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Abstract

An Alternative Position Navigation and Timing
(APNT) service is needed to backup satellite naviga-
tion for civil aviation in case of a radio frequency
interference. Current APNT services rely on legacy
systems and range sources based on ground stations
and therefore, present limitations in terms of geomet-
ric diversity due to poor visibility. Moreover, there is
still no straight forward solution how to maintain the
correct synchronization of the ranging sources in case
of GNSS outage. In this work, we propose the poten-
tial use of High Altitude Platform Systems (HAPS)
first as pseudolites to enhance a ground APNT sys-
tem. We evaluate the coverage of the platform and
the enhancement in terms of dilution of precision.
This lead to a ground-stratospheric APNT system
with increased navigation service area. Besides, we
propose these platforms for time synchronization and
for integrity monitoring of the ground stations.

Introduction

The provision of a robust Position, Navigation
and Timing (PNT) service is crucial for the Air
Traffic Management (ATM), and plays an essential
role especially in civil aviation, where safety is a
major concern. In this sense, the use of Global Nav-
igation Satellite Systems (GNSS) has been identified
by SESAR [1] and NextGen [2] as the primary future
navigation system for civil aviation. However, due
to the low power level of the GNSS signals, they
can be easily jammed, causing an interruption in
the navigation service. In fact, the high threat of
having a Radio Frequency Interference (RFI) (i.e.,
jamming) has led to the need of a GNSS back-up
system that aims at providing a navigation service
for civil aviation in case that satellite navigation is
not available: an Alternative Position, Navigation and

978-1-4799-8940-9/15/$31.00 ©2015 IEEE

.
Ko el

é

Figure 1. Ground-Stratospheric APNT System

Timing (APNT) system [3]. Currently, different ap-
proaches are under investigation that make use mainly
of legacy radionavigation systems or other types
of ground based ranging sources such as Distance
Measuring Equipment (DME) or enhanced DME
(eDME) [4], [5], Automatic Dependent Surveillance
- Broadcast (ADS-B) [6], L-band Digital Aviation
Communication System (LDACS) [7], and Universal
Access Transceivers (UAT) [5], [8]. They are consid-
ered suitable options because their frequency band is
different from the GNSS signals but they still belong
to the radionavigation reserved spectrum. However,
the visibility of ground stations is not homogeneous
everywhere, especially at lower altitudes, and there-
fore, the required navigation performance may not
be fulfilled due to the poor geometrical diversity.
Moreover, there is still no established solution on how
to provide the time synchronization of the ground
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stations in case of a longer GNSS outage.

In this sense, we consider an additional strato-
spheric system, called High Altitude Platform Sys-
tems (HAPS), that could work in combination with
an existent ground APNT system. High Altitude Plat-
form Systems (HAPS) are quasi-stationary platforms
that operate from the stratosphere. In particular, they
are expected to fly between 17 and 22 km high
[9]. The HAPS have many of the advantages of a
satellite, like direct line-of-sight visibility with a big
portion of the earth surface, but they can operate at
a lower cost and its maintenance or replacement can
be easier performed. Because of that, many emerging
applications have been proposed using HAPS, mainly
related to wireless communication [10], but also for
remote sensing, surveillance [11] and navigation [9].
In particular, in the field of navigation, HAPS have
been proposed as a local augmentation system to
support Global Navigation Satellite Systems (GNSS)
[12], [13] and as a stratospheric GNSS-like pseudolite
(stratolite) [14]. Also, [15] analysed the potential use
of HAPS as an ADS-B receiver and for multilater-
ation. Therefore, there are many different payloads
that a HAPS can carry and we can think of a HAPS
as a multiservice platform. However, as the main
energy source for a long-term mission will come from
the sun, the power constraint has to be taken into
account. Moreover, the performance of the control
system responsible of maintaining a static position
against the stratospheric winds may limit the overall
application performance, especially for navigation or
positioning purposes.

In this paper, we consider the use of High
Altitude Platform Systems (HAPS) to enhance and
overcome some of the current limitations of APNT.
First, due to the beneficial position of this platforms
in the stratosphere, HAPS can guarantee line-of-
sight visibility in a large coverage area to provide
a pseudolite service in the air space. We analyse
the impact in terms of dilution of precision when
using several platforms in combination with the DME
ground stations in Europe and assess the user position
error sensibility to the HAPS position error. Finally,
we propose the further use of HAPS as time synchro-
nization provider and for integrity monitoring.

