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Abstract—Global Navigation Satellite Systems (GNSS) have
been designed to operate in outdoor scenarios, and hence their use
indoors poses important challenges due to their low signal power.
Nonetheless, the indoor Position Navigation and Timing (PNT)
market has been growing exponentially in the last few years.
The most prominent technology that can solve the increasing
demand for high accuracy and low complexity indoors is a PNT
technology based on Low Earth Orbit (LEQ) satellites, which
might offer similar performance indoors as in open-sky. Some
initiatives are starting to design LEO constellations that operate
in different bands than GNSS. One interesting case is the use of
the Very High Frequency (VHF) or Ultra High Frequency (UHF)
bands that could eventually deliver strong signals indoors and/or
in challenging outdoor scenarios, which are being developed
by ArkEdge Space and the European Space Agency’s LEO-
PNT initiatives, respectively. The present work aims at shedding
some light into the indoor PNT performance of these LEO
initiatives, both in standalone and hybrid fashions. The PNT
performance is evaluated from an extensive statistical analysis
covering eight indoor scenarios in terms of satellite visibility,
positioning accuracy, and indoor demodulation threshold. The
clear drawback of operating at the VHF/UHF bands for PNT
comes from the ionospheric ranging error, a topic also addressed
in the present work. Results show that combining the LEO
constellations under analysis, excellent deep-indoor coverage
can be achieved, thus opening the door for future PNT-based
applications indoors.

Index Terms—LEO-PNT, indoor, VDE-SAT-R, UHF, coverage,
demodulation threshold

I. INTRODUCTION

Global Navigation Satellite Systems (GNSS) have been
the de-facto technology for Position, Navigation and Timing
(PNT) solutions since their advent in the late 1970s. GNSS
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offers great accuracy in outdoor scenarios, but is severely lim-
ited by the presence of interferences and the limited visibility
in urban canyons and indoor environments [1]. Despite these
limitations, the demand for indoor PNT solutions has been
growing exponentially in the last few years, typically relying
on alternative technologies to deliver PNT solutions, such
as WiFi [2], Bluetooth-Low-Energy (BLE) [3], Ultra Wide-
band (UWB) [4] or Radio Frequency Identification (RFID) [5],
among others. However, these technologies typically either re-
quire a costly infrastructure deployment, or are only applicable
locally, with limited coverage, or provide a low positioning-
accuracy solution. For this reason, alternative solutions that
deliver high-accuracy, global coverage, and low-complexity
for indoor PNT are still needed. One prominent alternative
that could potentially solve these issues for indoor PNT is the
use of Low Earth Orbit (LEO) satellites, since their closeness
to Earth might deliver the necessary signal power to overcome
the additional path losses of indoor scenarios, and supply with
an open-sky GNSS-like solution indoors [6].

Some dedicated LEO-PNT initiatives are starting to design
constellations that operate in different bands than GNSS.
Typically, higher frequency bands are sought since a higher
bandwidth is available, there are fewer interfering signals and
more effective beamforming techniques could be applied at
the receiver, thus leading to improved positioning accuracy
and interference robustness outdoors. However, these are not
well suited for indoor applications since the additional path
losses at higher frequencies will most likely incapacitate the
system indoors [6].

One interesting case is the use of the Very High Frequency
(VHF) (i.e., carrier frequencies between 30 MHz and 300
MHz), and the lower part of the Ultra High Frequency (UHF)
bands. (i.e., carrier frequencies from 300 MHz to about 1
GHz), in order to deliver strong signals indoors and/or in urban
canyons, due to both the lower path loss inherent to lower
frequencies and the lower building entry loss (BEL) [7]. Such
signal power budgets could provide a high-accuracy solution
even in the most challenging indoor scenarios. These bands



have not been typically used for PNT and they are heavily
allocated for a variety of critical communication services. This
could imply the need for a specific allocation for PNT, a
frequent monitoring of the channel conditions to water-fill
it with the PNT signal, and/or plainly dealing with the big
amount of interfering signals. Nonetheless, while these are
challenging aspects, the European Space Agency (ESA) LEO-
PNT initiative already plans on including signal transmission
in the UHF band in their in-orbit demonstration, planned for
completion in 2027 [8].

