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Executive Summary

GNSS positioning excels in providing Performance Based Navigation (PBN) services, both Area Navigation
(RNAV) and Required Navigation Performance (RNP), to aviation users on a global scale, delivering better
performance than most enroute and terminal operations require. However, it has become apparent that
radio frequency interference (RFI) makes sole reliance on GNSS untenable. As depicted in Figure 1 and in
the spirit of the “Protect, Toughen and Augment” (PTA) paradigm promoted by the National Space-Based
PNT Advisory Board (GPS.Gov: PNT Advisory Board), ensuring aviation PBN capabilities will require action
on multiple fronts.

GNSS receiver technologies exist that would make GNSS more resilient to RF, i.e., “Toughen”, but there
are limits to how much GNSS can be toughened and other threats to GNSS that must be considered, so
this can only be a piece of the solution. A key aspect of making PBN resilient to RFl and other GNSS threats
is modernization of Complementary Positioning, Navigation and Timing (CPNT) systems, i.e., the
“Augment” part of PTA. But as illustrated in Figure 1, “Toughen” and “Augment” are only a part of
aviation’s problem: other aspects, like improving how PNT information is integrated with other aircraft
systems and how better RFI situational awareness will be provided to operators and flight crews are
needed to fully exploit the capabilities provided by toughened GNSS and CPNT augmentation. Note that
while RFI situational awareness is an important aspect of “Protect” in PTA, such situational awareness
relies on having interference detection and dissemination capabilities that are not currently standard.

This report focuses on the “Augment” aspect of PTA. While it considers a broad range of potential CPNT
systems, it lays no claim to being an exhaustive survey. Instead, its focus is on CPNT systems that have the
greatest potential to meet the needs of aviation, with an emphasis on the evolution of systems that are
either currently approved for civil aviation, have previously been approved, or already in an approval
process. While it must be acknowledged that no single terrestrial navigation system can possibly match
GNSS accuracy and coverage performance, there are solutions that offer viable alternatives, especially to
over-land enroute and terminal area users, preserving the PBN capabilities that currently only GNSS can
provide. A set of performance criteria are proposed to evaluate the candidate CPNT sources. Applying
these evaluation criteria to the list of proposed CPNT technologies yields our recommendations for future-
proofing resilient PNT for aviation, with consideration given to other applications as well.

The analysis indicates that systems not developed by the aviation community, e.g., 5G cellular, Low Earth
Orbit (LEO) systems, signals of opportunity, or commercial beacons, and pseudolites, lack some of the
basic functions and provider commitments at the core of safety-critical applications requiring high
integrity. Because of the high costs and likely lengthy timelines for adapting these technologies for
aviation CPNT, the focus should be on modernizing terrestrial aviation current RADIONAV. Accordingly,
our recommendations are:

e Accelerate development of Enhanced DME (eDME), as eDME can help to address intra-system
interference issues with current DME, as well as offer performance improvements;

e Support the continued development of Enhanced LORAN (eLORAN) for aviation, as this system
can provide coverage over larger areas with less infrastructure, as well as timing for aviation and
other users;
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e Continue to develop a navigation capability in the L-band Digital Aviation Communications System
(LDACS-NAV), which is capable of providing higher performance ranging than either eDME or

eLORAN.

The analysis here also suggests that there are synergies between these different systems. For example,
eDME and LDACS-NAV measurements could be integrated together in airborne solutions, reducing the
required number of ground installations needed in a region for each system. Furthermore, eLORAN can
also serve as a timing aid to eDME and LDACS ground stations. In addition, LDACS could disseminate

differential eLORAN corrections with very low latency.

Toughen GNSS

* Signal processing to detect & exclude spoofing

* CRPAs + digital beamforming antenna signal
processing for Anti-Jam / Anti-Spoof

Modernize Terrestrial Complementary PNT

* Develop and deploy new CPNT sources

* Improve spectrum efficiency & compatibility

* Improve coverage

* Enable On-Board Performance Monitoring &
Alerting to support RNP operations

* Migrate DME to eDME
* Deploy eLORAN for wider area coverage

* Develop Multi-Function COM/NAV (e.g. LDACS)

Improve Aircraft PNT Integrations

* Robust monitoring of GNSS with CPNT

¢ Eliminate direct use of GNSS PNT for non-NAV
functions

+ Have an independent aircraft time source

Improved Air Traffic Services

* Bring in real-time RFl information

* Provide operators and aircrews with better
preflight & real-time RFI situational awareness

Figure 1: High-level summary of the recommendations of this paper for addressing the RFI challenge to
PBN. These recommendations involve multiple areas, with a focus on modernizing terrestrial CPNT.
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Introduction
Growing demand for air travel, along with the need to meet environmental and operational objectives, is
leading to the increasing use of advanced PBN operations that currently rely on GNSS-based navigation.
Existing terrestrial radio NAVAIDS can support the legacy RNAV performance requirements of enroute and
terminal area traffic, but they currently do not support the more stringent RNP levels needed for increased
airspace efficiency and capacity. Some improvement is possible in the near term by increasing the density
of legacy navigation aids like DME, but supporting RNP will require new systems with new technologies
that can provide this higher performance.

This report recommends technologies for aviation authorities to consider improving PBN services and to
make them resilient to GNSS RFl and other threats. Combining toughened GNSS with improved, state-of-
the-art terrestrial CPNT will enable maintaining seamless PBN services during GNSS degradation or loss,
thus maintaining to a significant extent the desired benefits to efficiency and airspace utilization, and most
importantly, to safety. While the degree of economic benefit of resilient PBN will depend on traffic loads
and airspace configuration and on the state of PBN implementation, the increasing frequency of GNSS RFI
events and the growth in air traffic highlights the critical need to complement GNSS with modernized
terrestrial CPNT.

Throughout the report it is important to distinguish between conventional, “air transport” aviation and
new entrants like “Advanced Air Mobility” (AAM) users. The US Federal Aviation Administration (FAA)
defines AAM as an “emerging ecosystem of new aircraft” and “an array of innovative technologies”
(Federal Aviation Administration, 2023b), which will combine to provide new levels in efficiency,
sustainability and more equitable options for transportation. This report focuses on conventional air
transport, as currently regulated by the FAA or by the European Union Aviation Safety Agency (EASA). In
contrast, AAM will refer to those kinds of users that are not currently regulated, but in the experimental
phase, usually featuring autonomous or unpiloted operation, electric propulsion and Vertical Takeoff and
Landing (VTOL) operations. As such, AAM users are expected to operate outside the conventional enroute
and terminal area airspace, currently occupied exclusively by air transport, with concepts for mixed use
being discussed by regulators (Federal Aviation Administration, 2023a).