Ground-Stratospheric APNT System

The overview of the ground-stratospheric system
proposed in this paper can be seen in Figure 1, where
we can consider two different segments: Ground
segment and stratospheric segment.

o Ground segment: The ground segment consist
of different stations that are able to transmit a
signal that is used as a ranging source by the
aircraft. They could be from different sources
and we assume that they transmit with respect
to a common system time.

« Stratospheric segment: This segment includes
one or several High Altitude Platform Systems
(HAPS) that transmit ranging signals to the aerial
vehicle. Additionally, the HAPS will include in
the signal a navigation message with information
about the exact position of the HAPS in a similar
way as the ephemeris of satellites in GNSS. This
position in the stratosphere (17-22 km) has many
benefits for positioning: more robustness against
interference and jamming, line-of-sight visibil-
ity within a large coverage area, lower cost in
deployment and maintenance compared to satel-
lites and signals free of ionospheric and multi-
path errors. Global Navigation Satellite System
(GNSS) is used for the accurate positioning of
the high altitude platform. We can consider that
in the presence of a Radio Frequency Interfer-
ence (RFI) that is affecting the GNSS reception
at the airborne side, due to the longer distance
and the pointing direction of the GNSS antenna
on the HAPS, it would not be affected.

HAPS Coverage Analysis

In the following, we describe the geometric
scenario for the HAPS and we analyze the corre-
sponding link budget. From that, an example for the
requirements of the antenna system and the necessary
transmit power is obtained. Finally, the applicability
of some simple antenna designs for the scenario is
discussed.

Geometric Scenario

The study of the coverage of the HAPS can
be done similar to the general approach used for
satellite applications and is illustrated schematically
in Figure 2. In our scenario, the transmitting HAPS
is considered to be at height AT, above ground, the
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Figure 2. Geometric Coverage of the HAPS

maximum altitude of the receiving terminal where
service shall be guaranteed is hrx and R, is the
Earth’s radius. Using this setup and considering the
limiting case that the signal is received at 0°, we can
calculate by trigonometry the maximum nadir angle
to be covered as:

. 1 (R.+h
Omax = sin 1 <R:—|—hz> . (D)

Note that since R, >> hTy > hry, the angle O ax
can get very close to 90° as it can be seen in Table I
for a HAPS height of 17 km.

Within the coverage region, the HAPS always
appears at elevation angles 6 > 0° as seen from the
terminal. The maximum signal path length in this case
occurs at the Earth’s surface and is given by

dmax — \/2Re (th - th) + h'zrxa (2)

whereas the path length for the maximum angle is
shorter, reading

d(Omax) = \/ 2R (hy — hRe) +h5 —hg . (3)

The service area with respect to Earth’s surface is
computed as follows:

R +th
S=2nR>(1- —¢ ™ 4
T €< COS(Re—I-th))’ 4

Table I. Maximum Coverage Angle and Distance

Receiver Altitude 5.000ft  20.000ft  30.000 ft
Omax/° 86.01 86.65 87.16
dmax/km 44394  372.64 316.30
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Figure 3. HAPS Service Area Diameter

and the diameter of this service area is found by:

R.+h
e T NRx ] ( 5)
R, + th

Figure 3 shows the different diameters of service areas

for different HAPS heights and receiver altitudes.

D =2R, cos™! (

Link Budget Calculation

The link budget between the HAPS and a termi-
nal gives us the received power according to

Pr, = PTngngx )
LrxLtxLrsLm
It should be noted that linear power values have to
be used in this equation, not the ones in dB. This
also applies to the following formulas in this section.
Hereby, Pry is the total transmit power. gr, and gty
are the gain values of the receiver and transmitter
antennas. Lr, and Lt are the losses due to the
receiver and transmitter systems (e.g. cable losses,
impedance mismatch, etc.). Ly is a safety margin for
unpredictable losses like atmospheric conditions, rain,
scattering, etc. Finally, Lgs is the free-space path loss

which is defined as

(6)

Lrs(0) = (“fdw)f, ™

using the wavelength A of the signal frequency.
Since we could use different APNT signals for
the HAPS, we will now make the following general
assumptions as an example regarding the link budget
calculation: The necessary received power shall be
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Pry = —100dBm. System losses are assumed to be
Lry = L1« = 3dB. Ly = 7dB is usually considered
sufficient. Then, since there could be different types
of receiving antennas, we assume a typical gain of
grx = —5dB. And we take a signal frequency of
1.164 GHz. The remaining variables are the transmit
antenna gain g14(0) and the power Pry. Increasing
transmit power is expensive and may cause inter-
ference with other systems. Thus, the design focus
clearly lies on shaping the antenna pattern i.e. how
Py, will be distributed.