Furthermore, the use of LEO satellites at the VHF band
has also been enabled through the standardisation of the VHF
Data Exchange System (VDES) using satellites and including
a ranging component (VDES-SAT-R). The capacity at which
LEO-PNT systems operating at VHF/UHF bands can work
indoors is still an open question, although extensive research
has been done on the performance of a VDES-SAT-R LEO
system for maritime communications and positioning [9]-[12].

In this context, the main objective of this work is to analyse
the suitability of these frequencies for indoor LEO-PNT in
terms of user visibility, positioning accuracy, and probability
of demodulating the received navigation signal. This objective
is achieved by performing a statistical analysis based on simu-
lations of the received signal in the indoor scenarios from our
previous work in [6], obtaining the statistical characteristics
of the metrics we consider relevant. The novelty of this work
lies in the following points:

« We conduct an indoor visibility assessment of the consid-
ered VHF/UHF constellations with a statistical analysis
of the Carrier-to-Noise ratio (C/Ny), the 4-fold coverage
(the percentage of users with > 4 satellites in view)
and the Geometric Dilution of Precision (GDOP), the
latter two constrained by the receiver sensitivity. This
analysis is based on semi-analytical models and an in-
house satellite constellation simulator.

o We evaluate the indoor visibility of a terminal jointly
processing signals from both VHF and UHF LEO con-
stellations.

o We obtain the indoor demodulation threshold for prospec-
tive LEO-PNT data rates and the probability of the two
studied signals to surpass this threshold.

e« We include an analysis of the achievable positioning
accuracy under Additive White Gaussian Noise (AWGN)
ranging errors, and a discussion on the ionospheric cor-
rection options.

« We evaluate the suitability, the expected performance and
the system design options of these initiatives following
the results in the previous points.

The paper is structured as follows: Section II includes an
overview of the LEO-PNT initiatives at VHF/UHE, Section III
delves into the possible solutions to correct the ionospheric
impact on the positioning accuracy, Section IV details the
framework in which the statistical analysis is performed,
while Sections V and VI present the indoor visibility and
indoor demodulation threshold obtained from the simulations,

respectively, and Section VII concludes the paper.

II. OVERVIEW OF VHF/UHF LEO-PNT INITIATIVES

A. VDE-SAT R-MODE System

The implementation of a satellite-based maritime commu-
nications system is becoming a suitable solution for robust
and secure links with vessels. While terrestrial VDES has
been the de-facto technology for maritime communications
in the last few decades, satellite VDES offers higher system
range to the communication link and can provide worldwide
coverage, considering that terrestrial VDES does not offer
a communication link after the vessel is, approximately, 60
km away from shore [12]. Furthermore, these vessels have
traditionally used GNSS to compute their position and transmit
it to the nearby vessels and control stations, but given the
susceptibility of GNSS to interferences and spoofing and the
importance of having a reliable PNT technology off-shore,
a complementary system with added robustness to impairing
signals is desirable. To this end, the ITU specification [13]
has incorporated the standardisation of the satellite VDES
communications component, along with the addition of a
ranging component to obtain the PNT solution from these
satellites.

One initiative to deploy a LEO constellation targeting
VDES-SAT-R applications comes from ArkEdge Space. In this
initiative, a target 50-100 satellites are to be deployed at the
159.5625 MHz frequency band [14], which would suffice to
offer worldwide VDES communications coverage, but would
likely need multi-epoch positioning to achieve decent accuracy
and worldwide 4-fold coverage for PNT applications (similarly
to the TRANSIT system from the 1970s). In such a case,
given the known altitude of the receiver on the vessel and its
velocity, multiple measurements of one same satellite would
suffice to estimate the receiver’s position [15], which would
be estimated accurately given that pseudorange measurements
are available. If these same signals are to be employed for
indoor PNT solutions, however, the accuracy and coverage
levels for a single-epoch solution would not be enough, which
would need additional satellites in-view, to apply multi-epoch
positioning or to serve as an additional system to a backbone
LEO constellation.