For the air transport category, the focus of this report is larger aircraft, i.e., airliners, regional aircraft, and
cargo and business aviation, but the needs of general aviation are also taken in consideration. This report
also does not consider precision approach and landing, as the Instrument Landing System (ILS) is an
effective backup for GNSS approaches at larger airports. It also must be recognized that ILS does not
address the needs for precision approach and landing for AAM and at smaller facilities.

The analysis here considers diverse viable PNT alternatives to GNSS for aviation applications and
consolidates performance criteria by which to evaluate them. Applying these criteria to the systems under
consideration results in a set of three technologies with the most promise for development and
implementation: eDME, eLORAN, and LDACS-Nav. This work can also inform national decision makers
who must take a view broader than aviation and reinforce their PNT architectures to serve other modes
of transportation, critical infrastructure, and essential applications.

PBN Background

Performance-Based Navigation is a concept for improving airspace efficiency, reliability and safety.
Compared to the conventional sensor-specific airspace route design, PBN makes operations more flexible,



eases the transition to new (non-GNSS) navigation technologies and makes the airspace more efficient
(ICAQ, 2023). The characteristics and benefits of PBN are summarized in Figure 2.

The essence of PBN is that it relies on ascertaining that the Total System Error (TSE) is commensurate with
the operation to be executed (ICAO, 2023). The TSE is made up of two components, root-sum-squared;
the Navigation System Error (NSE) and the Flight Technical Error (FTE):

TSE? = NSE? + FTE?

Note that the standard TSE equation often includes a term for the Path Definition Error (PDE), but with
the development of GNSS-based geodesy, that is typically assumed to be negligible compared to NSE and
FTE. The NSE is the 95% horizontal position error. NSE can be improved with better measurements, but
also with redundant navigation sources. The FTE is the control error, associated with having an aircraft
adhere to a procedure center line. The FTE increases during track angle changes, but also during
disruptions like wind gusts.

PBN distinguishes between two different types of operations: Area Navigation (RNAV) and Required
Navigation Performance (RNP). The key difference is that RNP includes On-Board Performance Monitoring
and Alerting (OBPMA), i.e., the ability of the on-board navigation system to monitor its own navigation
performance. Both RNP and RNAV services are accompanied by a number that indicates the 95% TSE
specification in nautical miles (NM). For example, an RNP 1 operation requires the navigation solution to
be accurate to 1 NM in the horizontal, with a confidence of 95%.

It should be clear to experienced readers that GNSS navigation is ideally suited for PBN. However, it is not
the only system certified for RNAV; other systems have been certified, as discussed in later sections. For
RNP, however, the situation is different as currently only GNSS can enable RNP.

Legacy NAVAID Routing RNAV RNP

Lateral
Containment

Waypoints
On-Board Performance
Monitoring & Alerting

Curved
Paths

Narrow
Containment
Region

.— DME/VOR

Self
Separation

Smooth
Vertical
Path

5% Total System Error
ystem Error + On-Board Performan

Figure 2: Benefits of PBN. Legacy routing requires the aircraft track to follow the physical layout of the
NAVAIDs. RNAV enables a more flexible selection of the track, following database waypoints. RNP adds

fixed-radius segments, plus OBPMA, which comes with the ability to “self-separate”.

In short, GNSS is critical for some RNAV routes, where the ground infrastructure does not support useful
values of TSE, and currently essential to all RNP, largely because other Ground-Based Navigation Aids
(GBNA) have not received the same level of focus and funding. Two factors play in favor of GNSS: greater
redundancy in ranging sources and a more benign radio propagation environment. Redundancy refers to
the fact that in most cases, far more than the four required GNSS satellite signals are available to compute
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a position fix, while for terrestrial systems such measurement redundancy has been challenging, due to
both ground infrastructure and avionics limitations. The relatively benign propagation for GNSS stems
from the fact that in most aviation situations, there is an unobstructed view of the sky. Furthermore, the
measurement errors induced by GNSS radio propagation can be modeled and mathematically over-

bounded, whereas for terrestrial ranging, over-bounding errors has been challenging due to complex
multipath environments and terrain blockages.

In complex airspace, RNP can be further developed to Advanced RNP (A-RNP), which relies on the lowest
levels of TSE, such as RNP-Authorization Required (RNP-AR), RNP-Approach (RNP-APCH), and additional
features like Time of Arrival Control and automated holding.

Threats to Aviation PBN

A recent rise in RFI activity has highlighted the dependence of aircraft, and indeed the entire airspace
system, on GNSS. The dependences go well beyond navigation and impact the ability of aircraft to
communicate, to recognize and stay clear of obstacles, as much as Air Traffic Management (ATM) to
surveille the airspace. Some of these are discussed below. This section describes the threat of RFI to
aviation and its impact, more specifically, on PBN, which often becomes unavailable during such
interference events.

RFI Environment

The frequency of RFI events has risen sharply in the 2020s, with jamming becoming commonplace and
spoofing recently a daily occurrence. A number of online services monitor RFl activity in real time, typically
by analyzing ADS-B feeds provided by third-party operators. Among them, GPS Jam (gpsjam.org, n.d.) and
The Zurich University of Applied Sciences (ZHAW) (Skai Data Services, n.d.) have provided the aviation
community and the public more generally with evidence of consistent growth in RFI incidents. For
example, Figure 3 shows the ZHAW/SkAI compilation of flights that were spoofed during the Summer of
2024. It shows that over one thousand flights were spoofed every day. As of the date of this report, there
are no indications that these incidents are decreasing. Many observers cite the lack of meaningful
disincentives as an indication it will continue indefinitely and may well increase (OPSGROUP, 2024).

This continuing impact on aviation safety, security, and efficiency illustrates the fragility of unprotected
GNSS and, therefore, the threats its sole use poses to modern ATM which relies so heavily upon it. GNSS
is a very faint radio signal, with a received power below thermal noise, so unhardened receivers are easy
to jam or spoof. Hardening GNSS receivers against interference has been an important feature in military
receivers and is receiving increasing attention in the commercial world as well. There are many receiver
signal processing and measurement consistency techniques that have been used to counter RFI (Scott,
2021). These can be particularly effective against spoofing.

Among the most powerful anti-jam technologies are Controlled Reception Pattern Antennas (CRPAs),
which combine multielement antenna arrays along with associated nulling and beam-steering techniques.
CRPAs, with appropriate manifold calibration, could make aircraft highly resistant to GNSS jamming while
still meeting navigation performance requirements, but export restrictions in the United States have
limited their use. Appropriate GNSS integration with inertial and other sensors is another effective RFI-
mitigation technique.

While GNSS hardening measures should be adopted in aviation, they do not address all threats. It may be
possible for jamming or spoofing threats to overwhelm whatever GNSS hardening technologies are



employed. And there are more system-wide threats like cyber-attacks and space weather effects that

GNSS receiver hardening are unlikely to cope with. Providing non-GNSS navigation sources will help
mitigate many of these threats.
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Figure 3: In some parts of the world, thousands of flights are spoofed daily and GNSS-based operations
have become unavailable (Skai Data Services, n.d.). A circle with a number inside indicates the number of
flights experiencing spoofing on the given day. Different shades of orange or red indicate the likelihood of
GNSS jamming.