Antenna Pattern Considerations

First, we want to find the shape of the desired
antenna gain pattern gt«(6). We assume a loss-less
antenna, i.e. all transmit power is radiated. Reformu-
lating (6), we get
ng(e) _ PryLrxL1xLm

ngPTx

which shows that the ideal pattern should be pro-
portional to the path loss. From antenna theory [16],
we know that gain is normalized such that a closed
surface integral over it evaluates to 1. This makes the
patterns of different antennas comparable.

In Figure 4, we can see an example of the
ideal antenna pattern obtained for a coverage altitude
design of 5.000ft. Note that the angle 0 is referred to
the vertical axis, and it has rotational symmetry. Its
gain increases to the maximum of 18.45 dBi at 85.81°.
Then, the gain drops shortly until the maximum angle
86.01° and beyond that, it falls rapidly.

For comparison, Figure 4 depicts also the di-
rective gain patterns of a half-isotropic radiator and
a cosine shaped pattern. The former exists only in
theory, the latter approximates the characteristic of a
patch antenna looking towards 0°. The last pattern is
that of a monopole over an infinite metallic ground
plane [16]. Table II shows the transmit powers nec-
essary for the different patterns to provide service
to the high values of 6. It can be seen that the
necessary transmit power increases considerably for
non-ideal patterns. Because the cosine-shaped pattern
concentrates energy at the center, it shows the worst
performance. The monopole achieves good perfor-
mance for high steering angles. Its ground plane acts
as a reflector and confines the field in the hemisphere
below the HAPS. For a real, i.e. finite, plane there
will be a certain spillover. However, the monopole
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Figure 4. Comparison of Antenna Patterns

cannot provide service directly below the HAPS for
0° <0 <3°.

The ideal pattern is not realizable because of
the abrupt slope. Concentrating most of the power
close to 90° and having such a broad pattern at
the same time is a challenging design task. It is
difficult to realize the desired coverage with a simple
antenna design, as can be seen in Figure 4. In satellite
communications, isoflux antennas are used to equalize
path differences when illuminating earth. There are
different implementation possibilities as shown in
[17], [18], and [19]. However, these solutions are not
applicable in our HAPS scenario for two reasons:
First, the necessary ranges of 8 in satellite communi-
cations are narrower, i.e. £15° for GEO or 60° for
LEO satellites. Second, the relative differences in path
length are much smaller. The gain difference between
boresight and maximum is only up to 10 dB for a LEO
[17] as opposed to the 28 dB in our case. It follows
therefore that the HAPS application would require a
specific antenna design. The development of such a
specialized device is beyond the scope of this work.

Table II. Necessary Transmit Power

Pattern shape  Pr,/dBm  Pr,(60 =0°)/dBm
Ideal 46.26 -100.00
Half-isotropic ~ 61.71 -71.66

Cosine 72.16 -57.78

Monopole 59.59 —o0
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A possible approach would be to combine a
monopole with a patch antenna to eliminate the area
without service below the HAPS. Also conformal
antenna structures may be considered as their patterns
can be tailored to provide better coverage over the
whole range of 6.

Dilution Of Precision Enhancement

In this section, we analyze one of the major
advantages of using HAPS as a ranging source for
positioning. Due to the limited number of ground
stations that are available for APNT, the resolution is
not always enough to achieve a Dilution Of Precision
(DOP) value that satisfies the performance require-
ments (e.g., RNP 0.3). We make two comparisons:
first we consider the territory of Europe and the
achieved HDOP values for a flying altitude of 20.000
ft. This corresponds to the middle climbing/descent
phase of commercial aircraft or to the flying altitude
of some other smaller commercial or non-commercial
aircrafts; second, we show the improvement for an
initial climbing or a final descent approach phase near
an airport at lower altitudes.

