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The GPS-aided GEO augmented navigation (GAGAN) -

The Indian satellite based augmentation system (SBAS),

Has widely been used in aviation since its inception.

However, the applications in non-aviation segments

Such as railways, surveys, marine, disaster management, LBS, research ...
Have been not only been encouraged but also publicised time to time

Like Real Time Train Information System, Gagan
Message Service (GAMES) and many more.

As in this issue of Coordinates, Mr Narayan Dhital provides

An assessment of GAGAN performances for precision
aircraft approach and landing (page number 9),

Would n’t it be prudent to evaluate if the potential of GAGAN
applications in other segments has been optimized?

Bal Krishna, Editor
bal@mycoordinates.org
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Distributed GNSS positioning-
as-a-Service: Death of a

traditional GNSS recejver?

A traditional perception of a black-box GNSS receiver served for the GNSS PNT has
dramatically evolved into a completely novel concept of distributed GNSS Positioning-as-a-
Service, utilising the latest developments in computer science, mathematics, and statistics
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A traditional perception of a black-box
GNSS receiver served for the GNSS
PNT has dramatically evolved into a
completely novel concept of distributed
GNSS Positioning-as-a-Service, utilising
the latest developments in computer
science, mathematics, and statistics.

Satellite navigation has become an
essential cornerstone of modern
civilisation, a fundamental component
of national infrastructure, and a public
goods, enabling and driving a vast range
of technology, and socio-economic
systems and services. A prevalent view
of GNSS utilisation still depicts an
image of a user with a device in his or
her hand magically producing position
and velocity estimates and perfect timing
synchronisation using some marvels

of mathematics and statistics, signal
processing, radio communications,
electrical and mechanical engineering.
While such an image may be found in
diminishing number of occasions, such
a description of GNSS Positioning,
Navigation, and Timing (PNT) service
is not only changing, but has become
obsolete. Recent developments in
computer science, mathematics and
statistics, and signal processing have
revolutionised a traditional view of a
black-box GNSS receiver performing
the complete GNSS position estimation
process [10]. Introduction of the
Software-Defined Radio (SDR) concept,
Machine Learning (ML) methods and
algorithms, fast internet connections and

advanced computational techniques, such
as Cloud Computing, renders the GNSS
position estimation process more resilient
to external (environmental) adversarial
and detrimental effects, distributed

and, therefore, transparent [6, 7, 10].
Transparency and resiliency of GNSS
position estimation process has opened
an enormous room for developments,
enhancements, and improvements which
leads to en entirely new concept of GNSS
Positioning-as-a-Service, described in
this manuscript. The GNSS Positioning-
as-a-Service concept is defined as a
mathematics-established and software-
based GNSS position estimation process
set on a distributed computing platform.

The traditional concept of GNSS
positioning has equalised the GNSS
position estimation process with a GNSS
receivers, rendering it a black-box
delivering position, velocity, and time
estimates [7, 10]. Such a concept was
suitable for initially anticipated military
applications of satellite navigation. It
was later transferred into commercial
domain through the process of wider
acceptance of satellite navigation [1, 7].

The GNSS PNT service is conducted
through the GNSS position estimation
process, comprising three essential
domains [3, 5, 6, 7], as depicted

in Figure 1: (i) Radio Frequency
Domain (RFD), (ii) Base-Band
Domain (BBD), and (iii) Navigation,
or Application, Domain (ND).

(BoorImales August 2023 | 5



In the reference to GNSS positioning
tasks, the RFD deals with the received
modulated satellite signals performing
conditioning, demodulation, and
conversation of the signals. The BBD
measures raw GNSS pseudoranges
and extracts related information from
the Navigation Message. The ND
applies detrimental effects counter
measures on raw GNSS pseudorange
measurements, such as the ionospheric
and tropospheric delays corrections,
and performs the GNSS position and
positioning errors estimation based on
the Navigation Message information
and the mitigated GNSS pseudoranges.
Selection and applications of methods
and techniques for the GNSS position
estimation process are governed by the
characteristics of the system architecture
selected for the GNSS position estimation
process implementation [6, 7].

Traditional concept of a GNSS receiver
assumes the prevalent utilisation of
dedicated electronic circuits, electrically
pre-programmed to perform a dedicated
tasks. The concept allows for fitting into
a single black-box GNSS receiver unit,
but lacks flexibility in modification,
upgrade, and multi-usage of the initially
pre-defined hardware of a particular
purpose [6, 7].In the process of increased
utilisation of GNSS as the critical and
enabling foundation technology, the
traditional view on the user equipment,
GNSS receivers, has started to emerge as

GNSS receiver aerial

a growing obstacle to development. As it
happens with every technology, satellite
navigation is vulnerable to numerous
adversarial effects, both natural, such as
space weather/ionospheric and multipath
causes of satellite signal delays and
reception disruptions, and artificial, such
as spoofing, meaconing, and jamming [2,
4,5,6,8, 12, 13]. GNSS operators attempt
to assist with mitigation of such effects
using the globalised correction models,
augmentation systems such as EGNOS
and WAAS, and the provision of additional
information for the internet-connected
user equipment. The attempts generally
yield a mixed success, as majority of the
effects are related to GNSS positioning
environment conditions in the immediate
vicinity of the unknown position at which
the GNSS signal reception takes place
[7]. The GNSS operator is prevented in
the provision of the suitable correction
and mitigation information by the very
nature of the GNSS position estimation
and the inability to be aware of the

user’s GNSS positioning environment

at a required scale. Furthermore, the
results of the GNSS positioning process
serve increasingly a GNSS application,
system or a service, and are generally not
presented in its raw form to the GNSS
end-user [6, 7]. The manner of assessment
of the GNSS positioning performance is
more related to the core GNSS processes,
and, consequently, suits the traditional
view of a GNSS receiver. However, it
fails in establishing a productive and

Radio Frequency Base —Band

Domain (RFD)

Domain (BBD) | |

GNSS — based
application

Navigation
Domain (ND)

Software — Defined Radio (SDR) units

Figure 1. GNSS position estimation process is extended over three essential domains, two of
them now implemented as a software-based platform of the Software-Defined Radio, SDR.

' RE signal ' GNSS GNSS GNSS GNSS-
.éess'.in - pseudorange {» pseudorange  —m- position - based
R ing measurement correction estimation .agpii(;atiqn
software-defingd
Mobile Unit (MU) closely integrated
GNSS Application Framework (GNSS-AF)

Figure 2. Distributed GNSS Positioning-as-aService
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pragmatic compliance with the needs

and requirements of a GNSS application
that will utilise GNSS position estimates
to produce a service or an information
based on GNSS-based position estimate.
GNSS applications need some form

of GNSS positioning error estimate to
determine the Quality of Service (QoS)
of a particular GNSS application [1,

7, 10]. For instance, GNSS operators
usually express the estimated positioning
error in terms of ideal positioning
environment conditions: unobstructed
view of horizon, averaged ionospheric
and multipath effects. The approach
yields the range of GNSS positioning
errors, in anticipated extremes, which

are generally of sparse use for GNSS
application developers, operators, and
users, since the positioning error estimates
may fluctuate over time widely and
unexpectedly in and out of the acceptable
range for the particular GNSS application.

The shortcomings of the traditional
approach in implementation of the GNSS
positioning process through a single
black-box mobile GNSS receiver may

be summarised as follows: (i) GNSS
pseudorange error correction using the
global models fail in recognition of the
real positioning environment conditions,
which render them sub-optimal and
generally inefficient in the mitigation of
various adversarial effects on GNSS PNT.
(i1) Specification of the core GNSS PNT
QoS do not translate into GNSS-based
application QoS needs, which reduces and
limits significantly potentials for GNSS
application development and operation.
(ii1) GNSS augmentation and assistance,
such as SBAS: WAAS, EGNOS require
additional infrastructure, which is
generally very complex and expensive for
establishment, operation, and maintenance
and still provide sub-optimal results in
mitigation of the adversarial effects on
GNSS PNT. (iv) The raising number of
artificial adversarial effects on GNSS
performance and operation requires
additional infrastructure and effort

for mitigation of their causes (GNSS
spoofing, jamming, and meaconing)

[2], as GNSS cyberattacks which may
additionally raise the mitigation costs.



Our international research team assessed
the recent related developments,
including: (i) Software-Defined Radio
concept utilisation in user segment of
GNSS that renders the GNSS positioning
process transparent and manageable, (ii)
abundance of machine learning methods
and techniques, suitable for a wide

range of classification and regression
(predictive modelling) problems solving,
(iii) breakthrough developments in the
provision of fast, reliable, and ubiquitous
mobile internet communications, (iv)
available and affordable advanced
computing frameworks and methods,
such as cloud computing, (v) availability
of machine-readable positioning
environment-related data, such as space
weather and ionospheric conditions
observations, (vi) structured classification
of GNSS applications and their needs
and requirements for GNSS PNT
performance. The assessment results

in the proposal of a novel concept in
definition, description, and deployment
of GNSS positioning process, we called
the GNSS Positioning-as-a-Service [7].
The new concept is depicted in Figure 2.

The GNSS Positioning-as-a-Service
extend the architecture comprising a
Mobile Unit (MU) and a GNSS application
Framework (GNSS-F), connected via
mobile internet service [7]. The GNSS
positioning process is distributed here
between the two constitutional units.

The MU performs tasks related to the
initial RF signal processing and the
Base-Band Domain (GNSS pseudorange
measurement and extraction of related
data from Navigation Message), and
packs the tasks results (raw GNSS
pseudorange measurements observed
Navigation Message data, and optional
observations of the immediate GNSS
positioning environment conditions, such
as geomagnetic field density components
values, if the MU is equipped with the
suitable sensors) into a tailored protocol
for transmission to cloud-based unit. The
GNSS-AF utilises the observations of the
immediate GNSS positioning environment
conditions, if received, and trusted third-
parties observations and estimations for
development and operation of bespoke

The proposed GNSS Positioning-as-a-Service

emerges as a groundbreaking novelty, providing

numerous benefits and advantages, while opening

widely the room for robust and QoS-guaranteed

GNSS applications development and operations

machine learning-based correction models
for mitigation the adversarial effects
contained in raw GNSS pseudoranges

[5, 6,7, 9]. GNSS pseudoranges become
corrected optimally in the sense of the
actual immediate GNSS positioning
environment conditions. Corrected GNSS
pseudoranges then serve as inputs to
GNSS position estimation algorithm,
which software implementation returns
the improved position estimates. In that
sense, the cloud-based unit performs

the tasks of the Navigation Domain

of the GNSS positioning process.

The proposed GNSS Positioning-as-
a-Service concept recognises a GNSS
application closely integrated with the
task related to Navigation within the
GNSS-AF. This novelty establishes a
GNSS application in charge of definition,
development and operation of correction
models, as well as of selection of the
position estimation methods, all of them in
relation to the needs and requirements for
the GNSS PNT performance for the GNSS
application in question. The integration
between the Navigation Domain tasks and
a GNSS application anticipated to use the
results of the GNSS positioning process
resolves the lack of compliance with

the core GNSS positioning performance
and the needs and requirements for the
GNSS application QoS [1, 7]. As the
result, the GNSS position estimates
emerge as optimised to the PNT needs and
requirements of a GNSS application [7].

The active involvement of a GNSS
application in the GNSS positioning
process allows for tailored configuration
of GNSS positioning performance as
optimised to the needs and requirements
of GNSS application. It utilises the

situation awareness concept of mitigation
the adversarial effects on GNSS PNT in
consideration of the actual positioning
environments conditions, based either on
the mobile unit’s observations, or on data
provide by trusted third-party providers
(US NOAA, US NASA, EU Copernicus
etc.) [5, 7,9, 10]. The proposed GNSS
Positioning-as-a-Service allows for re-
definition of the GNSS positioning
performance, including accuracy, in
terms of scenarios and conditions of
actual utilisation. This approach relieves
the GNSS operators of the mission-
impossible task to guarantee the GNSS
PNT performance, determined mostly with
the users positioning micro-environment
conditions, the scenario of usage, and

the meeds and requirements of a GNSS
applications which are all unknown to
the GNSS operator. Within the GNSS
Positioning-as-a-Service concept, the
GNSS operator may focus on advanced
spectrum management and protection,
and signal structure improvement and
protection, without the involvement in
issues outside its outreach and control.