Impact on Aircrews and on Controllers

The threat to aviation does not always receive the attention it deserves, as redundancies in systems enable
most operations to comply with navigation standards. The increased workload on both flight crews and
controllers, particularly when multiple aircraft are affected, has a profound impact on safety margins
(OPSGROUP, 2024). Enhanced simulator training for cockpit crews, specifically in response to GNSS RFlI,
would go a long way in restoring these safety margins that get eroded during interference events.

Recent increases in RFI, particularly spoofing, have highlighted how GNSS PNT data has been incorporated
into numerous critical aircraft functions, leading to often unexpected consequences as detailed in (EASA,
2024) and (OPSGROUP, 2024). These effects are summarized in Figure 4, illustrating that communications
(COM), surveillance (SURV) and flight control all have critical dependencies on GNSS. This highlights the
need for updates in other avionics and better aircraft integration, including that GNSS be monitored by
independent PNT sources.

While pilots, dispatchers and controllers have found workarounds that appear safe enough for normal
operations, these are still exceptions to desired and best practices to enable continued operations in the
face of adversity. For the most part, there is no safety case yet behind these workarounds, because of the
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difficulty of developing aviation performance standards to contend with a rapidly evolving RFI

environment, and the slow acknowledgment by authorities and operators of GNSS vulnerabilities. Aside

from economic losses caused, for example, by having to use less favorable routing, RFI could well lead to

serious mishaps given the thousand or more significant jamming and spoofing events that impact aviation
each day.

GNSS Spoofing

GNSS Position, * Degraded or loss of GNSS PVT ACAS: Airborne Collision
Velocity & > NAV * Erroneous GNSS PVT Alerting System
Time * Loss of RNP/RNAV AHRS: Attitude and Heading
* Unintended airspace incursions Reference System
* Unreliable IRS CPDLC: Controller-Pilot Data
* Loss of automated DME/VOR tuning Link Communications

FMS: Flight Management
System

com ﬂ| Fllght S L |£‘ HUD: Heads-Up Display
* Discarded CPDLC * Loss of or misleading: * Degraded AHRS * Loss of or misleading: IRS: Inertial Reference System
messages o TAWS « Loss of or misleading: o Date / time PVT: Position, Velocity, Timing
= Weather uplink o ADS-B,-C o HUD o Fuel consumption SVS: Synthetic Vision System
« Automatic VHF / o ACAS o 5VS TAWS: Terrain Alerting and
SATCOM tuning * Degraded WXR o FMS functions Warning System

WXR: Weather Radar

processing

Figure 4: GPS spoofing has led to degradation to multiple aircraft systems, demonstrating that GPS has
become a single point of failure. The dependence of some of the systems, failing during RFI, is not intuitive
and should, arguably, not be happening. [Adapted from (OPSGROUP, 2024)].

GNSS RFl impacts air-traffic controller (ATC) workload in several ways. Loss of GNSS, currently considered
primary navigation, will require a change in operations as supported by GBNA. With that comes increased
air-ground communications and may even necessitate controllers providing radar vectors to pilots. The
events also impact the workload of cockpit crew, who deal with false alerts like ground-proximity warnings
while cruising at 40,000 ft above mean sea level. RFl has been shown to lead to increased rates of aborted
landings, go arounds, traffic conflict alerts, and other stressors which all create additional distractions and
add to the ATC burden.

Impact on PBN

As illustrated in Figure 5, loss of GNSS requires ATM to fall back on RNAV routes, as they are supported by
GBNAs, while RNP becomes unavailable. Most RNAV 1 or 2 operations rely on GNSS for navigation.
Alternatively, they resort to GBNA and inertial navigation, where available. When the ground network
does not support the required performance, crews revert to legacy routing, which is based on procedural,
rather than numeric solutions, and results in loss of efficiency. RNP, on the other hand, relies entirely on
GNSS for navigation, as per ICAO and RTCA/EUROCAE standards. This dependency is changing and will
eventually be removed, but current standards make it clear that only GNSS can support RNP. In the
absence of GBNA, the flight must be operated with inertial coasting with radar vectors from ATC.

The U.S. and Europe have different approaches to terrestrial NAVAIDS. The US National Airspace System
operates with Minimum Operational Network (MON), likely structured to minimize costs to the federal
government. This concept is centered on VOR/DME and is incapable of delivering better than RNAV 5
broadly, with RNAV 1 only supported by DME in select areas and the best service available to users of
DME integration with inertial navigation. In continental Europe, most RNAV 1 routes can be supported by
DME/DME.
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Figure 5: In areas with a strong infrastructure of terrestrial NAVAIDS, RNAV can fall back on that during
RFI. In some areas, PBN becomes completely unavailable, as RNP is lost.

NAVAIDS are crucial in maintaining capacity during GNSS disruption. This is especially true in areas with
high traffic density, at lower altitudes, and in the vicinity of large Terminal Maneuvering Areas (TMAs).
Work to develop non-GNSS RNP is currently ongoing, but reliance on legacy DME will not support
projected significant increases in traffic.

Modernization of CPNT Infrastructure

Current terrestrial infrastructure emit high power signals at a range of frequencies in both the VHF and
UHF bands, making them resilient to the kind of RFI that disrupts GPS/GNSS. These GBNA also support
RNAV in both the enroute and terminal areas. However, existing GBNA are, for the most part, dated; they
require upgrading or replacing, to take advantage of state-of-the-art technology. The signals that GBNA
currently use are outdated, too. A full modernization program will have to update both the GBNA and the
signals they use for navigation.

Such a modernization effort would also allow CPNT sources to transition to support lower RNAV values
and, more importantly, to support RNP. A variety of new navigation modalities and evolutions of older,
established systems have been proposed to complement GNSS. However, fielding any completely new or
improved navigation and timing solution is problematic, as the costs for development, certification and
deployment are significant. To achieve resilient time and frequency services for all users will likely exceed
the capacity of any one agency, stakeholder, or even groups of stakeholders. On the other hand,
evolutionary solutions, developed from existing technology and multi-domain systems that can serve
sectors beyond aviation or even beyond transportation, will have significant advantages in both
development and deployment timelines and cost-effectiveness. Another challenge in designing navigation
systems for aviation is to accommodate legacy users. Airplanes remain in service for many decades and
the avionics are rarely updated, until a business case can be made, or when regulations require it.
Integrating CPNT onto aircraft in a way that minimizes complexity for flight crews will also be a challenge;
ideally, transitions from GNSS-based guidance to CPNT would be both simple and seamless.