HDOP over Europe

The number of visible DME stations at an alti-
tude of 20.000 ft can be seen in Figure 5 for Europe.
Although there are some parts, mainly in the center
of Europe, where there is a good visibility of ground
stations, there are other areas where the number of
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Figure 5. Visible DME Stations at 20.000 ft.
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Figure 6. HDOP at 20.000 ft. with DME Stations
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Figure 7. HDOP at 20.000 ft. with DME and HAPS

visible stations is quite limited. As seen in Figure 6
this fact leads to a large value of Horizontal Dilution
Of Precision (HDOP) in many parts of Europe, and
therefore we cannot achieve a relatively homogenous
HDOP service area in many parts of the continent.

In this sense, the HAPS could help to enhance
the stations coverage and thus, the HDOP in areas
where it is more necessary. In Figure 7, we can see the
HDOP that can be obtained at an altitude of 20.000
ft. considering all the DME stations and 14 HAPS
that have been spread above Europe at 20 km high.
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HDOP over Airport Vicinity

We consider the HDOP in the vicinity of the
Charles-de-Gaule Paris airport in Figure 8 for a
flying altitude of 5.000 ft. An approach to the airport
that navigates with APNT would be only possible
from certain trajectories (i.e., from the south). How-
ever, placing one HAPS above the north-west of
the airport can increase the HDOP coverage area,
allowing APNT navigation approaches from different
directions. The HDOP enhancement can be seen in
Figure 9.
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Figure 9. HDOP at 5.000 ft. with DME and HAPS
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Position Error Propagation

In this section, we address the sensitivity of the
user position accuracy with respect to the accuracy of
the HAPS position. This first analysis will provide the
guidance and control requirements of the platform.
These requirements depend on different parameters
like the density of the ground network and especially
the geometric weight of the HAPS range with respect
to the other ground ranges. We derive the instanta-
neous linearized error equation of the user as follows:

Ay = GAx, )]

where Ay is the error in the pseudorange, Ax is the
4x1 vector with the position and receiver clock error
and G is the geometric matrix. After multiplying both
sides of Equation (9) by the pseudo-inverse of G we
obtain:

Ax = (GTG)'GTAy. (10)

Let’s split G and Ay into their components
relative to the HAPS (using simplified index ‘h’) and
those relative to the visible ground ranging sources
(using simplified index ‘g’). Let’s write:

ay=[ayf ] (11)

and T
G=[G] G;]|. (12)
Equation (10) can be written in an implicit form
by multiplying both sides with GT in order to express
the equation using the above defined components:

GT'GAx = GTAy (13)
(GhGh+ Gy Gg)Ax = Gy Ay + GyAy,.  (14)

Let’s decompose now the error Ayy, into an error
due to the HAPS position and clock error Aey, and the
other error sources Ary. In fact Aey is the projection
of the 4D HAPS error (3D for position and 1D for
the clock) in the line of sight direction. If we call
Axp the 4D HAPS error vector, we have the following
relation:

Aeh = GhAXh. (15)

We replace the terms defined in Equation (14):
(GhGh + G, Gg)Ax = Gy (Aen + Ary) + G4 Ay, (16)

(GhGh + G, Gg)Ax = Gy GpAXy, + Gl Ary + G, Ay,
(17)
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If we multiply both sides of Equation (17) by K}, =
(GLGp)™!, we obtain the following equation:

(I+ KnGy G)Ax = Axy, + Ky G Ary + Ky G Ay,
(18)

Let’s call P = (I+KhGgGg)‘], Equation (18) is then
Ax = PAx;, + PK;,G} Ary, + PK;, G} Ay, (19)

As a result, in Equation (19) we have separated in
the final position error the contribution due to the
HAPS position and timing error, the HAPS additional
ranging errors and the errors due to the ground
stations ranges. The nature of the ranging errors is
similar when the source is on ground or a HAPS, that
is, there are mainly due to tropospheric delays and
multipath. Therefore, the new error contribution in our
hybrid ground-stratospheric system comes from the
use of the HAPS as a moving pseudolite. In fact, the
final error will depend on the relation between three
factors: the accuracy of the positioning and timing
system used by the HAPS, how predictable are the
dynamics of the platform and the rate at which the
platform will transmit its own ephemeris. A deeper
analysis of this aspects are out of the scope of this
document, but we can identify from a geometrical
point of view, how this position and time error of the
platform will be amplified depending on the position
of the ground stations, HAPS and user, that is, the
sensitivity factor is finally:

ox

R -1
I P=(I+(GiGn)'G;Gy) . (20)

Further Applications of HAPS for
APNT

As shown before, HAPS allow covering a large
service area. This is not only true for airborne users
but also ground based receivers. Especially for scenar-
ios in which —seen from the ground based receiver—
the HAPS is visible at a sufficient high elevation the
propagation conditions are quite good in terms of low
multipath impact. Both aspects, coverage and signal
quality, make further applications of HAPS even more
interesting. Two fundamental ideas of that kind will
be shortly discussed in the following.