Our research team has developed a
laboratory GNSS Positioning-as-a-Service
development and simulation framework,
based on the software developed in the
open-source R environment for statistical
computing. The framework operates in
Laboratory for spatial Intelligence of
Hrvatsko Zagorje Krapina University of
Applied Sciences in Krapina, Croatia. It
serves research in mathematics, statistics,
signal processing, and computer science
in relation to advance the GNSS PNT
performance with the novel position
estimation methods, and for detection,
identification and mitigation of both
natural and artificial adversarial effects

(Boormales August 2023 | 7



on GNSS PNT performance. The results
accomplished make contribution to
scientific developments, while at the same
time being exploiting in industry, and
serving as important source of knowledge
in the academic education process.

The proposed GNSS Positioning-as-a-
Service emerges as a groundbreaking
novelty, providing numerous benefits and
advantages, while opening widely the room
for robust and QoS-guaranteed GNSS
applications development and operations.
Enhanced PNT performance, detection of
and resilience against natural and artificial
(spoofing) [2] adversarial effects on GNSS
PNT, alignments to GNSS application
QoS, and quantifying the risk of the GNSS
uitilisation for particular GNSS-based
application [11, 12] are among the numerous
opportunities resulting from the GNSS
Positioning-as-a-Service implementation
and operation. The novelty also opens

a number of challenges to the existing
framework of the GNSS PNT performance
management, as GNSS positioning enters
the field of ICT services, including:
redefinitions of regulations and processes,
operations, standardisation & certification,
regulations of operations and international
trade, international co-operation, targeted
academic and professional education.
While our team continuous in research,
development and exploitation of the
proposed concept, we believe the GNSS
Positioning-as-a-Service is to set the new
standard, attract research interest, and
open the vast range of developments,
advancements, and co-operation in the field
of satellite navigation and its applications.
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The study provides an assessment of GAGAN services for APV-l and APV-
[l over the Indian territory. Satellite error bounds and ionospheric error
bounds are analyzed as the main contributing integrity parameters.
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Abstract

This article provides an assessment of
GAGAN performances for precision
aircraft approach and landing. The single-
frequency GPS-based SBAS requirements
set by ICAO are used to assess the
GAGAN satellite integrity messages

and compared against other existing
global SBAS systems. It is evident from
the analysis that GAGAN is capable to
support RNP 0.1 aircraft procedures and
for most of the period also the APV-I
procedures. But the 99.99% availability
is not met for APV-I and APV-II is a bit
far-fetched. The impact of the ionospheric
events is larger for the GAGAN system
than the established WAAS and EGNOS.
For the characterization of the observed
performances, three critical points are
focused on throughout the article: a.
zero-mean Gaussian assumption of the
integrity system b. correction confidence
bound for satellite clock and orbit, and c.
ionospheric model and threat space. An
insight into the potential evolutions of the
integrity systems and the performances
are given considering two aspects: a.
Dual-Frequency Multi-Constellation

b. consideration of individual bias to
accommodate non-zero mean and non-
Guassian measurement errors rather than
conservative inflation of the variances. The
findings from the article attempt to bridge
the gap in the literature regarding the
GAGAN system integrity performances.

Introduction
GPS Aided Augmentation System

(GAGAN) is one of the latest SBAS
systems certified for en-route aircraft

operation since 2013 (PBI, 2015).

As the first system in the equatorial
region, GAGAN System was certified

by DGCA in 2015 for Approach with
Vertical Guidance (APV 1) and en-

route (RNP 0.1) operations. In recent
years, there have been successful trials
and implementation of GAGAN-based
aircraft procedures in Indian airports).
There is also a mandate by DGCA for all
new aircraft after 2021 to be GAGAN-
equipped (PBI, 2022). On top of that the
recent public information regarding the
order of a large number of aircraft fleets
from Airbus and Beoing is a testament to
a flourishing downstream market for the
GAGAN system (Indiantimes, 2023). The
technical description of the system and
application is provided in the GAGAN
information portal and its literature
section (AAI, 2023). From a technical
perspective, the integrity system is similar
to the existing EGNOS and WAAS

and adheres to the ICAO MOPS (AAI,
2023). However, the literature on the
performance evaluation of the GAGAN
system is very limited (Insidegnss, 2016).
There is couple of analysis from Thailand
and Srilanka (Sophan, 2022) but only
focused on the user positioning accuracy.

Regarding the necessity of the integrity
performance assessment, it has been
well known that it is not possible to
compute the actual error introduced by
satellites in real-time flight operations.
At the same time, the errors introduced
by the user aircraft, mostly the noise and
multipath, are not known to the SBAS
integrity monitoring system. The only
way possible for integrity provision is
to bound in real-time the potential user
error in the worst-case scenario and

(Boormales August 2023 | 9



protect the user from hazardously misleading information. This
has to be validated by the data analysis based on the established
model. It has been a common concept since the early days of
the SBAS integrity system to consider the zero-mean Gaussian
nature of measurement errors that are observed in the system
monitoring side. The total variance of error terms can be
computed by a simple summation of each error term as all errors
are independent and uncorrelated. These simple assumptions
allow the propagation of covariance from psuedorange domain
to the position domain and obtain the protection level (Walter
et. al, 1999, NAVIPEDIA, 2006, Ober et .al, 2023).

Figure 1 represents the Gaussian distribution of the actual errors
fully defined by the variance term and the mean value and the
overbounding Gaussian distribution defined by only the variance
term. It is the overbounding gaussian distribution that is broadcast
to the user as the integrity parameter. The inflation of the Gaussian
distribution is activated when the threshold is reached by the bias
in the measurement error. The bias caused by the faulty situation
could still be well below the threshold and covered by the tail of
the zero-mean nominal gaussian distribution. The K- factor makes
sure that only the allowed probability of missed detection of bias
and faults occurs. When the bias is just above the threshold, the
Gaussian distribution is inflated but the zero-mean property is

still conserved. In this way, the overbound distribution covers the
tail error probability as well as the peak error probability. The K
number is computed as the minimum value for the given o, (and

> o). This creates an overbounding Gaussian distribution which
is tangent at the point to the actual distribution and above it at

all other points. To also consider the individual bias p , it is best
to optimize o, and K factor that minimizes the protection level.

KN, (po,0¢) = Ny (g,0,) (1)
¥ Oo-1a)?

£ e_ﬂ 2 £ e_ 2‘73 (2)

(4} Oq

Here the K value depends on the tolerable probability of
having an error greater than the protection level value.
For a probability the K value is 5.33. The derivation of
the K value is well documented in the references (RTCA,
2020, NAVIPEDIA, 2006). It is computed from the

basic statistical law of the cumulative distributive.

-7
K (V_PA) = Normal cdf ~(1- %) =5.33,
for one-sided exceed probability of 107"

2

-9
K (H_PA) = Normal cdf ~1(1- 22—) = 6.0, for
-9
one-sided exceed probability of 19~
2

The zero-mean Gaussian assumption is key because it
overbounds the nominal (fault-free) errors in the measurements.
The individual error (residual variance) is independent and
uncorrelated and hence the total variance per satellite is also
Gaussian in nature. This also has an implication in the system
monitoring where statistical analysis such as the Chi-square test
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can be used to detect and remove bad data as the summation

of multiple Gaussian distributions follows the Chi-Square
distribution. In such a distribution, the K factor inflates the
variance to consider the probabilities of error occurrence in

the tail of the Gaussian distribution. This same approach and
assumption in the system side of the SBAS and the user aircraft
allow to compute the integrity. There is no reliable way to know
the actual errors in real-time at any location and there could

be a bias coming from the user location which is violating the
Gaussian distribution, in that case, it would be a hazardous
situation if position error is indeed above the protection level and
the alert limit. Though, it needs to be recalled that even in the
nominal situation the error distribution does not follow the perfect
Gaussian distribution (as explained in Figure 1). The only way to
provide integrity is to overbound it using the Gaussian distribution
with inflated variance. When propagated in the position domain,
the PL is increased to protect the user. It is also difficult to

inflate the PL for all scenarios in real-time and the incorporation
of biases originating in fault scenarios is not straightforward.
(Insidegnss, 2020) shows in an intuitive statistical simulation
why and how Gaussian distribution is assumed and how inflated
distribution protects the user. The bias coming from Satellites

is well observed by the RIMS. The correction confidence

bound (covariance matrix) helps to lower the variance based

on the location of users. Only the ionospheric events are tricky
to handle where the specific bias could arise to some users

which are not captured by the observations in the RIMS Iono
model. But to some extent, this factor is also considered in

&

ﬂ ——
Figure 1: (Top) The nominal distribution of the GAGAN measurement
errors shown in the blue curve with . It overbounds the actual
distribution of the error represented by the yellow curve with. The
biased distribution is well within the threshold indicated by red line.
In this scenario, the nominal distribution protects the user without
inflating the variance. (Bottom) The biased distribution is just above
the defined threshold. In this scenario the GAGAN system shall treat
it as a fault like scenario. The broadcast integrity information can still
accommodate the fat tail-error distribution as it broadcast the inflated
variance based on the zero-mean Gaussian distribution shown by the
blue curve. Without a need to consider the bias in faulted scenario,
the inflated variance overbounds the tail of the true error distribution.
The 1-sigma value is scaled by the K factor, which is determined as in
Equation 1 and 2.



the GIVE computation. The only drawback with these is that
the variance is inflated for all users to protect from any threat
and hence the availability is impacted. Such conservative
assumptions have multiple limitations: a. the actual correlations
appear to be negative b. they combine to reduce the overall
positioning error rather than increase it (Walter et. al, 1999).

Is there a way to consider the integrity on the user side where the
biases are also considered without having to inflate the variance?
Some insights into it will be provided later in this paper.

In terms of mathematical formulation, the following
equations (Equations 3-8) capture the essence of individual
errors characterized by independent, zero-mean normal
distributions, and the global residual pseudo-range error

for each satellite (i-th ranging source) that may also be
characterized by the zero mean normal distribution whose
variance is simply expressed as the summation (Equation 4).

PL = kV/H 21\1:1 S,-Z 0','2 (3)

a'iz = ai,fltz + o-i,UlREz + O'i'a/cz + ai,Tropoz (4)
ai,fltz o« ITPI (5)
A% = (G"TWG)1G"WA Y (6)
P= (GTWG)_1 @)
di dgy dpy dpr
d d3 d d
p=|"EN "N NZ" NT 3
dpy dyy du dyr
der dyr dyr df

here P gives the full covariance matrix which is
available in the position solution computation.

The right side of equation 3 is in fact the third diagonal element
from this covariance matrix. The S term is the partial derivative
of the error in vertical direction w.r.t the pseudorange error

for the ith satellite. The weight matrix W is the inverse of the
variance for each satellite broadcast in the integrity message.

Impacts of satellite orbits and clocks on GAGAN

Each existing SBAS has its threat model for satellite orbits

and clocks to generate corrections and confidence-bound
information meeting integrity requirements. Each threat model
should fit its service area. The range error due to the fault on
board the satellite clocks can be observed from all ground
stations simultaneously and thus detected easily. For the satellite
orbit error, a non-nominal condition is not likely as the GNSS
satellites follow the orbit dynamics. The exceptional case of

orbit delta V maneuver and attitude maneuver is also predicted
and detected by the network of the ground station. The pseudo-
dynamic orbit prediction which uses both the deterministic
approach based on the physics and the measurement data
provides better confidence in the orbit position. To some
extent, the satellite clock estimation is stochastic as the clock
offset is characterized by a random walk process. Regardless
of it, the anomaly in the satellite clock can be detected by all
ground stations. In the nominal scenario, the most important
consideration for satellite ephemeris is needed regarding the
service coverage zone. The Message Type 28 Covariance
Matrix provides the confidence weight for each satellite

based on the user location. Equation 5 shows the relationship
between the modified variance of the satellite corrections using
the information from MT 28. It allows the lower inflation of
the variance for the satellite which has been well-monitored
(through good geometry) in the system. The confidence bound
for GPS satellite orbit and clock correction is location dependent,
where I is the line of sight from satellite to user aircraft, P

is the covariance matrix derived from the same estimation
procedures that compute the range error of the satellite clock
and orbit (often called User Differential Range Error (UDRE)).