Historically, significant change in aviation has often come as a result of a system failure, or of an aviation
accident leading to tragedy. Rather than waiting for a tragic event to occur, the authors encourage the
aviation community to promptly begin orderly, measurable, and systematic changes in both the ground
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infrastructure and onboard the aircraft. Ensuring safety, security, and airspace efficiency, regardless of

the presence of GNSS RFl, is a matter of due diligence and in the best interests of the aviation and

navigation communities. Given the current severity and extent of GNSS RFI threats, the safety and

efficiency of the airspace system has been called into question (EASA, 2024; OPSGROUP, 2024) and the
development of resilient CPNT systems will address all concerns.

An added benefit of implementing resilient CPNT systems is that they will severely limit, and even in some
systems eliminate any impacts due to disruption of GNSS signals, thus making it “less attractive” to
malicious actors. If use of resilient CPNT is widely adopted, belligerents may find interfering with
navigation and timing systems so difficult, they will target other vulnerabilities instead.

Evaluation Criteria
This section proposes a non-exhaustive list of considerations to help identify the best technical solutions
from a list of candidate technologies.

Achievable Performance: The RNAV/RNP type that the system is expected to support. Navigation
performance depends on a number of factors, including the inherent ranging accuracy of the waveform
and assumptions about the geometry and density of infrastructure. The analysis here generally assumes
sufficient infrastructure is deployed to support the best levels of performance, i.e., lowest RNAV or RNP
value.

Operational Coverage: The operational volume provided by the network of ranging sources. Unlike GNSS
that have global coverage, terrestrial systems have service volume limitations of one form or another,
such as line of sight (LOS) range to one or more GBNA.

Deployment Complexity / Cost: A qualitive measure of the relative cost and complexity of deploying a
given system. It considers changes to ground sites and avionics and whether these changes would be
upgrades or replacements to existing deployed equipment, or completely new infrastructure.

Backwards Compatibility: The ability to support existing aircraft installations until they can be upgraded.

Spectrum Compatibility: The ability of a new or modernized CPNT system to operate without interfering
with GNSS and other established or emerging systems. Operating outside the GNSS frequency band is also
attractive, as the band is highly congested. Multi-function applications of radio links, such as use of COM
systems for NAV, is considered here as having good compatibility.

Capacity Limits: The number of simultaneous users. One-way pseudoranging systems like GNSS can
support unlimited numbers of passive users. Two-way ranging systems are limited on the number of users
depending on the multiple access method employed.

Support for Other Applications: The ability of a system specific to support other ground, maritime, air,
and perhaps infrastructure applications.

Support for Time Transfer Services for Aviation Systems: The ability of a system to provide airborne or
ground users time and timing information traceable to UTC.

Support for Source Authentication: The ability of a system to assure the validity of measurements and
other information being transmitted.



Expectations
The goal of establishing one or more CPNT systems is to ensure PBN during degradation or loss of GNSS,
especially where RNP is critical to maintaining efficiency. The eventual solution should minimize losses in

airspace capacity, as well as avoiding increases in controller and pilot workloads. The development of
terrestrial CPNT should, therefore aim to:

e Provide RNP during GNSS RFI;

e Improve spectral compatibility and efficiency;

e Fillin gaps in terrestrial RNAV;

e Support emerging applications;

e Support autonomous operations;

e Have few to no common failure modes with GNSS, including operation at different frequency
bands.

The availability of Resilient PBN — both RNAV and RNP, means that GNSS RFl will no longer cause
disruptions of air traffic enroute or on precision and non-precision approach. For this to happen, a
terrestrial system will have to support OBPMA, in the same way GPS does, to guarantee observability and
alarming in the event of out-of-tolerance PNT performance.

Improved spectral compatibility is becoming a crucial metric in the hotly contested world of radio
spectrum, especially in the L-band. In this sense, multi-domain signals and systems can help relieve
spectrum pressure. One salient example is LDACS: a communication system that supports RNP would
provide two important functions on every single radio link. There are, of course, further concerns that an
outage of a multi-function radio link would lead to simultaneous COM and NAV outages, but such concerns
can be addressed with system architecture, like requiring multiple threads.

To bridge gaps in RNAV coverage, an adequate network of terrestrial NAVAIDS must be deployed. For
airspace operators this means more carefully designed ground networks. For any given RNAV or RNP level,
there exists a minimum density and optimum geometry of ground stations required to support that
operation. The required density depends on the technological implementation and the ruggedness of the
local terrain.

Modernized CPNT should also support emerging applications, like Advanced Air Mobility. This means it
will need to support operations, distinct from today’s conventional and mainline airspace. Autonomous
operation will simply not be feasible without terrestrial CPNT. As discussed by (Osechas et al., 2024; Tenny
& Humphreys, 2022), exclusive reliance on GNSS for navigation is infeasible for truly autonomous systems,
where no safety or remote pilots are engaged. A fundamental difference between fully autonomous
vehicles and piloted vehicles is the ability to operate under Visual Flight Rules (VFR). A human pilot usually
has that ability, which provides an additional defense against RFI that is proving difficult to bridge with
automation.

Finally, adequate systems integration needs to be an important consideration. The sheer amount of non-
intuitive or “surprising” dependencies of aircraft systems on GNSS, as cited by (EASA, 2024) and
(OPSGROUP, 2024) and sketched out in Figure 4, is evidence of the lack of appreciation of GNSS
vulnerabilities. Adequate testing of system integrations must become a part of certifying critical hardware
on any aircraft; in fact, it may become necessary to re-engineer some of the integration architectures in
the existing fleet. GNSS position solutions are neither perfect nor foolproof.

10
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Candidate CPNT Technologies
From the many possible technologies that have the potential to support PBN services, this paper considers
a subset of both aviation systems and commercial, non-aviation systems, as Figure 6 indicates. The
analysis starts with the existing technologies that already support some PBN operations: DME and VOR
can be used in various combinations to support anywhere between RNAV 5 and RNAV 1 (EUROCAE WG-
85, 2025a, 2025b; RTCA SC-227, 2025b, 2025a).

A second group of technologies is that of enhancing some of these legacy technologies, in particular:
eDME (Li & Pelgrum, 2013; Lo et al., 2014; Lo & Chen, 2020) and eLORAN (Federal Aviation Administration,
2004; International LORAN Association, 2007). So long as the developments retain some essential features
of their parent technologies, the adoption could be simpler than for other systems, although LORAN is no
longer an ICAO Annex 10 recognized system. It is believed that these technologies have a schedule
advantage, as questions like frequency compatibility and known failure modes have extensive experience
behind them.