B. ESA LEO-PNT initiative

The FutureNav Celeste initiative described in [16] includes
UHF frequency allocation, which is justified due to the lower
propagation losses and better penetration in trees canopy and
indoor scenarios. It also benefits from better ionospheric cor-
rections in dual-frequency transmission with the L-band signal,
due to the larger separation in frequency when compared to
the L-band combinations. Specifically, the 465 MHz band
is targeted and has already been included in the In-Orbit-
Demonstrator (IOD) of the satellites scheduled for deployment
in 2027, along with signals in the L, S and C bands.



III. VHF/UHF IONOSPHERIC ERROR HANDLING

The primary challenge in exploiting UHF/VHF signals for
navigation lies in the severe impact of ionospheric delay.
Current ionospheric models utilized in standard GNSS appli-
cations, such as NeQuick and NTCM, exhibit Total Electron
Content (TEC) estimation residuals that can reach up to 20
TECU depending on the geomagnetic latitude [17]. When
this vertical uncertainty is projected via an elevation mapping
factor to the equivalent Slant Total Electron Content (STEC),
the path delay uncertainty can effectively triple.

Given that ionospheric refraction is a dispersive phe-
nomenon, the range error is inversely proportional to the
square of the transmission frequency. For signals in the VHF
and UHF bands (approximately 100 MHz and 400 MHz,
respectively), the standard first-order ionospheric relation is
applied:

40.3 - STEC
2
where f. is the carrier frequency in Hz. At these lower
frequencies, the resulting range errors can reach magnitudes
of hundreds to thousands of meters. For high-accuracy indoor
applications, such errors must be strictly mitigated. The as-
sessment provided in the following sections assumes that first-
order components are compensated, thereby limiting the error
budget to second-order residuals through one of the following

methodologies:

o Network-Aided Real-Time Kinematic (N-RTK): Indoor
scenarios can leverage local network implementations
where one or more receivers act as reference base sta-
tions. This approach requires a robust communication
link to disseminate differential corrections to the end-
user (rover). These corrections are computed by fixed
stations with precisely surveyed coordinates, allowing for
the cancellation of common-mode atmospheric delays.

o Multi-Epoch GRoup and PHase lonospheric Calibration
(GRAPHIC) Combination: For standalone autonomous
navigation, the GRAPHIC technique is preferred to N-
RTK. By averaging code-based pseudorange and carrier
phase measurements, the first-order ionospheric term is
mathematically canceled. This requires a receiver ar-
chitecture capable of maintaining stable carrier tracking
loops. While this method precludes single-epoch conver-
gence—requiring a transient period to solve the pseudo-
ambiguity bias—it facilitates continuous high-accuracy
performance, provided that carrier-phase cycle slips do
not occur and jeopardize the ambiguity state [18], [19].

o Dual-Frequency Measurements: This remains the only
method capable of achieving instantaneous, high-
accuracy ionospheric-delay elimination. While this neces-
sitates specific transmitter design for future LEO systems,
the generation of signals on two distinct carriers within
the allocated bandwidth would significantly enhance
LEO-PNT utility for indoor positioning. Furthermore,
even within pure Satcom LEO frameworks, the inher-
ent frequency division and hopping capabilities across

A]%iono = (1)

different communication channels could be leveraged to
synthesize a dual-frequency observable.

IV. SIMULATION FRAMEWORK

This Section is devoted to describe the considerations taken
to analyse the performance of LEO satellites for the indoor
PNT solution. As mentioned in Section I, the analysis in our
work is based on three main points: we first examine the
visibility of the VHF/UHF LEO signals under 8 specific indoor
scenarios, then we assess the achievable positioning accuracy
for the covered users, and finally we evaluate the probability
of demodulating the signal.