To experimentally test this, the covariance matrix from MT28 is
used to compute the delta User Differential Range Error (UDRE),
which is dependent on the location of the airspace from where
the aircraft will receive the satellite signals. The confidence
interval of each satellite orbit and clock error on the line of sight
is multiplied with the broadcast UDRE to get the final variance
in the protection level calculation. The better the location of the
aircraft w.r.t the observability of GPS satellites monitored by the
GAGAN network, the better the protection level. An example
analysis using the Kazakstan airspace (within the GAGAN Geo
footprint) is shown in the results and interpretation chapter.

Impacts of lonospheric events on GAGAN

Non-nominal ionospheric events make the largest threat to aircraft
procedures. Each existing SBAS has its ionosphere threat model
to generate ionospheric correction information meeting integrity
requirements. Each threat model should fit its service area. As
ionospheric activity is a dynamic and natural phenomenon, none
of the threat models assure overbound anomalous events forever
(ICAO, 2016). Regular ionospheric monitoring is therefore
essential to confirm that the threat space is overbounding the
anomalies. For the GAGAN system, the distribution of the
monitoring network is not robust enough to capture anomalies

in the coverage edge (Sophan, et. al, 2020). On top of that the
coverage zone consists of a highly active equatorial ionospheric
zone. Scintillation effects are also prominent and impact the
received power and phase of GNSS signals and as such can cause
loss of lock on the GNSS signals and render the unavailability
and discontinuity of the system. The ionosphere threat model

is the actual function representing the associated threat space
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which has to cover the existence of the largest ionospheric
irregularities that might not have been sampled in the system
ground station (Sparks, et. al, 2021, ICAO, 2016). This is
depicted in Figure 2. In the next section, a detailed analysis is
performed to examine the GAGAN performances during the
nominal ionospheric situation and active geomagnetic storm days.

Analysis data set and methods
The selected timeframe for the analysis is summarized in Table 1.

The GAGAN messages are retrived from CNES ftp server.
For the user observation of GPS satellites, the RINEX

files from UNAVCO and CDDIS ftp servers are used. The
user observation of GPS data are collected from different
GNSS stations as indicated in Table 1. The site name
“KTM? refers to the station data from Kathmandu, Nepalese
airspace. Similarly “KZT” referes to Kazakhstan.

SBAS System
PP

User Aircraft
PP

Figure 2: The ionospheric model is based on the grid point radius
where the system observes the ionospheric anomalies from various
ionospheric pierce points. In the absence of a monitoring station in
the region where users are using the service, the irregularities could
go unobserved by the model and hence the variance term could be
either largely inflated or fixed to the values derived from the nearest
IGPs. This renders increased protection levels and potential service
unavailability. In some cases, the protection level might not capture
strong irregularities and hence actual error could be higher than the
protection level and alert limits without inflating the protection level.
This renders hazardously misleading information.

As the current solar cycle 25 is approaching its maximum,
there are frequent opportunities to analyze the impact on

the performance of the GAGAN system. The recent large
geomagnetic storm characterized by a Kp index higher than 7
is selected for the analysis. It is observed in past studies that
the GIVE index for SBAS systems is highly inflated to protect
the users against high uncertainty during the storm period.

The analysis method is based on the parameters obtained
in the position domain using the gL AB software. For
supplementary analysis and interpretation, ESA’s SBAS
MENTOR tool is used. Information regarding ionospheric
events and geomagnetic storms is derived from the

public information portal (Spaceweatherlive, 2023).

Equations 3-8 are used to compute the protection levels
for each data set with a sampling rate of 15 minutes. The
protection levels are checked against the [ICAO SARPs
(RTCA, 2020) requirement for various aircraft procedures
(RNP 0.1, LPV, LPV-200, APV-I, APV-II, and CAT-I).

As the analysis is done in the position domain, the nearest
ionospheric grid points are used to derive the user-

specific term ; yyg £ 2 using the obliquity factor and the
GAGAN broadcast GIVE index. This value has spatio-
temporal variability and as such both the coverage of
system monitoring and the ionospheric activities impact the
variance of the given user. During Kp > 7, it is expected that
the term is inflated more than in the nominal situation.

For the simulation where the impact of reduced ionospheric
activities is assessed, the assumptions of independent,
uncorrelated, and zero-mean distribution for individual

errors are kept. The errors from the satellite ephemeris and
the aircraft local errors are unchanged and only the variance
parameter of ionospheric distribution is changed and reflected
in the integrity parameter GIVE index. Higher confidence in
the ionospheric estimation for IGP surrounding the 85° E 25°
N Airspace is simulated. The impact on the protection level
and GAGAN availability are discussed in the next chapter.

Results and Interpretation

The vertical protection level (which is the important performance
parameter that enables higher precision landing down to auto-
landing in GBAS CAT) is not promising to support APV-I

Table 1: The timeframe for the analysis, selected sites and associated satellite and ionospheric events.

DEY Site Satellite Events lonospheric Events Remark

2022 (01 March - 31 April) KTM None Low Kp < 5

2022 (01 March) KTM None Low Kp < 5 Low lono Variance Simulation
2022 (01 March - 07 March) Delhi None Low Kp < 5

2023 (16 March - 30 March) Delhi None Low Kp > 7

2022 (01 March) KZT Weak confidence Low Kp < 5 To check MT28 impact
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(threshold: 50 m) or APV-II (threshold:
20 m) for Nepalese airspace. From

the horizontal and vertical protection
level analysis and Stanford analysis
(Figure 3 - Figure 6), it is evident that
the GAGAN system is currently not
suitable to support a precision approach
and landing in this region. This is also in
line with the recommendation from the
Airport Authority of India, that during
the nominal ionospheric activities, the
GAGAN performances show APV 1
availability of 99 % of the time over
only 76% of the Indian landmass
(AIM, 2023). The main reasons for the
unavailability of APV-I and APV-II are:

a. The higher ionospheric delays and

the associated variance for the GAGAN
coverage. This has been verified by an
experimental test where the satellite
broadcast message is modified to have

a lower variance for ionospheric grid
points (surrounding the 85° E 25° N)

in Nepalese airspace. A tool from ESA
(SBAS mentor) is used to generate the
modified GAGAN messages, and then
the horizontal and vertical protection
levels are computed. The protection levels
are improved with better ionospheric
correction confidence. It is an important
point to be considered by the aviation
authority and related entities that in

the next few years the SBAS systems,
including GAGAN, will drive towards
dual frequency (using L1 and L5) which
allows to cancel the ionospheric errors

at the user level. Also, the number

of monitoring reference stations will
increase to have denser coverage (ICAO,
2022). Therefore, this simulation to lower
the ionospheric errors and variances
(close to the situation when there is dual
frequency SBAS or better ionospheric
coverage and model) gives performance
indications mostly triggered by the quality
of satellite orbit and clock corrections.
Figure 4 (right plot) shows protection
levels computed with the simulated data
and the improved protection levels are
visible mostly around 06:00 to 09:00 UTC
(compare against nominal days protection
levels in the left plot). The vertical
protection levels are reduced below 50

m which supports the APV-I approach.
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Figure 3: The vertical and horizontal protection levels that can be expected around the
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Figure 4: The variability of the protection levels in 24 hours of the day (1st March 2022). The
inflated protection levels around 06:00 to 11:00 UTC correlates to the inflated ionospheric
variance. Note: the ionospheric content at any location around the globe peaks around 14:00
hour local time. On the right plot, it shows the protection level variability when the confidence
in the ionospheric estimation is increased through the GIVE index. It meets the APV-I procedure

requirements.
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The stanford plots are the established the statistical results for horizontal and As discussed earlier the requirement
plots to visualize the GNSS system vertical navigation using the GAGAN set by ICAO is not met, mostly due to
integrity. Figure 5 and Figure 6 show APV-I approach in Nepalese airspace. the degraded performance in vertical
domain. The availability of horizontal
navigation with 99.4 % shows a great
promise for further enhancement of
the system. The 8 epochs identified as
Hazardously Misleading Information
(HMI) are not investigated in detail, as
.' the focus is on the system availability.
LA il Sl A il S | The vertical availability of 77.3%

ouy st tmnen i is a long way off from the required
Figure 7: Performance of protection levels for Delhi Airspace in 2022 (low ionospheric activities specification. It is well understood that

Kp index < 4). The horizontal protection level (left plot) meets the APV-I requirement. The

the impact of the ionospheric errors is
vertical protection level (right plot) has a larger variation and does not regularly meet the . . e .
requirement. larger in the vertical position domain.

In this regard, the simulation performed
earlier (Figure 4) where the ionospheric
variance was lowered provided a better
vertical protection level. It is also a
testament that the GAGAN system
holds great potential going forward.
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Figure 8: VPL for Delhi A|rspace. Performance of protection levels for Delhi Airspace in 2022 and northern edge of the GAGAN coverage.

2023 (high ionospheric activities). The inflation of vertical protection levels during the 2023 Kp To also analyze the performance which
index > 7 is visible.
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Figure 9: Variability of the ionospheric confidence bound observed by the user in Delhi airspace during nominal ionospheric days and on the Kp
index > 7 day. All satellites are impacted by the inflation of ionospheric variance term in the integrity message of the GAGAN.
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Figure 10: The satellite observational geometry from the GAGAN network provides better confidence in satellite clock and orbit error corrections
for Northern Indian airspace (Left two columns plots). Outside of the coverage, the MT 28 covariance matrix does not improve the confidence but
rather degrades it. The right plot (two columns) shows the degraded UDRE observed in Kazakhstan.
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is towards the inner coverage, the data
from Delhi is analyzed. Both nominal
ionospheric days and high ionospheric
activity days are used to characterize the
performances. Figure 7 and Figure 8 show
the variability of horizontal and vertical
protection levels. As with the case in
Nepalese airspace, the APV-I requirements
are not met in nominal days. The
performance is degraded to a larger extent
during non-nominal ionospheric activities.
The overall performance observed in the
period used in this study corroborates the
public information provided by the Airport
Authority of India (GAGAN, 2023).

To better understand the large difference
in protection level during nominal and
non-nominal ionospheric activities,

the ionospheric confidence bound

is computed for the given location.
Figure 9 shows the degraded (two
columns plots on the right) user vertical
ionospheric error on the high storm day
in comparison to the nominal day (two
columns plots on the left). All satellites
have higher error terms associated to
enhanced ionospheric disturbances.

b. The regional network of GAGAN
station is not dense as of now (ICAQ,
2022). There is a plan to increase the
network in the surroundings of the Indian
subcontinent. This has a direct implication
in the performance improvement not

only for ionospheric monitoring (better
confidence bound in terms of variance)
but also well for better confidence bound
in terms of satellite orbit and satellite
clock error corrections (broadcast through
Message Type 28 Covariance Matrix). To
experimentally test this, the covariance
matrix from MT?28 is used to compute

the delta User Differential Range Error
(UDRE), which is dependent on the
location of the airspace from where the
aircraft receives the satellite signals.

The confidence interval of each satellite
orbit and clock error on the line of sight
is multiplied with the broadcast UDRE

to get the final variance in the protection
level calculation (Walter et. al, 2021).
The better the location of the user w.r.t the
observability of GPS satellites monitored
by the GAGAN network, the better the

protection level. The UDRE of each
satellite from the GAGAN broadcast is
the same value for all airspace locations

in the GAGAN service volume. However,
the delta UDRE is different from one
location to the other. Figure 10 shows the
delta UDRE for airspace in Kazakhstan
and Nepal. The difference is evident, i.e.
the observability of satellites from Nepal
has more confidence in terms of error

as the GAGAN network provides better
confidence. Whereas in Kazakhstan, the
GAGAN network has lesser observabilities
of satellites and hence, weaker confidence.

Comparison with
existing systems

As the global SBAS system promotes
seamless integration of navigation

procedures from one region to another, it
is vindicative to compare the performance
of the existing global SBAS system during
high solar activities. WAAS and EGNOS
are the forerunner providing better services
up to CAT-I like approach and landing.
Regular performance monitoring and
reporting of these systems are publically
available. About the MSAS system, the
potential has not been fully exploited as

it can only support RNP 0.1 procedures.
The sparse regional monitoring network
and the severe ionospheric conditions

are the root causes of it. In this study,

the performance of all these SBAS
systems experienced service degradation
to different levels. EGNOS appears as

the quintessential system which has the
better availability for both APV-I and
AVP-II even during the Kp > 7 events.
The slight degradation in the edge of

Table 2: Summary of impacts on the existing SBAS systems.