& 1 VOR/DME DME/DME  Multi-DME
=]
Existing Aviation Radio NAV
c
.0
S 2
S © i
- < Enhanced Aviation
g » Radio NAV
= eLORAN
[}
=
E E Multi-Function
2 % Aviation COM (LDACS)
o
L =
e
.8
> «
5
©®T <
= o Pseudolite
=
g q ‘ <)
<}
a
2
aQ
Y]
==
o
(o]
RNAV 5 RNAV 2 RNAV 1 RNP 1 RNP 0.3 RNP-APCH

Performance

Figure 6. Candidate CPNT technologies, with potential performance and aviation service introduction.
Existing NAVAIDS do not meet all the needs for PBN, pointing towards the need to modernize them.
Existing operational commercial systems may be able to meet the requirements for Advanced RNP, and
may provide better accuracy than modernized aviation NAVAIDS, but they would likely face lengthy
standardization timelines.

The notion of dual-purposing communication systems for aviation is behind the efforts of developing a
navigation capability for LDACS (LDACS-NAV) (Osechas et al., 2019; Schneckenburger et al., 2013), as is

11
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the use of other signals, designed for land mobile communications (4G/LTE, 5G, etc.) (Del Peral-Rosado et

al., 2024; Shamaei & Kassas, 2018). The technical arguments may be similar for these types of systems,

but the approval processes are different. LDACS would be derived from a certified aviation system,

compliant with ICAO Standards and Recommended Practices (SARPs) and other industry standards, while

the others would not. It should also be acknowledged that for these “multi-function” systems, loss of COM

would entail loss of CPNT, so these systems should only be used in conjunction with other COM and NAV
capabilities.

Extending further into commercial and proprietary systems, a new family of navigation services is
emerging based on LEO satellites. These technologies show great potential, especially considering their
global reach, but given the long lead times usually involved in certifying new systems for aviation, this
could prove to be a complicating factor. LEO systems also have the challenge of providing enough satellites
in view at any given location and time to yield good solution geometry.

Another interesting class of systems is what is called here “commercial pseudolite” services that have
been designed for indoor and urban positioning such as NextNav (Meiyappan et al., 2013) and Locata
(Rizos & Yang, 2019). These systems can often show years’ worth of operational experience outside
aviation applications. However, the certification process for these systems to be used by aviation will still
be a significant and their value (accuracy, availability, integrity, continuity, and especially coverage) may
not warrant their use by many aviation use cases, but their technical benefits could make them a workable
solution for certain types of environments.

Analysis

This section summarizes the analysis of the candidate CPNT alternatives against the criteria discussed
above, which forms the basis for our recommendations. Both, the candidate systems in the left-most
column and the performance criteria in the first row, come from the preceding sections. Figure 7 provides
a graphical summary of the analysis, with the details of the evaluations provided in the Appendix.

Operations Operational Deployment Backwards Spectrum Capacity Other Provides | Authentication
Supported Coverage Compatibility Compatibility Limits Applications Timing
VOR/DME RNAV1-5 75NM Deployed / High PAPR Ranging Designed for Morse code
Certified Aviation IDENT
DME/DME RNAV 1 140 NM Deployed / High PAPR Ranging Designed for Morse code
Certified Aviation IDENT
Multi-DME RNP 1 140 NM Deployed / High PAPR Ranging Designed for Morse code
Certified Aviation IDENT
eDME RNP 0.3 140 NM New Gnd / Air High PAPR PR mode Designed for | ~100 ns Includes data
Equip. Aviation channel
eLORAN RNAV 1 - ~1000 NM to New Gnd / Air New Aviation Not Passive Maritime & <100 ns Encrypted data
RNP 0.3 <50 NM Equip. NAVAID L-Band Timing channel
LDACS-NAV <RNP 0.3 200 NM ir New Aviation Shared with Ranging, PR Potential for <100ns
ip. coM comM modes AAM
5G Cellular <RNP 0.37? New System Shared with Two-way Potential for | <100ns
com com AAM, GND
Commercial <RNP 0.3? New System Not ARNS PR, ranging Potential for << 100 ns | Likely
Pseudolite spectrum modes AAM, GND
LEO SATNAV <RNP0.37? Potentially New System Shared with Passive? <100 ns Likely
Global? comM Spot Beams?

. Poor/High Cost I_l Marginal/Costly | | Fair/Moderate Cost I_I Good . Excellent | I N/A I

Figure 7: Summary of CPNT sources and evaluation. See the Appendix for the rationale for the evaluations
in this table.
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The most significant criterion is the best-case performance: systems that do not support RNP 0.3, and
preferably RNP-APCH or better, are not worth the development effort involved in reaching full
certification. In terms of capacity limitations, some systems like DME use two-way ranging which
necessarily has a maximum number of allowable users, while others offer pseudoranging (PR) modes,
which is passive and has no limit on the number of users. In terms of spectral compatibility, some systems,
like LDACS-NAV have continuous ground-to-air waveforms and rely on coherent signal processing to
achieve high accuracy measurements. Others, such as DME, rely on narrow pulses with high Peak to
Average Power Ratio (PAPR); systems with high PAPR can be more challenging for ground station siting
and aircraft installations.

In the particular case of eLORAN, the coverage from a single station is on the order of 1000 NM, so with
sufficient coverage from multiple stations baseline performance likely supports RNAV 1 or RNP 1.
However, to achieve the RNP 0.3 performance, a local differential station with limited coverage is
required, which might require the use of another data link to provide these corrections. The differential
information decorrelates with the distance between user and reference station, depending on a variety
of geographical factors, like ground conductivity. The value of 50 NM, listed in Figure 7, represents an
estimate of a typical radius for this coverage zone.

The improvements offered by eDME compared to current DME technology, includes coherent carrier
phase, enabling carrier-smoothed pseudorange processing, which extends eDME performance to support
lower levels of RNP. From a spectral compatibility and capacity limitation perspective, eDME has the ability
to function in a partial PR mode, enabling more aircraft to be supported by a ground station. In addition,
eDME has a data transmission capability on the order of between 8 and 16 kbps. As a point of comparison,
the data rate of a single LDACS station is 291 kbps — 1.32 Mbps, depending on mode.

Recommendations for Modernizing Terrestrial CPNT

From the detailed evaluation summarized in Figure 7, three technologies stand out as particularly
attractive for achieving resilience in the civil airspace: eDME, eLORAN, and LDACS-NAV. The selection of
these PNT systems is based on the following considerations and the concept depicted in Figure 8:

e Modernizing and evolving an existing aviation radio NAVAID like DME to eDME while ensuring
backwards-compatibility with legacy DME users enables a safe, secure and cost-effective roll-out
of new capabilities while, at the same time, modernizing the infrastructure that will be continued
to be used by legacy users. The replacement of DME ground transponders could be prioritized for
high-traffic areas where more demanding performance (e.g., RNP vs. RNAV) is required. These
areas are typically where spectrum congestion and intra-system interference is an issue and
additional channels are unavailable or would require significant spectrum engineering redesign
and re-channelization. Enhanced DME would enable pseudoranging and coherent detection (Li &
Pelgrum, 2013), as well as processing of multiple (more than two) observables per position fix
(Liang et al., 2024), which can lead to RNP 0.3 performance or better. These benefits will help
incentivize operators to upgrade their airborne equipment.

e There are places where it is not feasible or cost-effective to install sufficient ground infrastructure
to support line of sight limited systems like DME/eDME, e.g. along a coastline or in challenging,
mountainous terrain. In these areas, eLORAN could provide the most cost-effective means to
deliver RNAV and/or RNP. Additionally, eLORAN has been shown to support maritime and other
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transportation applications, as well as precise time and frequency to all users. eLORAN can

support up to RNAV 1 over remote areas and offshore and with proper reference station

infrastructure, can also provide RNP 0.3 to support terminal area procedures, non-precision

approach (NPA), and LNAV/VNAV approaches when used with barometric altimeter. In addition,

eLORAN could also serve as a wide-area synchronization service for other terrestrial
pseudoranging systems, like eDME or LDACS-NAV (International LORAN Association, 2007).