A. Space segment

Following Section II, we consider the analysis of a constel-
lation similar to the ESA LEO-PNT that would be operating
at UHF, herein named ‘EU-LEO-PNT-like’, and the LEO
constellation from ArkEdge Space currently operating at VHF,
herein named ‘ArkEdge-like’. Furthermore, we also simulate
the two constellations combined, assuming a receiver capable
of collecting signals at both frequencies. This is called the
“hybrid” solution. The configuration for these constellations is
depicted in Table I, which follows [16] for the ‘EU-LEO-PNT-
like’ and [14] for the ‘ArkEdge-like’ constellations. Notably,
some of the parameters in Table II where not available in
those articles, and some assumptions have been considered
for our work. Furthermore, we have analysed ‘ArkEdge-like’
orbiting at two different inclinations, since either polar or sun-
synchronous inclination seem to be considered [14]. It is also
worth mentioning that both constellations are assumed to have
a Walker-Star topology.

The statistical analysis is performed by simulating 400 users
uniformly distributed throughout Europe during 8650 different
instances of time, separated 8.3 minutes each, making up
3,460,000 Monte-Carlo simulation points per scenario during
a total simulation period of 50 days.

B. User scenarios

Eight representative indoor scenarios have been simulated
for the present analysis, following our previous work in [6].
These scenarios comprise two different buildings placed in
four different environments, and are described in Table II.
Further details of the path losses in these scenarios can be
found in [6]. Specifically, the frequency-dependent indoor path
losses were modeled according to [7], [20], [21], while the
reflections were modeled according to [21], [22]. Furthermore,
we consider a cut-off elevation angle of 10° and a receiver
with an antenna gain of -4 dB, following [16].

C. Indoor visibility metrics

To assess the visibility of the signals delivered to the user,
we simulate the 4-fold coverage, the GDOP, and the C'/Nj.
Importantly, these metrics are computed by each user and time
point and are delimited by the receiver sensitivity, that is, only
signals that overpass it are considered to be ‘visible’. Hence,
these metrics depend on the satellites’ geometry in the sky and



Constellation Number of  Number Inclination(s) Satellite fe B EIRP
! satellites of planes ©) altitude(s) (km) (MHz) (MHz) (dBm)
EU-LEO-PNT-like 150 10 95 1200 465 10 43
ArkEdge-like polar 100 10 98 600 159.5625 4 41
ArkEdge-like mid 100 10 55 600 159.5625 4 41
EU-LEO-PNT-like
+ ArkEdge-like polar 250 [10, 10] [95, 98] [1200, 600] [465, 159.5625] [10, 4] [43, 41]
EU-LEO-PNT-like 250 [10, 10] [95, 55] [1200, 600] [465, 159.5625]  [10, 4] [43, 41]

+ ArkEdge-like mid

TABLE I: Standalone and hybridised LEO constellations considered in this work.

TABLE II: Indoor scenarios evaluated in this work.

Scenario name

Indoor 1 (11)

Description

One-story 10 m x10 m X3 m building made
out of concrete and Infrared-Reflective (IIR)
windows, whose path losses depend on the
satellite elevation angle. The user is placed in
the middle of the building. This building is
representative of a warehouse.

I1nom 11 building with no surrounding elements.
I1R 11 building placed in a rural environment.
nu 11 building placed in an urban environment.
11DU 11 building placed in a dense-urban environ-

ment.

Indoor 2 (12) Three-story 10 m x10 m X9 m building made
out of concrete and IIR windows, with interior
walls and furniture, and whose path losses
depend on the satellite elevation angle. This
building is representative of an office or a
more complex industrial structure. The user is
placed in the middle of the lowest floor of the
building.

I2nom I2 building with no surrounding elements.
I2R 12 building placed in a rural environment.
12U I2 building placed in an urban environment.
12DU I2 building placed in a dense-urban environ-

ment.

also on the indoor scenario at hand. Specifically, the receiver
sensitivity is set to 35 dB-Hz.

To simulate the positioning accuracy, a User Equivalent
Ranging Error (cygre) based only on the AWGN is assumed,
which provides a lower-bound for the positioning accuracy
(osp,.B). To obtain osp 1B, the weighted Position Dilution
of Precision (WPDOP) approximation from [23] is adapted
herein:

03D,LB =~ PDOP-O’UERE ~ \/trace ([(HTQ_IH)_l]LB,l:B)

2
where Q € RM*M contains the ranging measurement errors
coming from the noise contribution in its diagonal, such that
Q = diag([ow,1,0w.2," " ,0w,M])> Ow,m Tepresents the
noise contribution of the m-th visible satellite signal, which
is given by the tracking Cramér-Rao Lower Bound (CRLB)
[24], and M is the number of visible satellites. The CRLB is

computed from the parameters in Table I, the simulated C'/ Ny
values, and an integration time of 20 ms.