SBAS Kp > 7 Protection Level APV | and Remark
NAGE Impact Impact APV I
EGNOS Negligible Negligible Available Robust model with recent
- Center software updates
EGNOS Minor Elevated Available Poor observation of IPPs
- Edge
WAAS Major Highly elevated Not available On the 24th severe impact. WAAS
lono model conservatively inflates
the variance
MSAS Major Highly elevated Not available. | Large threat space due to sparse
On nominal RIMS network
days as well,
only RNP 0.1 is
supported
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e central coverage around Bern, Switzerland.

Both horizontal and vertical protection levels for periods in 2022 meet APV-II service
requirements. The enhanced ionospheric activities in March 2023 have a minimal impact on the
system. APV-Il service is met except for the brief period on the 27th of March.
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EGNOS coverage, however, is a testament to the necessity
of a robust system monitoring that can cover ionospheric
irregularities without conservative inflating of the IGPs.

The following plots Figure 11-Figure 15 characterize the
performance of protection levels in the position domain
computed using the respective SBAS integrity messages
for EGNOS, WAAS, and MSAS. The description in
each figure caption briefly interprets the results.

Future evolution and potentials

The safety analysis for SBAS has always encountered the

Miresal Woizant sl Protsction Luved [m]

presence of small biases and non-Gaussian behavior observed

in data used to validate the system. The analysis performed in

this study focused on the integrity equations based on zero-mean
Gaussian behavior. And only considered the variance term broadcast
from the satellite. Several kinds of literature have corroborated

the inclusion of nominal bias terms into the protection level
equation to account for non-zero means and non-Gaussian behavior
(Walter et.al, 2009, Walter et.al, 2010, Ober, 2023, Speidel et al,
2013). A relevant example is the GBAS system which considers
the faulted integrity model where bias arising from the ground
receivers is also broadcast to the aircraft. As per this literature, the
equation 3 formulated earlier in the chapter can be redefined:

PL = ky;y /zlls o2+ |X¥, S; bj| + max|s; B (9

here the element of S is taken from the
projection matrix, is the nominal variance,
and is the nominal bias term. The last
term takes the largest bias during the

fault event. In the case of the fault-free
scenario, this term vanishes. The scalar
factor represented can be optimized to

get it well below 5.33 and consequently

e att Vertical Prstectom Lesvl [n]

AAPArAT P Prat et Lot bl

minimize the protection level values
(Walter et. al, 2010). The bias term can also
be isolated per differentiated parameters
such as the ground receivers’ errors and
satellite errors. And the maximum value

of the protection level from the possible

gt bt

Figure 12: At the edge of EGNOS coverage, in this case, Cadiz in southern Spain, the
performance on nominal days is not enough to meet AP-IIV services regularly. The sparse
observational geometry in the system requires inflation of ionospheric variance term more often
in comparison to the central coverage zone. During high ionospheric activities in March 2023,
the inflation is significantly worse than observed in Bern, Switzerland.
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scenarios is used to protect the user aircraft.

When the DF system is considered, the
ionospheric variance term, except for

the higher-order ionospheric terms, is
eliminated in equation 4 (Ober, et. Al,
2023). It has to be noted that the uncertainty
in the ionospheric computation is the
major source of the degradation of the
GAGAN availability for APV-I and APV-
II. The opportunity of the DF system
(ICAO, 2023) will certainly provide
better performances. Add to it the robust
approach to consider the individual bias

term rather than the conservation inflation

of the variance as shown in equation 9,
and the prospect of GAGAN-based aircraft
approach procedures is very promising.

Bty Vetim Prstectien Laved (=]

The ICAO has recently adopted the
Galileo constellation for the provision

of GNSS-based air navigation services

Figure 13: The performance of WAAS observed from New York. In the period analyzed for
2022, APV-Il was not met but the LPV and LPV-200 are conveniently met. During the active
ionospheric period in March, 2023, the performance looks similar except for the beginning of
24th March where the inflation of variance was quite high that render the service degradation.
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(EUSPA, 2023). This allows to use of dual
constellation in the augmentation system
such as SBAS. The implication in the
protection level is that more satellites and
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Figure 14: The ionospheric variance term per satellite observed from New York for WAAS from
17th to 31st March 2023. On the beginning of the 24th March, a strong Kp index= 7.4 was
reported and it had an impact on the confidence bound of the ionospheric corrections. It was
significantly inflated for all satellites. The service degradation for this period is well documented
in the FAA WAAS performance analysis report (FAA, 2023).
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Figure 15: The performance of the MSAS system as observed from Japan shows a severe
limitation to support APV-I and APV-II services. On nominal days in 2022, the system was
able to support RNP 0.1 procedures with one exception on the 4th of March. During strong
ionospheric activities in March 2023, the system was significantly degraded with several days
unable to support RNP 0.1 procedures as well.

signals are available which improves with high requirements of integrity

(Du, 2021). A-RAIM with DFMC
is also a promising approach and

the satellite user geometry and as per
equation (3-8) the protection level

its success could also benefit the
evolution of the SBAS algorithm.

The A-RAIM concept is based on the
local integrity computation where

the pseudo-range from all satellites

is statistically checked to detect and
isolate the faulty satellite. It has also
been demonstrated in literature the
possibility of using a particle filter that
can provide better results for the non-
zero-mean non-Guassian error model.

values are lowered rendering better
availability of APV-I and APV-II.

The potential of more precise carrier-
phase signals has been studied in

the past and could be the subject of
investigation in the coming years as
well. The inherent challenges of the
carrier phase, such that cycle slips and
phase ambiguities, however, hinder the
implementation in safety-critical systems

Conclusion

The study provided an assessment of
GAGAN services for APV-I and APV-

II over the Indian territory. Satellite error
bounds and ionospheric error bounds

are analyzed as the main contributing
integrity parameters. It is observed that
during nominal periods the protection level
performance requirements of APV-I are
mostly met but still not enough to meet
the 99.99% availability requirement. It is
still a far-fetched goal to meet the APV-

II requirement. During the enhanced
ionospheric activities triggered by
geomagnetic storms with a Kp index > 7,
the protection levels are highly inflated to
protect the users at the expense of service
availability. With simulated data, it is
verified that lowered ionospheric variance
improves the performance and regularly
meets the APV-I requirement. The well-
established EGNOS and WAAS provide
better services including LPV, LPV-200,
APV-1, and APV-II. At the edge of EGNOS
coverage, the performance is not as robust,
and inflation of ionospheric variance is
frequently triggered. The WAAS system also
experienced a short interruption in service
availability on the 24th of March, 2023
during the high Kp index period. MSAS is
currently only serving RNP 0.1 approach
and hence, it is expected to have very large
protection levels during the ionospheric
events. Some insights were provided into
the potential development of DFMC and

a less conservative integrity approach

that includes an individual bias term.
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Abstract

This paper treats the problem of positioning
and navigation in the absence of GNSS.
Given recently raised vulnerabilities for
GNSS both on Earth and in space, the
work revisits the old problem of the sextant
in new light. The combination of stars

and planetary horizons was the popular
tool for autonomous navigation on-board
spacecraft, but given the rise of GNSS
receivers, this solution has been largely
disregarded. New spacecraft missions
beyond Earth have made new progress in
visual-based navigation. The work utilises
these new methodologies in the scenario
that RF-derived positioning is unavailable,
achieving a performance below 100 m.

An additional important consideration
is the development of new navigation
infrastructure in LEO and the Moon.
Current methods seek to use GNSS
and RF-derived sources for orbit
determination, however, to be seen as
‘redundancy infrastructure’ for critical
Earth and beyond applications, these
signals cannot be the primary and only
source of navigation reference. This
paper utilises derived performances for
visual-based methods and applies them
to the ranging service problem. Most
user scenarios in maritime, aviation
and lunar domains are satisfied.

This work illustrates implementation using
the simple architecture of a star tracker
camera. Known as CROSS, the technology
is a new navigation tool in development by
the University of Sydney. As a star tracker
is common device to many spacecraft
platform, it simplifies implementation,
given that redundant systems are always
not a priority to the manufacturer.

1. Introduction

The security and authenticity of Position,
Navigation and Timing (PNT) for
management of Low Earth Orbit (LEO)
satellites has never been more crucial.
With the growth of enormous mega
constellations, and the increased activity
of malicious actors in the space arena,
PNT systems need to be strengthened.

Radio Frequency (RF)-derived is the
dominant PNT source being used in
space today, leveraging off Global
Navigation Satellite Systems (GNSS)
and ground tracking infrastructure.
Even though these mechanisms are
highly accurate, they are also easily
jammed and spoofed from malicious
sources, as well as being limited in
coverage and availability. Utilising
visual-based methods can be more
reliable and not as restrictive.

Stars and celestial bodies have long

been considered separately in attitude
determination applications [1-6].
However, a combination of these sources
are now being considered for positioning,
where operating in tandem provides

an ability for relative positioning to

the celestial body centre [7-13].

Recent missions have successfully
used celestial navigation for the
purposes of orbit determination,
target tracking and rendezvous. Such
missions include Hayabusa 2, which
employed single target tracking at
long distances and artificial landmark
navigation on approach [14]. Similar
approaches have been developed and
successfully operated on DART [15]
and OSIRIS REX [16] missions.
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Even though missions have been successful in the use of
visual-based navigation for relative positioning to small
celestial objects such as asteroids, delivering an visual-
based navigation system for absolute positioning is not
as well developed. However, as mentioned, the need for
alternatives to RF-derived positioning is necessary.

Some recent early stage studies have evaluated the use of
the plan- etary body limb for the Earth orbit determination
problem [10,17]. However, more successful results have
been achieved for the case of the Moon [12,18,19]. The
approaches developed for the Lunar scenario are treated
for the Earth, as was initially adopted in Ref. [20].

This issue is especially challenging for the case of Earth
due to the atmosphere, which develops a non-constant
offset to the measured ho-rizon. This issue is not developed
in the literature, as noted in Ref. [21]. It is also present in
other planetary systems of interest for exploration, such as
Mars. This paper presents a potential to this problem.

An additional challenge presented to the navigator
is miscalibration in the optical lens system. Star
trackers are often employed to solve this problem
[22]. The paper proposes solutions to this issue also
modelling the effect of the Earth albedo effect.

Table 1: Domain performance expectations for navigation.

User Domain Accuracy  Time- Comments References
to-
alert
Aviation Oceanic 7.4 km 5 min Abstracted [33]
Continental 3.7 km 5min  from alert
Terminal 1.85 km 15s limits.
Approach 556 m 10s
Maritime Oceanic 1 km 1 min [34]
Coastal 100 m 30s
Port 10 m 10s
Approach
Port 1m 10s
Inland 10 m 10s
Waterways
Terrestrial SAR 635 m - Derived from [35]
Space a 7400 km
operating
altitude
LEO 100 m - More based [36]
Broadband on
Geostationary 1 km - technology
limitations
rather than
system
performance
delivery.
Space Traffic 500 m - [37]
Lunar Lunar 13 km - [38]
Space Transfer
Orbit 1 km -
Initial 300 m -
Descent
Final Descent 100 m -
Surface 10 m -
Position
Lunar 500 m -
Gateway
Rendezvous
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The paper presents the potential performance of a visual-based
PNT infrastructure for mega-constellations. Not only may this
provide an alternative source of orbit determination reference for
the spacecraft in orbit, but it might be also leveraged by future
navigation constellations to support ranging services for terrestrial
and lunar users. This future infrastructure is commonly coined LEO
GNSS [23,24] and Lunar Communication and Navigation Satellites
(LCNS) [25-27]. It is a requirement in various industries that any
alternative service cannot rely on GNSS, and so it is a requirement
that an orbit determination capability must be independent [28,29].

The novel nature of the work is presented by the following points:
* A complete and practical assessment to the use of visual-based
navigation to support future ranging navigation infrastructure.
* Areview of PNT requirements from terrestrial
critical transport users and operators, as well as
Earth-orbiting satellites and lunar spacecraft.
* A solution to the atmospheric offset problem for visual-
based navi-gation in LEO. This may also be applied to
other planetary bodies that may contain an atmosphere.
* An approach to multiple attitude and navigation camera
systems, as well as an assessment to the effect of Earth
albedo on star detection and misalignment correction.
* A performance evaluation for the introduction to LEO
ranging infrastructure around the Earth, including a
novel approach to its predicted performance.