As aviation traffic increases, there will be the need to support RNP-APCH/RNP 0.3 and continuity
of ADS-B services even when GNSS is unavailable. Currently, aircraft ADS-B squitter only use
position information from GPS augmented by Space Based Augmentation Systems (SBASs). Being
able to utilize complementary PNT systems to support ADS-B transmissions would provide both
continued situational awareness and help to alert ATC to the loss of GNSS. Furthermore, spectrum
compatibility considerations will likely limit the deployment of more eDME ground stations in high
traffic areas. Multi-function COM systems like LDACS could play a key role here. LDACS-NAV,
particularly in conjunction with eDME, could meet future airspace terminal area needs. The
combined system could also take advantage of the authentication capabilities inherent in LDACS
and use LDACS-COM to transmit information like tropospheric correction information, to further
improve ranging accuracy for eDME as well as LDACS-NAV.

The introduction of GNSS to aviation was a game changer and, as such, no single technology will be able
to replace or adequately complement all the functions it provides to aviation. It has become evident that
aviation needs to sustain, replace, and improve its terrestrial navigation services, and that airframe
manufacturers need to clean up their current deep integration of GNSS in the cockpit. In some cases, GNSS
has become the sole means of navigation, and it is time to change that. Most importantly, aviation needs
to work together to design, develop, certify, and implement multiple radionavigation technologies that
can be used concurrently, complement each other, and ensure PNT resilience.

While this effort has focused on CPNT technologies for aviation, the authors want to highlight related
issues critical to future aviation safety:

Aircraft PNT integration must be improved. GNSS and future CPNT sources must not constitute
single points of failure that ripple through multiple aircraft systems. Cross-checking between
dissimilar sources must be pursued. A related need is to enhance flight simulators to include RFI
scenarios, so that pilots get trained for these situations.

Air traffic services must include RFI monitoring, prediction and reporting. Analogous to weather
forecasts, providing RFl information to operators and air crews as part of the pre-flight briefing,
along with updates in-flight, would give air crews additional situational awareness that allow them
to more effectively cope with the RFI challenge.

GNSS receivers should be hardened against interference. Multiple technical solutions can mitigate
the impact of RFl on aviation-grade GNSS receivers. They range from smarter signal processing
and data-level consistency checks to arrays of receiving antennas for adaptive beamforming and
Direction-of-Arrival authentication. A combination of these techniques could prove sufficient in
many instances. Export restrictions in the United States need to be changed to enable aviation
use of these systems.
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Figure 8. Conceptual operational view of long-term modernized CPNT deployment, with interoperable
eLORAN, eDME and LDACS-NAYV transmitters. Terrestrial fiber connections distribute timing in populated
areas, whereas in remote areas, synchronization is provided by eLORAN.

Conclusions

This report proposes performance criteria for terrestrial navigation aids and candidate technologies for
consideration. High-level analysis based on the criteria identifies recommended candidates for
governments and industry to pursue: eDME, eLORAN and LDACS-NAV, which have the commonality that
they have excellent navigation performance at a lower expected lead time into the cockpit than other
systems. The recommendation to modernize CPNT infrastructure also includes a concept for how the
systems will interplay, by having eLORAN as a time-distribution service for pseudoranging based on eDME
and LDACS-NAV, while also providing service to remote and coastal regions that LOS-limited systems
cannot. By implementing the recommendations, the airspace will regain some of the safety margins lost
to GNSS RFI. It will also become more resilient to potential future disruptions, maintaining efficiency
during incidents that would cripple air traffic, if they were to occur today.

The specific CPNT implementation adopted by each country or region will be dependent on a large number
of considerations. For example, a region with dense DME infrastructure might want to prioritize eDME
transition, whereas a region with little or no existing DME may want to prioritize LDACS-NAV, particularly
if they need to upgrade aeronautical COM. More sparsely populated regions may find eLORAN most
effective. All this points to the need for additional system engineering trade studies to be conducted to
provide more specific cost/benefit information to policy makers.

Modernized CPNT will require public and private infrastructure investment. But just as important, there
needs be a sense of urgency in government and industry to address these issues that go beyond funding.
Implementing modernized CPNT in a timely fashion necessitates breaking down institutional barriers.
Improved cooperation is needed between different government agencies, industry and government
regulators, and internationally, to develop technologies, create industry standards, and deploy
infrastructure.
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Appendix: CPNT System Analysis

The appendix presents the details of the analysis at the core of the report. The findings, summarized in
Figure 7, are the basis for the recommendations on modernizing terrestrial radionavigation. The proposals
for three specific systems (eDME, eLORAN, LDACS-NAV) recommended, are derived directly from this
appendix.

VOR/DME

Achievable Performance and Coverage: The cross-range positioning accuracy of VOR degrades with
increasing distance between user and GBNA, whereas DME ranging accuracy is almost independent of
that distance. As specified in FAA AC 20-138D (Federal Aviation Administration, 2016) a single VOR/DME,
depending on the flight path relative to the station, can support RNAV 1 performance out to 12 NM,
RNAV 2 to 30 NM and RNAV 5 to 75 NM. While the maximum operational range for VOR is about 100 NM,
at these longer ranges performance would not support RNAV 5 (FAA, 2016), therefore in our high-level
summary in Figure 7, we use 75 NM as the operational range. Furthermore, as stated in RCTA DO-236E
(RTCA SC-227, 2025a), VOR/DME is not approved for RNP procedures.

Deployment Status / Ease of Deployment: VOR and DME are legacy systems likely found on any Part 25
(transport class) aircraft. That makes VOR/DME automatically backwards compatible, but due to VOR
limitations, it cannot be considered a viable candidate for modernized CPNT. A single VOR/DME
installation can support RNAV 5 at best.

Spectrum Compatibility and Capacity Limitations: DME is a high-power pulsed system, with high peak-
to-average power ratio (PAPR), occupying 1 MHz channels, with strong potential for inter- and intra-
system interference on aircraft installations, thus we evaluate it as having poor spectral compatibility.
Furthermore, because of the two-way ranging mode of operation (aircraft interrogation and ground
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station response), there are definite capacity limits on the number of aircraft that a single DME ground
station can support.