It is notable that o3p 1, Will be increased by the tropo-
spheric error, the ionospheric correction residuals, the clock
and orbit determination errors, and by the alteration of the cor-
relation function caused by the presence of multipath. While
the rest of errors will be similar to GNSS, the ionospheric
residuals depend on the correction methods from Section
III. For example, if the dual-frequency combination is done
(UHF combined with VHF), these residuals will be close to
uncorrected GNSS-like ionospheric errors [25]-[27].

D. Indoor demodulation threshold

To assess the probability of demodulating the signal indoors
with respect to the data rate and the Bit Error Rate (BER),
we first find the relation between the C'/Ny and the BER
for different prospective data rates for LEO-PNT. This will
yield the demodulation threshold based on the C'/Ny and the
BER for specific data rates (i.e. the minimum C/Ny needed
to demodulate the signal). According to [28], Xona Space
Systems plan to use either 1000 bps or 500 bps data rates
in their X1 (1593.3225 MHz) and X5 (1190.51625 MHz)
frequencies, respectively, if we assume the symbols to be
BPSK-modulated. By analogy, we also consider these two
data rate values for our studies, alongside a more conservative
choice of 200 bps, as well as the GPS 50 bps data rate case.

Once the demodulation threshold is obtained, the maximum
data rates that allow for the demodulation of the signal with
a target BER can also be procured. These are assessed for
a probability of demodulating the signal of 25%, 50%, 75%,
90% and 99%, and they are obtained from the simulated indoor
C/Ny values. Finally, the procured maximum data rates can
then be compared to the considered LEO-PNT data rates, and
thus one can assess how suitable they are for indoor PNT.

V. RESULTS ON INDOOR VISIBILITY ANALYSIS

Following the simulation framework description in Section
IV, this Section presents the results for the indoor visibility
analysis for the LEO constellations in Table 1.

A. VDE-SAT R-MODE ‘ArkEdge-like’

Regarding the ‘ArkEdge-like’ constellation, the visibility
both in open-sky and indoors is rather limited due to the
low altitude and the insufficient amount of satellites. Figures
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Fig. 3: Standalone ‘EU-LEO-PNT-like’ GDOP CDF for each
of the indoor scenarios in Table II and for open-sky.

1 and 2 show the Cumulative Density Function (CDF) of
the GDOP for the ‘ArkEdge-like’ constellation with mid and
polar inclinations, respectively, where its limited GDOP can
be observed. For example, even in the open-sky scenario, the
probability of having a GDOP < 5 is below 7% in both
standalone configurations.

However, these results also show the minor discrepancies
in GDOP between the open-sky and the ‘Ilnom’ and ‘I2nom’
indoor scenarios, suggesting that the building entry losses do
not attenuate the signal power below the receiver sensitivity
for neither soft- nor deep-indoor cases. Regarding the outdoor
clutter, the NLOS signals impinging on the receiver after re-
flecting off nearby buildings are generally not powerful enough
to surpass the receiver sensitivity, thereby decreasing the
indoor coverage, as shown in Table III. Notably, ‘ArkEdge-like
polar’ presents significantly better coverage than ‘ArkEdge-
like mid’ in all scenarios. In general, the ‘ArkEdge-like’
signals are robust enough to penetrate through deep indoor
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Fig. 4. Hybrid ‘ArkEdge-like mid’ + ‘EU-LEO-PNT-like’

GDOP CDF for the scenarios in Table II and for open-sky.
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Fig. 5: Hybrid ‘ArkEdge-like polar’ + ‘EU-LEO-PNT-like’
GDOP CDF for each of the indoor scenarios in Table II and
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obstructions, but the constellation is too sparse to provide
navigation on its own.