The paper starts by introducing the PNT landscape, illustrating
the various required performances for both in-orbit satellites and
terrestrial users of a space-based ranging service. An architecture
is then introduced for position determination utilising visual-
based references. After presenting and discussing the potential
performance, this method for orbit determination is considered
as part of a new type of GNSS-like ranging service.

2. The PNT landscape

PNT information is essential for most modern technology, from
navigating ships and aircraft to providing time of transaction
recordings for the financial market. The adoption of PNT across
market sectors has been well considered within the literature
[30-32]. Many articles especially emphasise the need for robust
PNT across each domain, assuring its availability and integrity.

Given the importance of this information for system integrity,
separate industrial bodies and organisations have captured
minimum performance requirements for their respective
technologies. Four different domains are reviewed in

this paper, across aviation, maritime, terrestrial and lunar
space, to understand target performance requirements that
are required by a visual-based navigation alternative.

These requirements are driven with respect to both
primary and back-up related PNT infrastructure, that



should be assured for the sys-tem to act responsibly. The
performance requirements are captured in Table 1.

2.1. Aviation

The aviation industry is very strict when considering the
user segment, given the safety-of-life criticality of their
application. Because of the raised vulnerabilities of GNSS,
pilots are instructed that such instruments should not be used
as their primary source of position information. Instead,
radar, ground tracking, and even human-derived visual
feature recognition should be employed by the pilot.

The user requirements for navigation may be derived by

the integrity alert limits by airspace, these being the limit to
navigation accuracy uncertainty before an alert is issued. The
integrity alert limits for GNSS, derived from the GNSS Manual
[33] issued by the International Civil Aviation Organisation,

are used in Table 1 as the absolute minimum expected
performance for an aviation navigation unit. For most segments
of the aeroplane voyage, excluding those of final approach,

the user should hold a 500 m confidence in their position.

2.2. Maritime

The maritime industry maintains less strict requirements

for navigation than aviation. However, the maritime sector
has been subject to some of the most extreme jamming and
spoofing attacks of recent years. One such series of event

was exposed in a study by the Centre for Advanced Defence
Studies [39]. Focusing on GPS spoofing attacks in Russia and
Syria, cases were reported in the Black Sea and Syria where
cargo ships reported their position several miles outside of
Moscow. Similar events have also been reported in the Port of
Shanghai, China [40], as well as around the Red Sea [41].

In response to these malicious attacks, as well as other sources
of disruption to GNSS, the International Authority of Lighthouse
Authorities derived a suggested list of minimum maritime user
requirements for each phase of a voyage [34]. The measures also
include system integrity requirements, which were discussed in

Section 2.1 on aviation. The suggested performances are summarised

in Table 1. It should be noted that the cruder performances are
permitted during the ocean and coastal phases of a voyage, where

accuracies of less than 100 m are required. This is within an absolute
frame, and so dead reckoning based systems would not be feasible.

The definition of a back-up system is a key output of [30] a
system that ‘ensures continuation of the navigation application,
but not necessarily with the full functionality of the primary
system and may necessitate some change in procedures by the
user.’ By this definition, if GNSS become inoperable, such a
backup system must be available to fulfil this need. The back-
up system would require 99% availability [34], so terrestrial
infrastructure providing a ranging signal would not be suitable.

2.3. Terrestrial space

Most requirements for Earth-orbiting satellites are driven

by the technology capability rather than the needs of the
application [36]. Performances given in Table 1 consider
applications of Synthetic Aperture Radar (SAR), LEO broadband
constellations and geostationary communication satellites.

Even if their performances might not be met for the

primary mission, back-up or redundant systems are helpful

to ensure system reliability. For tracking and monitoring

of space traffic, as well as space situational awareness
applications, accuracies are typically at the 0.5 km mark [37],
achieved through basic ground-based tracking techniques.
Supplementing this with an autonomous on-board system
would be beneficial to reduce dependency on expensive radar
infrastructure, as well as ensuring the system is self-reliant.

An important topic of this paper is the application of
visual-based PNT to the delivery of LEO PNT services.
This is considered a different category of requirement
to those discussed in this section, and so is treated

as part of the system analysis in Section 4.

2.4. Lunar space

Lunar navigation requirements have been summarised in
recent in-ternational space agency documentation. It is seen
that navigation infrastructure is required to support future
missions to the Moon, as an increasing number of private
organisations seek travel. Needs are captured in initiatives
such as Moonlight by the European Space Agency (ESA)
[42], and LunaNet by NASA [38]. These efforts have
captured requirements for different mission phases, driven
by a motivation that current systems are insufficient.

<
+ <

Star
Sense

Horizon
Sense

Fig. 1. lllustration of the visual-based navigation concept for a

spacecraft in orbit.
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The requirements treated by NASA’s LunaNet and associated
infrastructure for each mission phase are summarised in Table 1

[38]. Most phases require performances up to 100 m, which might
be met by the visual-based PNT architecture outlined in Section 3.

The delivery of navigation services from lunar orbit may also
utilise visual-based PNT for orbit Determination. Section

4 concentrates on the delivery of terrestrial PNT services,

but this might be extrapolated for lunar environments.

Table 2: Parameters of the CROSS star tracker.

Parameter Value
Cross-Axis Accuracy 24"
Boresight Accuracy 18"
Angular Rate Accuracy 4.40"/s
Star Catalogue Size 2.8 GB
Star Brightness Cut-off 5.0

Sky Availability 99%
Sun Exclusion Angle (SEA) 50°
Field of View (FOV) 20°

Image Dimensions
Size (Camera Assembly)
Size (CPU and PCB)

2448 x 2048 px
60 x 54 x 50 mm
98 x 67 x 14 mm

Mass 235¢g
Voltage 5V

Power (Nominal) 2.5W
Power (Peak) 4.5W

Fig. 2. CROSS Star Tracker in the laboratory.

Fig. 3. Horizon edge identification by strip search.
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3. A proposed alternative

This section evaluates the expected performance
and challenges of a visual-based PNT alternative.
The proposed technology is considered in context of
operational environments discussed in Section 2.

Visual-based refers explicitly to the visual band of the
electromagnetic spectrum. Measurements of this kind are
typically observed by a camera. Given the nature of visible
sunlight, stars and their visible band emissions (450-800
nm), both direct and indirect observations, such as through
reflection, can be used as a permanent natural form of
navigation reference. These statements should be obvious
for the reader, and clearly humans constantly use this

type of medium for navigating our own environment. The
important point is that this is an alternative to GNSS/RF-based
positioning sources, which rely on man-made infrastructure
and are more simple to manipulate and deceive [35].

For a spacecraft or ship, disrupting a camera would require

a very close or extremely powerful light emitting device

to interfere with the observation, and so these navigation
references are a powerful alternative. This is not to say they are
a replacement. As discussed in Section 2, the focus is to have

a resilient back-up to RF-based navigation. It should be note
that the current state-of-art visual navigation systems are two
orders of magnitude worse than their RF-based equivalents.

Introduced is a proposed architecture for a visual-based
navigation alternative. The concept is not novel. As discussed,
for the last 60 years, many engineers and scientists have
proposed, developed and successfully demonstrated sextants,
star and horizon trackers, deep space optical navigation
sensors and visual-light ranging devices. However, the
adoption of these technologies as an alternative or back-up
system for RF-defined environments has not been treated.

Aspects of the approach are assessed by using real space captured
image sets, simulated Earth and star lighting environments,

and modelling of the orbit trajectory, introducing realistic error
parameters. Each analysis independently describes the data used to
calculate and present performance of the proposed methodology.

3.1. Concept of operations

The vision-based concept consist of an optical assembly of
at least two sensors. Each sensor will point orthogonally,
either directed at the celestial body horizon or a star

field. The purpose is to capture measurements from

each observed object to derive a position reference.

An illustration of the concept is presented in Fig. 1, treating
a spacecraft in orbit. ‘Star sense’ operates as an attitude
sensor, providing an orientation between the inertial, celestial



frame of the stars and the sensor body, and ‘horizon sense’
provides information on the desired body origin reference.

Different terminology is adopted to not confuse the reader
with the traditional, separate attitude sensors. This is especially
the case for horizon sense, which usually acts as an attitude
determination instrument. However, to derive inertial reference
frame information, a position in space is also required.

The methodology proposed here operates in reverse.

The optical navigation sensor architecture is developed using an
initially purposed star tracker made by the University of Sydney.
Known as CROSS, a wide field of view optical assembly and
baffle supports a high performing attitude determination reference
for a CubeSat architecture [43,44]. This same architecture is
treated here for the combined star and horizon sening architecture.

The properties of the CROSS star tracker are summarised
in Table 2. The same sensor assembly will also be utilised
for ‘star sense’. For ‘horizon sense’, a slight increase in
FOV is used, from 20 to 40°. A baffle is not necessary
for ‘horizon sense’ as observations of the Moon and Earth
are desired, and are not treated as stray light sources to
observing stars. A picture of CROSS is shown in Fig. 2.

It should be noted that an infrared-band sensor might also
be considered, permitting much more sustainable operations
in eclipse. It has also been discussed in previous work that
the atmosphere is at a near constant height elevation in this
band [21]. However, this work is limited to considering

the visible light bands utilising the architecture of a star
tracker. An infrared sensor is a topic of further work.

Generate regions of interest around each pixel.

Calculate star centre by moment method centroid.

Identify stars by use of TETRA algorithm [46].

Calculate attitude by identified stars celestial frame vectors

Now ke

and measured body vectors by Davenport g-method [47].

The attitude is then combined with the measured horizon
edge localisation to produce a position estimate.

It might be considered helpful to include the star centroid
estimates directly into the position localisation algorithm,
where an output would include both attitude and position
information. However, the horizon model also includes
orientation information. Even if the horizon identified points
are weighted relative to the stars, as the horizon is much

less accurate than the star measurements, studies by the
authors that the loss in accuracy is significant. So, the process
of attitude and position determination is decoupled.

3.2.2. Horizon edge identification

As with star tracking, the topic of horizon sensing for
attitude determination is a mature topic. Early horizon
sensors approximated the horizon to a flat line, given the
planetary geometry measured close to the Earth surface. With
leapfrog advances in camera technology and processing,
horizon identification and approximation has treated with
ever greater detail the observed conic geometry.

Identification and sub-pixel localisation of the point series
treated in this work considers the well-developed approach
of [18]. This approach is summarised in a series of steps:

1. Identify the direction of sunlight to the planetary body.
3.2. Implementation methodology 2. From the image corners, draw a series of lines running along
the direction of illumination. This step is illustrated in Fig. 3.
The operation algorithms include star tracking alongside 3. When the line encounters a bright pixel greater
attitude determination, horizon identification and position than a certain threshold, commence counting to the
localisation. Measurement are combined within a Kalman number of subsequent pixels that also exceed
filter to improve performance, which is quite substantial. 4. This threshold.
These steps are not presented in detail, but the main ideas 5. If the number of bright pixels exceed a minimum count,
and results are outlined. The reader is referred to recent then create a region of interest around the pixels.
work in the literature with the introduction of each topic. 6. By use of a Sobel-based gradient kernel, identify

the pixel in the region where the increase in
3.2.1. Attitude determination intensity across pixels is greatest.
7. Create a new region around the desired pixel, and apply
a Zernike moment on the region to identify the sub-

pixel where intensity change reaches its peak.

The operation of the star tracker within the scope of optical
navigation is not discussed in this paper, as the topic is
very mature. The reader is referred to state-of-the-art

To demonstrate the expected performance, an additional step is
introduced. A hyperbola is fitted to the located pixel points. The
Fitzgibbon conic section fitting technique is used for this [48]. This
is combined with a RANSAC outlier rejection methodology [49].

publications on the topic of star trackers [4,5,44,45].

To summarise the core algorithms implemented,
the methodology is as follows:

1. Image is captured by star sense.

2. Filter image using a Gaussian/blur kernel. The performance of the horizon edge localisation is assessed

3. Establish bright pixel/star threshold and search image for stars.  using an image sourced from NASA from the orbit of the
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International Space Station [50]. The image contains the
same pixel resolution as the CROSS camera sensor specified
in Table 2. Even though the optic assembly is different,

the precision demonstrated is assumed comparable.