Support for Timing and Other Applications: VOR/DME is an aviation-specific system and does not provide
timing.

Authentication: VOR and DME signals include Morse Code Identifications (IDENTSs), yielding a rudimentary
authentication capability. In addition, their high power levels make them harder to jam or spoof.

Recommended Use Cases: VOR/DME is a legacy system that is unable to support RNP. Except if there is
a need to service older aircraft and general aviation, it is recommended that over the long-term VOR be
phased out and replaced with modernized terrestrial CPNT sources.

DME/DME

Achievable Performance and Coverage: As specified in FAA AC 20-138D (2016) an aircraft equipped with
a DME/DME can support RNAV 1 performance out to about 140 NM, although DME/DME usage is
permitted out to 160 NM.

Deployment Status / Ease of Deployment: DME/DME is an existing system, widely used around the world
(International Civil Aviation Organization, 2023), so is automatically backwards compatible.

Spectrum Compatibility and Capacity Limitations: As explained above, DME has poor spectral
compatibility and suffers from capacity limits on the number of aircraft that can be supported. Spectral
crowding has led to the number of available DME channels dropping to zero in some parts of Europe. That
means: no new DME ground transponders can be installed.

Support for Timing and Other Applications: DME/DME is an aviation-specific system and does not provide
timing.

Authentication: As explained above, DME provides rudimentary authentication, and DME power levels
make it harder to jam or spoof.

Recommended Use Cases: DME/DME is a legacy system that is unable to support PBN procedures with
low TSE, although with RNAV 1 it supports most existing non-precision approaches. As discussed below,
it is recommended that DME be modernized to support RNP.

Multi-DME

Achievable Performance & Coverage: Because of the measurement redundancy provided by using three
or more DME ranges in a solution, multi-DME has the potential to support OBPMA, thus could support
RNP instead of RNAV. Similar to the discussion for DME/DME, we assess that multi-DME may support
RNP 1 out to about 140 NM (RTCA SC-227, 2025b).

Deployment Status / Ease of Deployment: Multi-channel, scanning DME avionics are available today,
though upgrading older aircraft may require an FMS upgrade, along with the upgraded DME, which might
be cost-prohibitive.

Spectrum Compatibility and Capacity Limitations: The capacity limitations of multi-DME are worse than
DME/DMIE, since as the airborne system is interrogating three or more DME ground stations, the overall
signal traffic increases. There are indications that this is already causing interference issues in high-traffic
areas.
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Support for Timing and Other Applications: Multi-DME is an aviation-specific system and does not
provide time.

Authentication: There is no authentication included in the DME waveform.

Recommended Use Cases: Multi-DME is an existing system that is able to support modern PBN
procedures at a level of RNP 1. Multi-DME can serve as a beginning for evolved CPNT.

Enhanced DME (eDME)

Achievable Performance and Coverage: Similar to multi-DME, eDME avionics would range to three or
more ground stations and therefore would support OBPMA. In addition, the eDME signal-in-space
includes coherent carrier phase, enabling carrier smoothing of ground-to-air DME pseudoranges which
will greatly mitigate multipath, which is the dominant error in DME. With the improvements in ranging
accuracy, it is predicted that eDME could support RNP 0.3, with an operational radius from the eDME
ground station of about 140 NM (RTCA SC-227, 2025b).

Deployment Status / Ease of Deployment: eDME will require both new ground and airborne equipment.
However, as ground stations are upgraded, they would still be able to support legacy DMEs making eDME
fully backwards compatible.

Spectrum Compatibility and Capacity Limitations: eDME includes a pseudoranging mode of operation,
reducing the frequency at which the airborne radio would need to interrogate ground stations. Depending
on the accuracy of the GS network synchronization, the frequency of interrogations could be much less
than 1 Hz, after initial acquisition. Thus, eDME should have much improved capacity compared to existing
DME. However, the waveform would still be less than optimal from a PAPR perspective.

Support for Timing and Other Applications: Depending on whether ground stations are synchronized, it
is possible that eDME could support timing. However, eDME would still be an aviation-specific system and
would not support other applications.

Authentication: eDME is expected to have improved data communications capability, so some form of
authentication will be included, although the low data rate would likely limit the authentication reliability.

Recommended Use Cases: eDME would be able to support modern PBN procedures to a level of RNP 0.3,
making eDME a prime candidate to support terminal area and non-precision approach operations. The
relatively long range of DME means that eDME could support domestic enroute operations in higher traffic
areas at a level of RNAV2 with perhaps only modest increase in ground station deployment.

elLoran

Achievable Performance and Coverage: A major advantage of eLORAN is that it is a very high-power
ground wave operating at 100 kHz, thus its propagation is well beyond line of sight, up to 1000 NM, so
operations can be extended to remote continental and coastal areas with relatively sparse ground
installations. With ground monitoring providing real-time ground conductivity measurements in the
vicinity of the user, eLORAN can provide precise time and positioning. Along with the accuracy and
integrity provided via the eLoran data channel, RNP 0.3 is achievable. (International LORAN Association,
2007). At longer ranges without ground monitors in the vicinity, it is expected RNAV 1 could be supported,
although over saltwater propagation errors are much less, so RNP 1 or better might possible, with enough
measurement redundancy.
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Deployment Status / Ease of Deployment: While there are some eLORAN stations deployed or planned,
new ground infrastructure will be required to provide widespread service. Furthermore, certified eLORAN

airborne receivers do not presently exist, nor are there any industry design standards for such equipment.
Therefore, deployment of eLORAN for aviation will be a years-long process.

Spectrum Compatibility and Capacity Limitations: eLORAN operates at 100 kHz, far from GNSS L-band
frequencies, which is why we evaluate it highly on the spectrum compatibility criterion. Furthermore,
eLORAN is a passive system, so is not capacity limited.

Support for Timing and Other Applications: eLORAN is capable of disseminating timing at a level of 100 ns
or better, more than adequate for most aviation applications. eLORAN also can support maritime, ground
mobile, and network timing applications, so investment in eLORAN infrastructure could be quite cost-
effective.

Authentication: Authentication is supported in the eLORAN data channel, which includes encryption, but
the low data bandwidth means that this will be limited in the level of sophistication. On the other hand,
the high transmit power of eLORAN and it 100 kHz broadcast frequency would be challenging, this making
transmission of a similar signal capable of jamming or spoofing very unlikely.

Recommended Use Cases: eLORAN could be used for enroute and terminal area navigation down to RNAV
1 and also support NPA with minimal ground monitoring and considerably less ground infrastructure than
other systems. In many areas, ground monitoring capability installed for maritime harbor entrance
navigation could also be used to support RNP 0.3 at nearby airports. Another key potential use of eLORAN
would be a means to synchronize ground stations for other CPNT sources, like eDME or LDACS.