B. UHF ‘EU-LEO-PNT-like’

Benefiting from a higher satellite altitude and denser con-
stellation, the ‘EU-LEO-PNT-like’ configuration demonstrates
nearly full coverage in open-sky conditions, albeit with lim-
ited GDOP. While coverage in ‘Indoor 1’ scenarios closely
mirrors that in open-sky, it degrades significantly in ‘Indoor
2’ scenarios, dropping from 99.89% in the ‘Ilnom’ case to
22.59% in the ‘I2nom’ case. These results show the suitability
of this constellation for soft-indoor and indoor scenarios, but
not for the deep-indoor case. The high altitude, low EIRP
and high receiver antenna attenuation, in combination with the
strong BEL in the deep-indoor scenario, result in signal power
levels below the receiver sensitivity for most received signals.
A GDOP < 5 is achieved for 85% of users in open-sky and
’IInom’, but only for 6% of users in ’12nom’, which indicates
the relatively low achievable accuracy of this constellation.

C. Hybrid ‘ArkEdge-like’ + ‘EU-LEO-PNT-like’

In light of the low coverage offered by the ‘ArkEdge-like’
and ‘EU-LEO-PNT-like’ solutions, particularly for the 'Indoor
2’ scenario, we now evaluate their performance when signals
from both constellations are processed jointly by the receiver.
The results demonstrate a substantial improvement in cover-
age, as shown in Table III. For the ‘[2nom’ case, combining
‘ArkEdge-like’ in a polar inclination with ‘EU-LEO-PNT-like’
provides a 74.2% coverage, which is substantially higher than
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the 29.08% and 22.59% of the respective standalone systems.
An even greater improvement is observed when pairing the
mid-inclination ‘ArkEdge-like’ with the ‘EU-LEO-PNT-like’
constellation, raising the coverage for the 'I2nom’ scenario
to 90.18%, up from 10.34% and 22.59% in the respective
standalone configurations. These significant gains in coverage
are also observed in the 'I2R’, 12U’ and 'I2DU’ scenarios.

For the ’Indoor 1’ scenarios, the improvement in coverage
comes in the most challenging cases where standalone ‘EU-
LEO-PNT-like’ didn’t offer vast coverage. For example, in
scenario '11DU” it improves to 86.96% when combined with
‘ArkEdge-like polar’ and to 91.50% when combined with
‘ArkEdge-like mid’, up from the standalone 72.38% coverage.

Two conclusions can be taken out in this regard: 1)
‘ArkEdge-like’ performs poorly as a standalone constellation
but becomes a very strong asset when combined with ‘EU-
LEO-PNT-like’, and 2) the mid-inclination ‘ArkEdge-like’
constellation is preferable since ‘EU-LEO-PNT-like’ already
covers the high latitude users. ‘ArkEdge-like’ in mid incli-
nation combined with ‘EU-LEO-PNT-like’ provides the best
coverage, the best geometry, and leverages the strengths of
both VHF and UHF bands to deliver a service that rivals
outdoor GNSS performance indoors.

In terms of GDOP, Figures 4 and 5 show the CDF for
‘ArkEdge-like mid’ + ‘EU-LEO-PNT-like’ and ‘ArkEdge-
like polar’ + ‘EU-LEO-PNT-like’, respectively. All scenarios
present important gains, which can also be observed in terms
of positioning accuracy, shown in Table IV. In average,
the lower-bound positioning accuracy of the covered users
improves by 26.9% for open-sky and by 27.5% for 'Ilnom’
when using ‘ArkEdge-like mid” + ‘EU-LEO-PNT-like’ instead
of standalone ‘EU-LEO-PNT-like’. Meanwhile, these values
reach 35.4% and 36.6%, respectively, for ‘ArkEdge-like mid’
+ ‘EU-LEO-PNT-like’.

VI. RESULTS ON INDOOR DEMODULATION THRESHOLD

This Section discusses the probability of demodulating the
LEO-PNT signal and the maximum data rates that allow for a
certain percentage of signals to be demodulated. The prior is
done by comparing the obtained C'/N; values indoors with the
demodulation threshold, which indicates the minimum C/Ny
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Fig. 7: Demodulation probability of ‘ArkEdge-like’ (top) and
‘EU-LEO-PNT-like’ (bottom) signals depending on the satel-
lite data rate. Missing bars mean zero probability.

at which the signal can be demodulated with a certain BER.
This threshold is plotted in Fig. 6 for the data rates described in
Section IV and assuming a BPSK-modulated signal, depending
on the BER.