Time Synchronization

Most proposals for APNT incorporate the con-
cept of pseudoranging between ground stations and
airborne users as a basis of position estimation.
This requires the sufficient synchronization of the
mentioned ground stations. Since APNT systems are
supposed to be fully operational even in cases of
severe GNSS outages, classic GNSS based means of
synchronization can no longer be assumed to be avail-
able. Other fixed wire or satellite based alternatives
are also in question due to feasibility and/or cost-
benefit concerns [6]. HAPS which offer an APNT
service can also help to provide the necessary means
for synchronization. For this purpose a synchroniza-
tion signal which is not in the L-band is transmitted
from the HAPS to the ground. Knowing the position
of the HAPS and its own position each ground
station can synchronize its local time reference to
the received synchronization signal. Since all ground
stations in view of the HAPS can synchronize to the
same synchronization signal the relative synchrony
of the ground stations can be ensured. Avoiding
the L-band for transmission of the synchronization
signals avoids correlated signal outages of GNSS
and of the synchronization backbone of the APNT
system. Using HAPS both for pseudoranging and for
synchronization within the APNT system is a cost-
beneficial solution which has to be further elaborated
in a future paper. Also the application for the novel
synchronization means for other applications will be
discussed.

Integrity Monitoring
HAPS offer some quite interesting benefits:

1) even in cases of GNSS outage due to local jam-
ming it can be assumed that GNSS positioning
of the HAPS itself is still possible due to the
large distance to the jammer and the pointing
of the GNSS antenna opposite to the direction
of the interferer and

2) the propagation conditions in terms of multipath
between APNT ground stations and HAPS can
be assumed to be quite good.

Consequently, the integrity of the APNT signals
transmitted by the ground stations can be well ob-
served and monitored by the HAPS. This offers
the opportunity to monitor integrity of the APNT
systems by suitable monitoring facilities onboard of
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the HAPS. This facilities should be able to at least
monitor signal anomalies (deformations, biases, evil
waveforms etc.) as well as synchronization errors
(clock events, uncompensated drifts etc.). However, it
can also monitor undesired propagation effects and
can help to gain a higher statistical significance in
nominal error distributions which help to drive further
developments of the APNT system. Detailed concepts
for HAPS based integrity monitoring for APNT will
be the topic of a further paper.

Discussions

We have observed that we can cover a large area
with only one HAPS and therefore they can be placed
to enhance the APNT service in sparse ground stations
areas. Due to the proximity to the ground (compared
to a satellite), in order to satisfy the link budget, the
antenna design will not be straight forward and will
require a dedicated study. We have seen the
improvement in terms of Horizontal Dilution Of
Precision when adding one or more HAPS. In the
study performed in this paper, the position and number
of HAPS used has been decided trying to increase the
overall HDOP service area within Europe, an specific

design would be required to find the optimal positions.

From the sensitivity analysis, we have seen that it is
possible to derive how the HAPS position error
contributes to the final user position error. This could
be used to set the station keeping capabilities
requirements of the platform for this application.

Conclusions

The concept presented in this paper about using
High Altitude Platform Systems (HAPS) in the con-
text of Alternative Position Navigation and Timing
(APNT) opens a new application for the stratospheric
platforms and propose a means for solving some
APNT current issues in geometry diversity and time
synchronization. The improvement shown in terms of
Horizontal Dilution Of Precision (HDOP) would en-
hance the horizontal navigation service area expected
from APNT giving more freedom to the Air Traffic
Management (ATM) to organize the air traffic in case
of GNSS unavailability. Finally, a very interesting
application of HAPS in the context of APNT is the
possible capability of the HAPS to perform integrity

monitoring of the ground stations, being a new service
not considered in the current APNT proposals.
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