The results are presented in Fig. 4. The precision of

the fit is esti-mated to be approximately 2 px when
calculating the root-mean-square error. This error is caused
primarily by camera-related noise. This pre-cision will

be utilised in the subsequent analysis of Section 3.4.

An important consideration is the atmospheric offset,
which might be abstracted from Fig. 4 given the
uncertainty in discerning what might be clouds or
atmospheric illumination, and what is the horizon
body. This is a topic of discussion in Section 3.3.2.

3.2.3. Position localisation

Position estimation using the measured planetary horizon is
an often revisited topic. The topic has re-emerged recently
as part of recent efforts led by NASA to revisit the Moon.
NASA set a requirement for their Orion crewed module
that it must operate autonomously in cis-Lunar space.
Recent developments and approaches include [9,19].

The measured horizon, as introduced in Section 3.2.2, is
either measured as an ellipse, circle, parabola or hyperbola,
depending on the orientation of the camera. All are conic
sections, and so may be treated by the general form,

Ax* +Bxy+Dy* + Ex+Fy+ G =0, 1)

where {4, B, D, E, F, G} describe the shape of the conic section
and (x, y) are coordinates in the two-dimensional image plane.

This expression might also be described in matrix form,

A B E
sTCs=s"|B D F|s=0, )
E F G

Fig. 4. Horizon edge localisation for an Earth horizon image, with the
fitted line shown in red. The precision is estimated to be 2 px. (For
interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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where the conic sections parameters have been arranged within a

matrix, C, and the image pointing vector is described by s = {x,y,1}".

The general shape of an ellipsoid can be described by a surface
pointing vector p and a shape matrix 4 = diag {a%,b%c%} . In a reference
frame aligned to the planetary object, this relationship is given by,

PrAP,p =1, 3)

where subscript P indicates the planetary frame. Relationship
between the surface pointing vector p and observed horizon
point vector s is given by the sensor position, 7, as,

Pp="rp +1isp, ()

where ¢ is a scaling parameter. Combining Eqns. (3)
and (4) then produces an expression for the horizon
measurement vectors s and a new matrix, M,

s,TMsp =0, (5)

where M = ArprfA — (rfArp —1)A. Consider the fact that the
horizon points are given in the planetary frame, so these can
be transformed by an attitude matrix from the body B as,

sp="Tppsp, 6)

where the attitude 7, is known from the ‘star sense’
determined attitude alongside a combination with planetary
orientation parameters. Planetary orientation parameters
provide attitude information between inertial / and P
frames, 7,
between B and /, T, so the complete relationship is,

and the star derived attitude provide orientation

Tpg =TpTip. @)

There are many static, least square solutions to (5) problem [19,51],
but the most successful is the Christian-Robinson method [11]
which applies a Cholesky parameterisation to the expression in
Eq. (5), simplifying the form to a linear least square problem.

3.2.4. Kalman filter

The problem produced in Section 3.1.3 can be solved in a
Kalman filter. The implementation is outlined here and will
be detailed else-where [20]. Given the non-linear nature

of Eq. (5), the Extended Kalman Filter (EKF) is used.

As mentioned in Section 3.1.1, the star tracker attitude
determination problem is solved separately. The state
and measurement vectors are then given by,

= () = {s] o on) ®

with vector y containing the m measured horizon points.



The typical implicit EKF procedure is then
implemented, following sequence of operations,

- - . . -1 .
x, =f(x[)), Py =FPLFL + Qu Ke =P H] (HWPCH + Ry) - ox) =x; )
+Kkh(xk,sk),Pk+ = (16 *Kka)P;,

where k and k-1 are the current and previous state, P is the
state covariance matrix, Q is the propagation noise matrix, R
is the measurement noise matrix, K is the Kalman gain and
I is the 6 x 6 identity matrix. Functions f{x) and A(x, s) are
the modelled relations for propa-gation and measurements
respectively. The observation function for the horizon is
simply given in Eq. (5), so for the i th horizon point,

h(x,s;) =s M(r)s;=0. (92)

The h vector is constructed using the set of m points. The
equivalent Jacobians for the two functions f'(x) and h(x, s) are,

I m= ) (10)

ox
that produce the state transition and

Fy

observation matrices, respectively.

The propagation step would consider a simple orbit
propagation model. Given the expected performance

is on the order of hectometres, the modelling is limited
to considering the gravitation force vector only. Other
force elements are assumed negligible at this order of
accuracy. The spacecraft acceleration 7 is calculated as,

u
—"—3"7 (11)

F=
where y is the gravitation constant proportioned to the planets
mass. The state transition matrix ' may then be simply
estimated by taking the derivative, and the propagation

Jf(x) is implemented through Runge- Kutta integration

of the gravitation acceleration differential equation.

3.3. Challenges

This section briefly discusses two major challenges for the
proposed system. The first is the calibration of misalignment
between the two sensors, and the effect stray light might have.
The second is the bias in the observed horizon compared

to the planetary ellipsoid, caused by the atmosphere.

Both these issues have been ever present in vision-based
position determination [9]. Presented are methodologies

that hold po-tential to overcome these challenges.

3.3.1. Misalignment calibration and stray light

The implementation of the ‘star sense’ and ‘horizon
sense’ combination may suffer from significant
misalignment hurdles that impact on accuracy. The
intention is that both sensors will be calibrated prior to

launch. However, it is well known that during launch and
operations, a number of external factors will influence
the mechanical alignment between the sensors.

This challenge will be overcome by utilising unbiased
star measurements through both sensors. ‘Horizon sense’
may also act as a star tracker, detecting stars instead

of identifying the horizon edge. So, by calculating

the inertial attitude for both cameras, labelled 4 and

B, the interlock matrix might be calculated by,

Tag =T, Tis. (12)

This term may then be introduced into Eq. (7)
as an additional matrix multiplication.

For the CROSS optical navigation assembly, the expected
perfor-mance of this misalignment calibration through
one observation is approximately 10” [43]. This accuracy
should improve over a contin-uous set of observations.

Misalignment calibration would operate best during

eclipse when the Earth illumination is at its lowest point.
However, during daytime, the thermal fluctuations on

board the satellite are expected to be significant enough

for the structural expansion and contraction to impair

the misalignment. The question is then if misalignment
calibration can be performed during daytime to compensate.

Stray light modelling is complex to model, but
simplifications might be made to provide an
approximation to the extent of camera saturation. The
irradiance of in-field stray light can be modelled by,

Ejy = EeuryBSDF (é) (13)
where EW " is the radiance from an illuminated Earth,
approximated to 14 W/m?, r is the distance from the
illumination source and L is the pixel distance of the

sensor. The Bi-directional Scattering Distribution Function
(BSDF) models the scattering of light through material
interactions. For a glass lens, this can be written as,

r F 2]

R . o 14
BSDF(3) b0[1+(w) , (14)
where,

b _27[An232 R;(*C*2)
0T 5 (€227 (15)
1= (1+5)

I =4, 2 is the light wavelength, An is the refractive
index difference between the two medium (which for
glass in a vacuum is 1.52), R is the surface roughness
constant (which for a glass lens might be approximated
to 10 A), and B and C are a set of modelling constants
usually set to B =200(10) and C = 1.55 [52].
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A model of a star map and Earth
might then be simulated, with
the Earth placed in the image
corner. The stars irradiance

is dependent on the apparent
magnitude m, star temperature T’
and wavelength, written as [53],

L,, 1 0(}.4(M(, —m) 2mc
4007326+ A*(ehe/MT — 1)’

Egor = (16)
where L and M are the absolute
brightness and magnitude of the

Sun, S is the conversion factor

from parsec to metres, o, # and

k are the Stefan, Planck and
Boltzmann constants respectively,

and c is the speed of light.

A simulated star map and Earth are
illustrated in Fig. 5 using the simulated
parameter approach just described.
This simulation also successfully
identified stars. Using the procedure
outlined in Section 2.2.1 for attitude.

Determination from a typical star
tracker, the accuracy delivered is 30”.

When introduced to the misalignment
correction, this delivers a combined
offset of approximately 0.01°.

This misalignment is intro-duced

to the full simulation, which is

presented as part of Section 3.4.

Fig. 5. Simulated star and Earth image with
a successfully identified star map with a
spacecraft at 450 km altitude above surface.
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3.3.2. Atmospheric offset

The atmospheric offset is one of the

key challenges for a LEO horizon
estimate, or indeed for any planet with an
atmosphere. This problem has not been
given much study in the literature, with
the most recent work by Christian [21].

Christian poses a solution by studying
the potential illumination measured by
the camera. He calculated an offset of
the order of 25 km. However, this is
distinctly during daylight operation,
and will change during sunset/sunrise
and eclipse. It is also dependent

on the camera exposure time.

This estimate might be used as an
initial estimate to the atmospheric
offset. However, the estimate should be
validated by use in a least squares filter.
The known ellipsoidal parameters of the
Earth and the orbit propagation model
should provide sufficient information

to further refine the horizon estimate.

The atmospheric offset p, assuming this
is constant to all observed directions of
the ellipsoid, may be incorporated in

a modified ellipsoidal body matrix,

1

— 0
(a+p)
~ 1
A=| 0 1) o | an
0 L
(c+p)

The atmospheric offset might then be
introduced as a state parameter estimate
in the Kalman filter, modifying the state
vector estimate in Eq. (8) to become,

x={rT v! p}TA (18)

The EKF parameters are then
calculated by the Jacobian. There is
no dependence to the atmospheric
offset in the orbit propagation.

The atmospheric offset can be reset
throughout orbit as the illumination
changes from day to night, where
the boundary height seen in the
image plane p raises and lowers.

3.4. Expected performance

The methodology presented in

this section are now simulated and
compared. They are generated from

a scenario of lost-in-space, where no
prior position is known by the user.
This is a worst case scenario. Horizon
points are varied with a 2 px error,

as identified in Section 2.2.2, and

the ‘star sense’ and ‘horizon sense’
cameras are simulated according to
specifications contained within Table 2.

The simulation is run for nearly
two orbits. An atmospheric offset p
is set to 25 km [21], with an initial
estimate error at 1 km. The entire
filter is run over two orbital periods.
The simulation is run on MATLAB.

Given the models seek to aid LEO
satellites, orbital altitudes at 300 km,
600 km and 1200 km are compared

in Fig. 6. The accuracy and precision
(standard deviation) is reported in Table
3. Each result is given by an error and
standard deviation for cross-track,
along-track and radial error terms.

A steady state is achieved in Fig. 6
after a single orbit, which for a LEO
satellite is approximately 90 min. Each
of the parameters presented in Table 3
is calculated after the first orbit of 90
min, where it is assumed the solution
has converged. The margin of error
below 100 m satisfies requirements

for some LEO applications reported in
Table 1. There ap-pears to be no strong
dependence on orbital height at close
proximity to the body. The estimated
standard deviation indicates strong
stability after the solution has converged.

To explore the atmospheric offset
correction, the estimated p values
over the simulation are presented

in Fig. 7. The reduction of error is
fast, with no noticeable impact to

the simulation accuracy. The offset
is fast reduced to an approximate

10 m average within 10 min. The
standard deviation of the error is also
included as a dashed line in this plot.



4. Introduction to navigation infrastructure

As raised in the introduction to this work, not only may
visual-based PNT be utilised by spacecraft in-orbit but also
as a supporting system for terrestrial and lunar ranging
services. Recent plans for LEO mega- constellations [23,24],
as well as lunar orbit [25,26,38], envisage the delivery

of a new-type of ranging signal. This would be unlike
traditional ranging like GPS and Galileo, where the signals
are distributed freely, but instead be closed and protected.

Present infrastructure only considers the source of

orbit determina-tion to be derived by GNSS or ground
infrastructure. Given the restricted availability of tracking
stations across the globe, GNSS is even being solely relied
upon for the generation of ephemeris on-board the satellites.
However, these systems may not be treated as a back-

up, as they would then be unable to operate if GNSS is
denied or unavailable [28]. Thus, a an alternative to GNSS
and RF-derived orbit determination should be considered,
like the visual-based system treated in this article.

