploying dedicated 
navigation satellites.

Collectively, these approaches reflect a broader shift in 
PNT paradigm. Resilience is no longer driven solely by new 
navigation constellations, but increasingly by diversification 
across frequency bands, orbital regimes and commercial 
infrastructure. The extent to which these SATCOM-enabled 
models mature into operational PNT services will depend 
on a number of technical factors as well as the willingness 
of commercial operators to support navigation use cases 
alongside their core communications missions. Figure 45 
illustrates the diversity of RF spectrum bands leveraged by the 
LEO SATCOM constellation providers discussed in this chapter, 
underscoring the growing role of commercial communications 
infrastructure in the evolving PNT ecosystem.

Figure 45. RF spectrum bands used by LEO SATCOM constellation providers.
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The dedicated LEO PNT segment has grown from a small 
group of early initiatives to a broader international field with 
South Korea, Türkiye, India, UAE and Russia joining the ranks 
of LEO PNT service providers. Operational capability remains 
limited. At the end of 2025, Iridium PNT remains the only 
provider offering a fully operational commercial service.

In China, Geely, Centispace and SatNet LEO have continued 
deploying satellites within their respective programmes, 
although limited public information is available. Geely 
and SatNet LEO form part of the broader Geespace and 
Guowang SATCOM constellations. While both groups 
have placed dozens of satellites in orbit, the allocation of 
spacecraft between navigation and communications roles 
remains uncertain.

In 2025, Xona Space and TrustPoint each launched their 
first operational satellites and conducted initial service 
demonstrations. In Europe, the first two Celeste IOD 
satellites are scheduled for launch at the end of Q1 
2026. Fergani Space also launched two satellites in 2025, 
understood to be pathfinder or IOD missions. Most 
other announced constellations remain in development, 
pathfinder or phased deployment stages, with full service 
capability projected over the coming years.

Of the 14 identified constellations, 13 are being developed 
by countries that already operate, or are planning, global 
or regional satellite navigation systems. The United Arab 
Emirates is the only nation publicly pursuing a LEO PNT 
programme without an existing or planned sovereign 
navigation service.

The evolution of opportunistic LEO PNT can be traced 
from its early conceptual origins in the late 1990s through 
mathematical modelling developments in the early 2010s 
and subsequent narrowband experiments using Iridium 
and Orbcomm signals. The rapid expansion of broadband 
constellations marked a significant turning point, beginning 
with Starlink and followed by OneWeb, with additional 
systems such as Amazon Leo, Telesat Lightspeed, and others 
entering the market.

Technical capability has progressed from Doppler-based 
positioning toward waveform recovery and the extraction 
of pseudorange and carrier-phase observations from 
broadband signals. More recent developments incorporate 
network-aided architectures designed to reduce orbit 
and clock uncertainties, enabling metre-level positioning 
performance.

Fused SATCOM-PNT architectures can be grouped into 
several distinct sub-categories. Fully integrated concepts aim 
to use a common waveform to deliver both communications 
and navigation functions. This approach presents significant 
design challenges presenting significant design challenges 
given the differing performance and architectural 
requirements of each mission. A range of implementation 
strategies is emerging to address these constraints.

Second model adopts a dual-mission architecture, treating 
communications and navigation as separate functions 
delivered from a common space platform. Iridium and 
Globalstar (in partnership with Parsons) fall within this 
category, each pursuing different technical implementations.

Third approach is the use of VDES to support positioning 
through a ranging mode. In this concept, structured timing 
information embedded within VDES communication signals 
allows receivers to estimate signal propagation delays and 
derive position. ArkEdge Space is developing a satellite-
enabled implementation of VDES R-Mode, extending 
maritime VHF communication infrastructure to provide 
complementary positioning capability for maritime users.

Fourth category consists of large SATCOM constellations 
incorporating a limited number of satellites equipped with 
dedicated navigation payloads. Geespace and Guowang 
have been identified within this model.

Finally, a PNT-as-a-Service architecture has emerged 
in which signals from LEO, MEO and GEO SATCOM 
constellations are processed and corrected through a 
distributed ground segment of monitoring and reference 
stations, as demonstrated by NAVSYS.

As the market continues to evolve, the transition of LEO 
PNT from experimental concepts to operational capability is 
now underway. The pace and impact of this transition will 
depend on demonstrated performance, integration within 
broader multi-layer PNT architectures, and the emergence 
of viable service models. In this context, disciplined 
assessment and technical validation remain essential 
to support informed decision-making across industry, 
government and research communities.

11 CO N C LU S I O N
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