For a target BER < 10~%, the demodulation thresholds are
found to be 25.4 dB-Hz, 31.4 dB-Hz, 35.4 dB-Hz, and 38.4
dB-Hz, for the 50 bps, 200 bps, 500 bps, and 1000 bps data
rates from Section IV, respectively. From these thresholds,
the probability of the simulated C'/Ny values to surpass them
can be calculated for each scenario, considering the simulated
C/Ny value distributions.

The demodulation probabilities for ‘ArkEdge-like’ and ‘EU-
LEO-PNT-like’ are plotted in Fig. 7. For ‘ArkEdge-like’, these
show that most of the signals can be effectively demodulated,
that there is little difference between data rates even for the
most challenging scenarios, and that the signals that do not
surpass the demodulation threshold are mostly those reflected
off or blocked by surrounding buildings. Meanwhile, the ‘EU-
LEO-PNT-like’ constellation has a stronger dependence on
the data rate, due to its lower C'/Ny values indoors. This
effectively means that the ‘EU-LEO-PNT-like’ signals pose
more difficulties in increasing the data rate and that they will
need a higher Time to First Fix (TTFF) to achieve a position
estimate [28], [29].

In a similar manner, the maximum achievable data rates are
obtained, depending on the probability of demodulating the
received signals, and are shown in Table V. These showcase
the signal throughput that can be achieved depending on which
scenarios the system is designed to operate in, although it does
not typically need to be high for PNT applications. The results
show that the high data rates that novel LEO-PNT systems
might require can be easily accommodated with the ‘ArkEdge-
like’ constellation for any BEL. For the challenging ‘[2nom’
BEL values, a data rate < 1611 bps can be used and still
guarantee effective data demodulation for 100% of signals.
For the ‘EU-LEO-PNT-like’ constellation, high data rates can



TABLE III: Coverage (%) across different constellation configurations and indoor scenarios.

‘EU-LEO-PNT-like’  ‘ArkEdge-like polar’

‘ArkEdge-like mid’

‘ArkEdge-like polar’
+ ‘EU-LEO-PNT-like’

‘ArkEdge-like mid’
+ ‘EU-LEO-PNT-like’

Scenario (%) (%) (%) (%) (%)
Open-sky
00 99.89 29.08 10.34 100.00 100.00
Indoor 1 (11)
I1nom 98.21 29.08 10.34 99.92 99.95
I1R 95.81 28.15 9.67 99.61 99.78
1nu 85.11 17.68 4.35 95.16 96.76
11DU 72.38 10.92 2.29 86.96 91.50
Indoor 2 (12)
12nom 22.59 29.08 10.34 74.20 90.18
I2R 19.53 25.41 8.14 67.60 82.12
12U 8.35 17.29 4.16 49.10 50.68
12DU 4.34 9.69 1.95 36.30 31.34

TABLE 1IV: Lower-bound positioning accuracy (osp—_rp) in m of the hybridised LEO constellations with respect to the

standalone options.

‘EU-LEO-PNT-like’

‘ArkEdge-like polar’
+ ‘EU-LEO-PNT-like’

‘ArkEdge-like mid’
+ ‘EU-LEO-PNT-like’

Percentile 00 I1nom I2nom 00 Ilnom I2nom (0]1] I1nom I2nom
25% 1.83 1.83 N/A 1.58 1.58 2.66 1.61 1.61 2.99
50% 243 243 N/A 2.00 2.00 4.61 1.93 1.94 4.30
75% 3.57 3.60 N/A 2.75 2.78 N/A 2.53 2.54 8.34
90% 5.41 5.62 N/A 3.85 3.93 N/A 3.36 3.39 35.07
99% 63.21 N/A N/A 7.16 8.61 N/A 5.99 6.97 N/A

TABLE V: Maximum data rate (kbps) at percentile of C/Ny
values higher than the demodulation threshold in open-sky and
indoors, for a target BER < 10~