The performance of a ranging service is dependent

on the signal-in- space accuracy, which refers to the
accuracy of the delivered ranging signal, and the satellite
geometry, quantified by the Geometric Dilution of
Precision (GDOP). The signal-in-space performance is a
combination of error terms from the atmospheric delay

g

am’®

orbit determination ceph. These terms are combined by,

receiver o and satellite noise osat, timing o, _and
rev clock

o‘%}RE = Ggph + o-gloz‘k + Gitm + o-zcv + Gfal + o—gthﬂﬂ (19)
where 6, incorporates all other terms. For proposed
LEO infrastructure, these factors are on the order of
magnitude 0.1-1 m [24], except for the ephemeris term,
which if not relying on GNSS might be greater.

It should be mentioned that what is being proposed is not a
replacement but a supporting system to assure that a ranging
service may still be delivered in the absence of GNSS. As
discussed in Section 2, this is a requirement for both maritime
and aviation applications to treat the system as an alternative
or back-up. This is also required for a ranging service beyond
Earth and on the Moon, as GNSS coverage is very limited.

In Section 3.4, the performance of visual-based PNT for
orbit determination was recorded for radial, along- and
cross-track. This may be transformed into an equivalent
ephemeris error by using the work of Chen in Ref. [54]. The
principles are now introduced but only a limited discussion.

Chen considers the probability distribution of ranging
signals distributed across the user plane on Earth by a
single satellite. The unit vectors of pointing to positions

on the surface are described by elevation a and azimuth g
angles for a satellite at height /4 above the surface as,

1 R, sina cos
|=—————( R,sinasing . (20)

\/R2 = 2Rhcosa+h? | R, cosa—h

Cross-Track Error [m]

Along-Track Error [m]
2 & 38

ey
o
[
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600 km
1200 km

Radial Error [m]

Time [min]

Fig. 6. Position performance for different orbit altitudes above the
Earth's surface. The dashed line represents the 3¢ standard deviation of
the filtered solutions.

Table 3: Performance for Radial, Cross- and Along-track measurements
for varying altitudes.

Altitude Accuracy (Precision)

Cross Along Radial
300 km 0.62 m (39.1 m) 0.14 m (65.9 m) —12.6 m (25.0 m)
600 km —19.18 m (41.3 m) —32.54 m (43.5 m) —16.2 m (31.0 m)

1200 km 2.83 m (31.0 m) 68.4 m (99.9 m) —51.4 m (61.2 m)

-
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Fig. 7. Atmospheric offset performance for different orbit altitudes
above the Earth's surface. The dashed line represents the 3c standard
deviation of the filtered solutions.
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The probability of satellite coverage
across this surface of the Earth is then,

sin adadp

plaf)= 2z(1 —sin 6)’

@1
where 0 is the angle of surface coverage
from the zenith to the horizon. Calculating
across the variable range of angles

pla,p)= ;'(L%, and g € [0, 2x], the root-
mean-square formula for the ephemersis is,

o' sin adadﬂ

6”” // 27(1 — sin 0)

where o = {— C, 4, — R} for the cross-
track C, along-track 4 and radial R errors.

(22)

Considering the orbit determination errors
reported in Table 3, the equivalent error
for the ephemeris [ is approximately 50
m across orbital altitudes 300-1200 km.

The user error in three-dimensions
is calculated by a combination of
the GDOP and user range error.
This is simply computed by,

03p =GDOP e 6z (23)
The GDOP has been reported across MEO
GNSS and LEO mega constellations in
the pioneering work of Reid et al. [23]
that summarises the GDOP expected
across each varying orbital geometry.

Upcoming LEO constellations include
Teledesic, OneWeb and Star-link.
According to Fig. 8, the expected GDOP
is on the order of 1.0. Substituting this
into (23) using the expected error of

[y

8 i

e '

c 101 \ ‘l

g 1400 km \ \

o \
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Fig. 8. Comparison of user GDOP (95th percentile) as a function
of constellation size and altitude for a 5 deg elevation mask [23].
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50 m for the user range error 7, ,,, the
potential performance for a user position

derived by such a ranging signal is 50 m.

Recalling the performances expected for
aviation and maritime sectors, this result is
promising to be applied across application
domain where a back-up system would
need to deliver a performance at 100 m.
Thus, a vision-based orbit determination
may be considered as an alternative
technology to RF-based GNSS and
ground station tracking for future LEO-
based ranging systems. This could also be
translated for use in a lunar positioning
service, adopting a similar analysis.

5. Conclusions

The work introduces a visual-based

PNT system and demonstrates this it is

an alternative to GNSS and RF-derived
positioning. This system is treated in the
framework of being an orbit determination
alternative for LEO satellites as well as
being a supporting system to new concepts
of GNSS in LEO and Lunar environments.

The potential performance delivered by
such a system is better than 100 m. This
is shown by simulating the orbit of a
LEO satellite across multiple altitudes
and calculating the standard deviation
across along- track, cross-track and radial
dimensions. Challenges for LEO opera-
tions are also considered, including
eclipse and daytime operations as well as
atmospheric bias in the observed horizon.

A visual-based PNT
system might also be
implemented as a form
of orbit determination for
proposed LEO ranging
constellations. It was
demonstrated that this can
satisfy the requirements
%f i of most terrestrial user
domains, including
~o% maritime and aviation.
The results might also be
treated in terms of lunar
users as part of a lunar
navigation service.
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I\ NEWS - GIS

IBM and NASA Open Source Largest
Geospatial Al Foundation Model

IBM and open-source Al platform
Hugging Face has announced that IBM’s
watsonx.ai geospatial foundation model —
built from NASA’s satellite data — will be
available on Hugging Face. It will be the
largest geospatial foundation model and
the first-ever open-source Al foundation
model built in collaboration with NASA.

As part of a Space Act Agreement with
NASA, IBM set out earlier this year

to build an Al foundation model for
geospatial data. And now, by making a
geospatial foundation model available,
efforts can advance to democratize access
and application of Al to generate new
innovations in climate and Earth science.

The model — trained jointly by IBM and
NASA on Harmonized Landsat Sentinel-2
satellite data (HLS) over one year across
the continental United States and fine-
tuned on labeled data for flood and burn
scar mapping — has demonstrated to
date a 15 percent improvement over
state-of-the-art techniques using half

as much labeled data. With additional
fine tuning, the base model can be
redeployed for tasks like tracking
deforestation, predicting crop yields, or
detecting and monitoring greenhouse
gasses. https://newsroom.ibm.com

Overture Maps Foundation releases
first world-wide open map dataset

The Overture Maps Foundation (OMF),
a collaborative effort to enable current
and next-generation interoperable

open map products, announced the
release of its first open map dataset.

It includes four unique data layers:
Places of Interest (POIs), Buildings,
Transportation Network, and
Administrative Boundaries. These
layers, which combine various sources
of open map data, have been validated
and conflated through a series of
quality checks, and are released in the
Overture Maps data schema which
was released publicly in June 2023.

The Places dataset includes data on over
59 million places worldwide and will be a
foundational element of navigation, local
search and many other location-based
applications. https://overturemaps.org

Mapbox 3D mapping designed to
enhance location awareness

Mapbox has released new platform updates
to enhance user’s 3D mapping experience
by adding powerful dynamic lighting
capabilities and landmark 3D buildings.
The new ready-to-use platform aims to
enhance wayfinding and spatial orientation
for users and provides a polished canvas
for custom location data. www.mapbox.com

RAK to implement 'Parcel Fabric'
technology for managing spatial data

Ras Al Khaimah (RAK) has become
the first city in the Middle East to
implement “Parcel Fabric” technology
for managing spatial land data, based
on a certificate granted by the Esri.

In partnership with the GIS Centre, Ras
Al Khaimah Municipality is using the
Parcel Fabric technology to manage the
spatial information of land plots through
the rules and definitions it defines. This
spatial data forms the basis of the systems
that register land ownership and other
real estate interests and is, therefore,

key to the effective management of any
city. Adopting the technology, which

is linked to the land registry, will help
preserve the rights of owners and property
investors in the Emirate. The system
improves records’ accuracy, increasing
operations efficiency and reducing

the time required for tasks such as
modifying and updating land records.

Parcel Fabric allows cadastral data

to be fit for purpose by storing the
required metrics and metadata, such

as the method of capture, date, spatial
accuracy and historical lineage, for use
and publishing as needed. In addition,
the built-in data quality management
mechanisms ensure the accuracy of other
key elements, such as topology and

plot attribution. www.zawya.com I\

I\ NEWS - IMAGING

NASA to acquire Synthetic
Aperture Radar Data from ICEYE

ICEYE US has won a contract under
a Blanket Purchase Agreement (BPA)
with NASA announced earlier this
year. The contract enables NASA to
acquire ICEYE’s synthetic-aperture
radar (SAR) data for evaluation by
scientific and academic communities
to determine suitability for advancing
NASA’s Earth Science research
objectives. The BPA is funded by the
Earth Science Division of the Science
Mission Directorate. www.nasa.gov

Viasat opens real-time earth
ground station in Japan

Viasat announced the opening of a Real-
Time Earth (RTE) ground station in
Hokkaido, Japan enabling its customers
the ability to downlink Ka-band payload
data in the northwestern Pacific at the
site hosted by its partner Infostellar

Viasat is establishing itself as a global
leader in Ka-band support for low earth
orbit (LEO) missions with its ability to
downlink Ka-band payload data with a
7.3m full motion antenna at the Hokkaido
site and is postured to support current

and future government and commercial
satellite programs. Attps://news.viasat.com

Goa govt to rope in satellite imagery
firm to map out CRZ violations

The state government of Goa,

India will engage a company with
expertise in satellite imagery to
map structures that existed on the
state’s shoreline before 1991 to
understand the extent of the Coastal
Regulation Zone (CRZ) violations.

The Goa State Coastal Zone Management
Authority (GSCZMA) had issued show
cause notices to 275 structures, giving
them time to respond with documentation
to prove that they existed before 1991.
The notices were issued after the October
2022 order of the High Court against

the gross violations in CRZ areas, the
senior GSCZMA official said. I\
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TIER IV and Axell unveil Autoware
Accelerator prototypes

TIER IV has successfully partnered with

Axell Corporation, a Japan-based computer hardware
company, to conduct a collaborative research project
aimed at creating a new application-specific system-
on-chip (SoC) and software platform for autonomous
vehicles. The project culminated in a demonstration,
showecasing the power and performance advantages
of the Autoware Accelerators. These hardware
accelerators are custom-designed specifically for

the Autoware architecture. These collaborative
research efforts were funded by the “Innovative Al
Chip and Next-Generation Computing Technology
Development” project, sponsored by the New
Energy and Industrial Technology Development
Organization (NEDO). https://tierd.jp/en

Autonomous vehicle lidar integration
with NVIDIA DRIVE and Omniverse

Hesai Technology announced a collaboration with
NVIDIA to integrate Hesai’s cutting-edge lidar
sensors within the NVIDIA DRIVE and NVIDIA
Omniverse ecosystems. NVIDIA DriveWorks is
the foundation for autonomous vehicle software
development and a trusted solution for creating
and deploying autonomous driving applications.
Developers building on DriveWorks will be able
to effectively integrate Hesai’s lidar sensors into
their vehicles, leading to more efficient and reliable
autonomous driving systems. www.hesaitech.com

RapidDeploy launches a new mobile
app for first responders

RapidDeploy, a cloud-native solution provider for
Public Safety, announced Lightning, a new mobile
app that delivers 911 call data and critical information
directly to first responders’ mobile devices, including
smartphones and tablets. Kansas in the USA will be
the first statewide customer to harness the power of
Lightning, enabling the sharing of data across state
and local stakeholders, and providing more than 100
911 centers and 24,000 first responders access to real-
time, life-saving information to aid in response efforts.

First responders leveraging the mobile app will
have access to real-time 911 call data, location
accuracy, video feeds, GIS mapping layers,

and more, providing situational awareness,
improving joint inter-agency communications,
and delivering a new level of visibility amongst
responders. https.//rapiddeploy.com I\
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New Galileo station goes on duty

Galileo’s ground segment has gained
a new asset, the Telemetry, Tracking
and Control (TT&C) facility — a
13.5-m parabola dish mounted on top
of'a 10-m high building structure of
made of steel and concrete. It is based
within Europe’s launch site in Kourou,
French Guiana, beside TTCF-2.