LDACS-NAV

Achievable Performance and Coverage: As LDACS is still undergoing development and standardization,
the performance of a future LDACS-NAV is speculative. However, under assumption of adequate multiple
ground station coverage and ground network synchronization, simulated LDACS-NAV results show
support for RNP 0.3 or better and ADS-B NACp = 8 (Zampieri et al., 2023). While LDACS transmits at 1% or
less of the peak power of a DME, the strong forward error correction coding enables reception at ranges
that equal or exceed DME, although still LOS-limited.

Deployment Status / Ease of Deployment: LDACS-COM is currently undergoing ICAO standardization, but
the LDACS-NAV standardization process has not started. Furthermore, LDACS will require new avionics
and ground installations, and initial deployment would likely occur in areas with high air traffic density,
where legacy VHF datalinks do not provide sufficient capacity. Therefore, early LDACS-NAV capability
would likely be limited to terminal areas and would likely require additional ground stations to be
deployed beyond the needs of COM if it is to be a standalone CPNT source. LDACS is designed to be
compatible with existing L-band avionics, although it is likely that older surveillance equipment may need
to be replaced with newer units that have better out of band signal rejection characteristics.

Spectrum Compatibility & Capacity Limitations: The low transmit power of LDACS (relative to DME) and
the dual COM/NAV use makes for excellent spectral compatibility. as does the fact that it matches
improves on the navigation performance of DME at 0.1 % of the peak power. But it is capacity limited as
any two-way COM system.
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Support for Timing and Other Applications: LDACS has a defined system time definition that is traceable

to GNSS time standards/UTC (ICAO DCIWG PT-T, 2024). LDACS is being developed for aviation applications,
but its multifunction capabilities would make it useful for emerging AAM applications.

Authentication: The LDACS COM implements state-of-the-art multi-layered data security, encompassing
both the control and data planes, to address modern cyber threats (ICAO DCIWG PT-T, 2024). These
capabilities can benefit CPNT security as well.

Recommended Use Cases: Around airports and terminal control areas it may be cost effective to deploy
LDACS to provide both high-capacity COM and CPNT. In places where LDACS coverage is limited to one or
two stations at a time, LDACS ranging measurements could serve as an augmentation to eDME
measurements, thus an area where eDME can only provide LNAV 1, might be able to support RNP 1 or
RNP 0.3.

LEO PNT

Achievable Performance and Coverage: It does not seem likely that aviation authorities would accept use
of signals of opportunity from LEO-SATCOM signals absent some sort of performance guarantees. Thus,
even though considerable attention has been garnered from demonstrations of PNT from massive LEO-
SATCOM constellations like Starlink, it is our position that they are not suitable for safety-of-life
applications. There are other LEO systems that are intended for PNT, such as the deployed Iridium/STL
system and the proposed constellations from Xona Space Systems and TrustPoint. Iridium does not
provide snapshot positioning solutions, but instead relies on accumulated Doppler observables over
minutes. This is fine for static positioning or on slow-moving platforms like ships, but for aviation high-
rate positioning would require integration with stable inertial navigation systems. This might be
acceptable for some classes of users but cannot be assumed for all users. The concepts from Xona and
TrustPoint propose to provide snapshot positioning. While coverage from these systems might be global,
it is hard to assess what kind of integrity case can be made for these services, so we can only speculate
what operational service level can be obtained.

Deployment Status / Ease of Deployment: Iridium/STL is deployed, and aviation receivers for the basic
Iridium COM services are available, but these would have to be upgraded for the Iridium/STL PNT
capability, and these radios would likely need to meet higher design assurance levels. Other systems
would need new satellites, avionics and ground control installations. The certification complexity implies
it would take many years for standards and equipment to be developed.

Spectrum Compatibility and Capacity Limitations: To the extent these systems would operate outside
the GNSS bands they can be regarded as spectrally efficient. Some of these systems will have capacity
limits if they involve two-way communication, like Iridium.

Support for Timing and Other Applications: It is likely that these systems would all be able to provide
timing and definitely could support other applications.

Authentication: Presumably some sort of security features could be built included, but this is difficult to
evaluate.

Recommended Use Cases: LEO PNT could be used for synchronizing ground infrastructure particularly
over longer distances.
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5G Cellular
Achievable Performance and Coverage: While cellular systems have been widely used in different ways
for pedestrian and ground vehicle navigation, the standard protocols would likely not apply to fast-moving
aircraft flying at thousands of feet above the ground. There have been many demonstrations using cellular
signals of opportunity for drone positioning, but as discussed above, absent some sort of performance
guarantees, this would likely not be acceptable for civil air transport. The relatively short range of current
cellular systems implies that a combination of new signal structures and more ground infrastructure
would likely be needed to provide coverage.

Deployment Status / Ease of Deployment: The fast-paced development cycles of mobile applications can
be incompatible with aviation and fundamental questions remain open, such as whether mobile operators
are willing to subject their systems to the rigorous certification processes that are customary for aviation
systems.

Spectrum Compatibility and Capacity Limitations: The use of spectrum outside of GNSS bands would
make mobile cellular spectrally efficient from the aviation perspective. While the high bandwidth of 5G
systems implies many users can be supported, individual ground stations would have capacity limits and
it is questionable how aviation could be supported at the same time as terrestrial users.

Support for Timing and Other Applications: It is likely that these systems would all be able to provide
timing and definitely could support other applications.

Authentication: As a two-way communication system some security features are built in. The benefits of
such features for a CPNT service need to be quantified.

Recommended Use Cases: 5G cellular is a good candidate for emerging AAM applications that will fly at
lower altitudes and slower speeds than air transport aircraft.

Commercial Pseudolites

Achievable Performance and Coverage: Most of these systems have short range as they are intended for
urban or indoor environments. Locata (Rizos & Yang, 2019) has been used at longer ranges at DoD test
ranges for truth positioning during GPS jamming and is able to achieve well below meter-level accuracy.
NextNav has been demonstrated as a GNSS backup for low-altitude drones (Tenny & Humphreys, 2022),
but it is unclear how it would perform at the altitudes associated with air transport aviation.

Deployment Status / Ease of Deployment: It is unclear if the owners of these systems would be willing to
subject their systems to the rigorous certification processes that are customary for aviation systems.

Spectrum Compatibility & Capacity Limitations: The use of spectrum outside of GNSS bands would make
most of these systems spectrally efficient from the aviation perspective. Some systems are passive,
whereas others are two-way, so it is an open question on how well aviation could be supported.

Support for Timing and Other Applications: It is likely that these systems would all be able to provide
timing and definitely could support other applications.

Authentication: Presumably some sort of security features could be built included, but this is difficult to
evaluate.

Recommended Use Cases: Possible candidates for emerging AAM applications that will fly at lower
altitudes and slower speeds than air transport aircraft.
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