‘ArkEdge-like’ ‘EU-LEO-PNT-like’

Prct. (0]1) Ilnom I2nom 00 Ilnom I2nom
25% 2061.98 121.44 5.29 129.48 5.20 0.33
50% 1221.49 65.50  3.07 82.21 2.15 0.21
75% 868.44 29.15 2.14 60.58 1.22 0.15
90% 739.00 12.87 1.79 52.38 0.79 0.13
100 % 671.09 2.03 1.61 47.71  0.14 0.11

be accommodated for the soft-indoor and indoor cases, but
not for the more challenging ones, where either a data rate
similar to that of GPS should be used or a higher transmission
EIRP than the one considered in this work would need to be
implemented.

VII. DISCUSSION AND CONCLUSIONS

The present work has provided a detailed performance
assessment of next-generation LEO-PNT services operating
in the VHF and UHF bands, specifically by analysing the
suitability of the ‘ArkEdge-like’ and ‘EU-LEO-PNT-like’ con-
stellations for indoor environments. Through an extensive
statistical analysis, the results demonstrate that while stan-
dalone constellations face significant limitations, their hybrid
combination is a strong contender towards robust indoor po-

sitioning, providing great coverage, high positioning accuracy
and excellent indoor demodulation capabilities.

The visibility analysis in this work highlights that the
VHF ‘ArkEdge-like’ constellation provides excellent deep-
indoor signal power, but it is limited by the sparsity of the
satellites, providing less than 30% availability in open-sky.
Conversely, the UHF *EU-LEO-PNT-like’ system serves as
a strong backbone with excellent outdoor, soft-indoor and
indoor coverage, but struggles with deep-indoor scenarios,
where the coverage drops below 23%, due to the low EIRP
and high altitude of its satellites.

However, the combination of these two systems overcomes
these limitations with very substantial improvements in deep-
indoor coverage and positioning accuracy. The coverage in
the ‘I2nom’ case increases to 90.18% (up from 22.59% and
10.34% in each standalone configuration, respectively), with
the other scenarios categorised as deep-indoor improving by
similar amounts. Adding diversity in satellite inclination be-
tween the two constellations (‘ArkEdge-like’ at mid inclination
and ‘EU-LEO-PNT-like’ at polar inclination) increases the
average coverage for ‘Indoor 1’ by 1.6% and for ‘Indoor 2’ by
6.8%, the biggest improvement coming for ‘I2nom’ at 16%,
with respect to having both constellations at a polar orbit.
The positioning accuracy also has a marked improvement.
Nonetheless, even without diversity in satellite inclination,
the combination of the two constellations provides a sound
improvement, particularly in the most challenging indoor



scenarios. In terms of positioning accuracy, the hybrid solution
delivers promising results, with the lower-bound accuracy
(o3p,1.B) remaining between 1.6 m and 8.5 m for all users
in ‘Ilnom’ and for the majority of users in ‘I2nom’ (up to the
75th percentile) without advanced corrections at the receiver.
Finally, the indoor demodulation threshold analysis has
shown the maximum data rates at which the two systems can
operate and the percentage of signals that can be effectively
processed depending on the data rate and the target BER.
For this analysis, we set the target BER to 10~* and found
that ‘ArkEdge-like’ can operate successfully with high data
rates (such as those mentioned in [28]) with little signal
coverage loss, allowing data rates up to 1611 bps while
still being able to process all received signals in the deep-
indoor ‘I2nom’ scenario. Meanwhile, the ‘EU-LEO-PNT-like’
UHF system also permits high data rates for soft-indoor and
indoor scenarios but it does not bode well with the high
data rate requirements of some future LEO-PNT signals when
operating in deep-indoor scenarios, due to the lower C/Ny
of this system. In this case, to be able to process all signals
in the ‘[2nom’ scenario, a maximum data rate of 114 bps
should be used. Given that the receiver sensitivity was set
to 35 dB-Hz (meaning that signals below this level are not
processed), which is the demodulation threshold at 457 bps
for a BER < 10~%, this choice of data rate would appear to
be the best in this context, such that the largest amount of
signals from ‘EU-LEO-PNT-like’ can be demodulated.
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