The TT&C antennas are uncrewed
and operate on a fully automated
basis from the two Galileo control
centers located in Oberpfaffenhofen,
Germany, and Fucino, Italy.

The TT&C antennas are crucial

to regular communication with

the Galileo satellites.

This latest antenna will play an
important role during the upcoming
modernization activities of the
earlier TT&C antennas in the

station network, which have been

in service for several years. TTCF-

7 will take over their tasks during
the maintenance activities when they
need to be taken offline. www.esa.int

cryptographic algorithms have
the potential to compromise long-
term data security. Thales has
been tasked by ESA within the
consortium it leads to draw on its
world-renowned cryptography
expertise. www.thalesgroup.com

GNSS signals monitor
volcano activity in Japan

The Japan Meteorological Agency
(JMA) has reported that on July
10-17, data from GNSS signals
indicated continuing minor inflation
at shallow depths beneath Mount
loyama, located on the northwest
flank of the Karakuni-dake
stratovolcano in the Kirishimayama
volcano group in Japan.

Shallow volcanic earthquakes were
recorded and vigorous fumarolic
activity was visible at the fumarolic
on the south side of Mount

Ioyama. The alert level remained

at two, on a five-level scale, and
the public was warned to stay 1

km away from Mount [oyama.

Thales partners with ESA
on Galileo cybersecurity
and enhancements

As part of G2G IOV SECMON,
Thales is leading the consortium,
including the Italian group Leonardo,
to expand the scope of security
monitoring and include the new
assets in the G2G system. It will also
introduce automated incident response
and network traffic monitoring. In
addition, the solution will be capable
of storing significant amounts of
incident response data. To meet

this challenge, Thales will deliver a
solution built on a scalable, flexible
architecture derived from its Cybels
range of security supervision products

and incorporating big data capabilities.

A cybersecurity contract for better
protection from quantum threats New
threats from quantum computers
capable of breaking existing

Indonesia, Japan explore
cooperation to develop
satellite navigation

Indonesia’s National Research
and Innovation Agency (BRIN)
and Japan’s National Space Policy
Secretariat of the Cabinet Office
have signed a letter of intent
(LOI) for cooperation to develop
and utilize satellite navigation
systems and technologies.

BRIN’s Deputy of Research and
Utilization of Innovation, R.
Hendrian, stated that satellites and
their technologies are crucial for
archipelagic states like Indonesia.
In terms of cooperation with
Japan, BRIN’s Head of Research
Organization for Electronics

and Informatics, Budi Prawara,
mentioned that Japan’s Quasi-Zenith
Satellite System (QZSS) could

be utilized. https:/isp.page I\
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PNT solution with 5G and LTE signals

NextNav has has successfully tested

its positioning and timing solution that
combines the company’s assured PNT
TerraPoiNT system with existing LTE
and 5G network signals. The test, which
took place in and around San Jose,
California, demonstrates how TerraPoiNT
signals can be integrated with existing
cellular signals to deliver accurate 3D
positioning and timing information that is
not reliant on conventional satellite-based
GPS and GNSS signals. nextnav.com

ProStar, Leica Geosystems
announce technology integration

ProStar Holdings has announced a
technology integration with Leica
Geosystems, which combines ProStar’s
utility mapping software, PointMan,
and Leica Geosystems precision GPS/
GNSS receivers for GIS asset data
collection. The technology integration
provides a precise and comprehensive
data collection solution to capture,
record, and display the precise location
of critical underground infrastructure
anywhere in the world with the Leica
Geosystems receivers. hexagon.com

Xona accelerates commercial
LEO GPS alternative

Xona Space Systems Inc has partnered
with the Air Force Research Laboratory
(AFRL) and the U.S. Space Force to work
toward a secure Low Earth Orbit (LEO)
PNT architecture leveraging Xona’s
PULSAR™ service. This $1.2M Direct

to Phase II SBIR (D2P2) contract was
awarded through an AFWERX SBIR
Open Topic after Xona successfully
demonstrated the capability of their

Coordinates
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patented LEO PNT architecture
using the “Huginn” demo satellite in
late 2022. www.xonaspace.com

Q-CTRL and Australia's Department
of Defence partnership

Q-CTRL has partnered with
Australia’s Department of Defence
to develop quantum sensors that will
deliver quantum-assured navigation
capability for military platforms.

The company’s partnership is a multi-
year effort to field-deploy and validate
miniaturized systems on defense
platforms. It represents one of the first
international partnerships between
government and the private sector

to apply quantum technology in real
defense settings. https://q-ctrl.com

ComNav device aids in
skyscraper completion

Sweden’s tallest building, Karlatornet,
is expected to be completed in July,
2023. Karlatornet will be Gothenburg’s
first skyscraper with its 246 meters.

It has 74 floors and covers an area of
143,000 square meters, this inspirational
new tower will mark a shift from
traditional development patterns in the
country.1 It is worth mentioning that 4
x SinoGNSS T300 have been used as
“Active Control GNSS Points” on the
building top during the construction

for delivering 3D coordinates for Total
Stations. One SinoGNSS T300 has been
used as Base Station. The Core Wall
Control Survey is a method invented

by Prof. Joél van Cranenbroeck the first
time for the Burj Khalifa in Dubai. The
PPK mode was used to derived the most
accurate results. www.comnavtech.com
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ModalAl launches the Starling

ModalAl, Inc has announced the
availability of its drone - Starling. At
only 275 grams and with an impressive
30+ minutes of flight time, it is
ModalAI’s lightest and longest flying
development drone. With Blue UAS
Framework 2.0 autopilot, VOXL 2, at
its core, it accelerates the development
of commercial drone solutions for
OEMs looking to realize a breakthrough
in autonomy across a diverse set of
industries. www.modalai.com

DroneShield launches area-
specific satellite denial systems

DroneShield Ltd. has launched an initial
order from a defense customer for its
target area-specific Satellite Denial
Systems. Global Navigation Systems
(GNSS) are used around the world,

while the most well-known are GPS,
GLONASS, Galileo and BeiDou systems.

DroneShield has used GNSS denial
against drones and UAVs for a number of
years as part of the smart defeat capability
within its products. The company has
developed a number of unique techniques.

A Five Eyes government has requested
that DroneShield develop this capability a
step further through a paid R&D project.
This project is expected to follow up with
a series of further projects, each project
including more advanced development

of the system. www.droneshield.com

Locana extends
OpenStreetMap support

Locana is now a member of
OpenStreetMap US, a nonprofit
organization that helps support and grow
the OpenStreetMap (OSM) project.

Conceived in 2004, OpenStreetMap is a
free, open geographic database updated
and maintained by a community of
volunteers via collaboration. It broadens
access to high-quality data, lowers the cost
of harnessing location intelligence, and
makes it possible for more organizations
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I\ MARK YOUR CALENDAR

Commercial UAV Expo
5-7, September 2023
Las Vegas, USA
WWW.expouav.com

ION GNSS+ 2023
11-15 September
Denver, Colorado, USA
www.ion.org

European Lidar Conference (ELC)
13 — 15 September
Cluj-Napoca, Romania
https://enviro.ubbcluj.ro

DroneX Trade Show & Conference 2023
26-27 September
London, United Kingdom
www.dronexpo.co.uk

October 2023

FIG COMMISSION 7 Annual Meeting 2023
2-4 October
The Netherlands
figcommission7 @fig.net

Asian Conference on Remote Sensing
(ACRS 2023)
30 October to 3 November
Taipei, Taiwan
https://acrs2023.tw
Intergeo 2023
10-12 October
Berlin, Germany
www.intergeo.de

November 2023

GEOINT Innovation Summit
1-2 November 2023
National Harbor, Maryland, USA
https://geoint.dsigroup.org

43rd INCA International Congress
06-08 November 2023,
Jodhpur, Rajasthan.
https://43inca.org

Trimble Dimensions 2023
6-8 November
Las Vegas, USA
www.trimble.com

GoGeomatics Expo
6-8 November 2023
Calgary, Canada
https://gogeomaticsexpo.com

The Smart GEO Expo 2023
8-10 November
Gyeonggi Province
Republic of Korea.
www.smartgeoexpo.kr/fairDash.do

18th International Conference on Location
Based Services (LBS 2023)
20-22 November
Ghent, Belgium
https://lbs2023.lbsconference.org

The Pacific GIS and Remote Sensing
Conference
27 November - 1 December
Suva, Fiji
https://pgrsc.org

to take advantage of insights from
location data. www.locana.co

Namuga selects Lumotive to build
next-gen 3D sensing solutions

Lumotive has entered into a commercial
agreement with camera module
specialist Namuga, which will leverage
Lumotive’s Light Control Metasurface
(LCM) chipsets to develop solid-state
lidar module solutions for a range of 3D
sensing applications in the industrial,
consumer and automotive markets.

Through this partnership, Namuga
will leverage the LCM products to
create a variety of next-generation
solid state lidar modules that

go beyond robotic automation
solutions, extending into additional
sectors like services, homecare, and
logistics. https.//lumotive.com

GeoCue unveils TrueView
3D Imaging Systems

GeoCue announces the release of three
new, high-end TrueView 3D Imaging
Systems. With unmatched precision
and advanced capabilities, the all-

new TV625, TV680, and TV680LR
are set to redefine the standards

of aerial imaging technology.

These three new systems, designed and
manufactured in the USA, combine

a very lightweight and compact laser
scanner with 3 cameras to deliver
unparalleled accuracy and efficiency

in geospatial data collection. The new
TV625, TV680, and TV6S0OLR systems
are NDAA compliant. https://geocue.com

Configurable GIS mobile
app for surveying

1Spatial has launched the 1Capture,

a customizable mobile application

for data capture. It is a mobile GIS
editing application that is multi-use and
configurable. It provides accurate and
reliable GIS data collection and editing
in the field for a multitude of asset, job,
and survey types. https://Ispatial.com I\
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Earthquake analysis by 3-D
hi o daf .

James L Farrell
VIGIL Inc,, Institute of Navigation Pacific PNT 2013, Honolulu Hawaii, USA

For investigation of earthquakes based on their affine degrees-of-freedom,
methodology of another field —anatomy — is highly relevant. Instead of
designated landmark sets coming from a group of patients, here they are
associated with a series of days (e.g., from several days before to several days
after a quake). Each landmark set is then subjected to a sequence of procedures
thoroughly familiar to anatomy experts and succinctly reviewed herein.

Navigation - GIS - Cadastral

mycoordinates.org/vol-9-issue-8-August-2013

Outdoor mobile field
robot navigation

Chung-Liang Chang, Bo-Han Wu and Yong-Cheng Huang
National Pingtung University of Science and Technology, Taiwan, R.0.C.

The Himalayan
Tsunami in
Uttarakhand

Anoop Nautiyal

This paper proposes a low-cost field robot capable of short-range field
navigation, obstacle avoidance, color identification and spraying.
Multiple micro-electro-mechanical sensors (MEMs) and multiple
micro-controllers using a multi-layer fuzzy logic decision scheme

Social and political commentator,
former Chief Operating Officer,
108 Government emergency
services, Uttarakhand

What should the leadership

in Uttarakhand be doing right
now? There are three things

to focus on. Creating a vision,
communicating that vision and
executing the vision is what the
leadership should concentrate
on. Working on multiple fronts,
the leader will have to inspire the
millions of ‘Uttarakhandis’ and
the rest of the nation who are all
looking up to him for creating a
holistic and consolidated strategic
long-term rehabilitation and
development plan for the State

were integrated to guarantee the autonomy of the mobile robot.

Cadastral
reform project

in South Korea

Kang Sang-Gu, Kim Kyung-
Il and Kim Tae-Hoon

Korea Cadastral Survey Corp., Seoul, Korea

The main purpose of this research
is to propose the establishment of
cadastral reference network based
on the WGRS, and to make a
fundamental plan which is unified
into one national reference point

The use of GIS to
forecast tourism
demand

Dr Adnan AL-Jaber

Director of Geographical Information Systems
MAS Center, Saudi Commission for Tourism
and Antiquities, Kingdom of Saudi Arabia

This study showed that the full potential of

the Huff model has not been recognized yet.
Adding to the Huff model in the business
analyst program in (ArcGIS), the package is a
positive step in this direction. There are many
applications for this model not only in the field
of tourism demand, but in other tourism aspects.
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