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ABSTRACT

The third version of the European Geostationary Navigation Overlay Service (EGNOS V3) is a project that will provide Dual
Frequency Multi-Constellation (DFMC) Satellite-Based Augmentation System (SBAS) services over Europe in the coming years.
EGNOS V3 will augment the GALILEO and Global Positioning System (GPS) constellations, and improve robustness and
enhance the performances of safety-of-life (SoL) services. The termed Navigation Land Earth Stations (NLES) are ground
stations in charge of generating the SBAS signals and further transmitting them to a geostationary (GEO) satellite at C band,
which then performs down-conversion to L. band and broadcasts the resulting signals back to the Earth. Consequently, SBAS
signals experience both uplink and downlink propagation effects if no further action is taken on them.

One of the key elements for successful operation in EGNOS V3 (and, in fact, in any SBAS system) is to accurately control
signal emission at the output of the GEO satellite transmit antenna. More particularly, the objective is that the downlink SBAS
signals be synchronized with the Global Navigation Satellite System (GNSS) signals commonly used for ranging purposes, which
experience only the downlink effects from the satellites to the Earth. To this end, the Long Loop Algorithm (LLA) is a software
integrated into the NLES stations that has been designed with a twofold purpose. First, to control GEO signal emission through
the NLES signal generator and perform real-time steering of SBAS signals to virtually remove the uplink propagation effects
from the NLES to the GEO output antenna. This is achieved by precisely determining the effects and delays to be eliminated, and
further commanding the signal generator accordingly. And second, to do so while keeping coherence between code and carrier
measurements, in order to be compliant with performance requirements stated by the International Civil Aviation Organization
(ICAO).

The purpose of this paper is to present the LLA that has been designed for EGNOS V3 NLES stations. We describe the features
of the software and the architecture of the algorithm, highlighting the use of more than one signal path to ensure proper LLA
operation and the ability to operate in prediction mode in the absence of receiver measurements due to hardware malfunction
for some seconds. The algorithm is formed by two consecutive blocks. On the one hand, the estimation module is used for
determining the propagation effects to be eliminated. On the other hand, the control module is used for computing the corrections
to be applied at the signal generator, based on the estimation module outputs.

I. INTRODUCTION

Satellite-based augmentation systems (SBAS) complement Global Navigation Satellite System (GNSS) signals with corrections
and signal integrity information through additional messages broadcasted from geostationary (GEO) satellites. This includes
certificates of safety for aviation users, error bounds for GNSS satellites and warning of rare system faults, to mention a few [1].
As aresult, GNSS users benefit from enhanced positioning accuracy and robustness, with safety-of-life civil aviation applications
in the spotlight. In that sense, the European Geostationary Navigation Overlay Service (EGNOS) is the system providing SBAS
coverage across Europe. Its third version, referred to as EGNOS V3, is currently under development by the European Space
Agency (ESA) contracting Airbus Defence and Space, and it will be deployed by the European Union Agency for the Space
Programme (EUSPA) together with ESA and provide EGNOS services in the coming years.

EGNOS V3 will provide new Dual Frequency Multi-Constellation (DFMC) services for a multitude of user communities and
will augment the GALILEO and Global Positioning System (GPS) constellations. Unlike the GNSS signals generated from the
satellites orbiting the Earth, the EGNOS signal is generated from the Earth’s ground in the Navigation Land Earth Station (NLES),
a dual-frequency station that transmits the signal to a GEO satellite using the C1 and C5 band. Both signals are down-converted
to L1 and L5 band by the GEO transponders, which then broadcast the resulting L1 and L5 signals back to the Earth, thus
experiencing both uplink and downlink propagation effects.
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One of the main functions of NLES stations is to perform real-time steering of the signals uplinked to the GEO satellites and
control signal emission at the output of these latter. The aim is to make the signals generated from NLES stations look as if they
are emitted from the GEO satellite, as occurs in GNSS signals, thus experiencing only the effects of the downlink from the satellite
to the receiver. To this end, the problem is addressed by means of the so-called Long Loop Algorithm (LLA). It is one of the core
elements of NLES V3 stations that is being designed and developed by the authors of this work from Institut d’Estudis Espacials
de Catalunya at Universitat Autonoma de Barcelona (UAB, IEEC-CERES), in collaboration with Indra Sistemas, who is the main
responsible for the hardware implementation, testing and validation, and Airbus Defence and Space being the EGNOS V3 system
prime contractor. The LLA is an iterative algorithm designed with a twofold motivation. First, to determine and compensate for
the propagation effects in the uplink path from the NLES to the GEO, so that the broadcasted signals be perceived as GNSS-like
signals and, hence, made compatible with standard GNSS receivers. And second, to do so in a way to maintain coherence
between code and carrier measurements of the EGNOS signals emitted from the GEO and be compliant with the Standards and
Recommended Practices (SARPS) and performance requirements stated by the International Civil Aviation Organization (ICAO)

[2].

The objective of this paper is twofold. First, to present an overview of design of the LLA for EGNOS V3 NLES stations. Second,
to provide some preliminary results of its real-time steering performance for controlling signal emission at the output of the GEO
transmit antenna. In Section II we state the problem to be addressed by the LLA, where an identification and description of
the uplink propagation effects and delays to be eliminated is provided. Special emphasis is placed on their impact at physical
level onto code and carrier measurements, as some effects do not affect both types of measurements equally and thus introduce
code-carrier incoherence.

Section III describes the general architecture of the proposed algorithm, where additional calibration paths are introduced to
ensure LLA functionality. In particular, to ensure visibility of the undesired propagation effects, and to provide the LLA with
a memory effect on the corrections applied up to the current time instant. Additionally, the blocks constituting the LLA core
from the algorithmic standpoint, namely the estimation and control modules, are briefly described, introducing the beauty of the
designed algorithm, which is the ability of operating in prediction mode. That is, to keep providing controls and steering the
uplink signals in the absence of receiver measurements, caused by any kind of hardware malfunction for some seconds or even
minutes.

Section IV shows preliminary results on the steering performance of the proposed LLA. Two types of results are provided. First,
a full software simulator has been implemented in MATLAB to perform a preliminary validation of the algorithm design and
evaluate the fulfillment of the ICAO SARPS and performance requirements. Results on the signals emitted at the simulated GEO
output without and with LLA controls are shown. And second, experimental results with real hardware are provided. At this stage
of project development, the LLA operation is confirmed by means of an NLES prototype that has been built at Indra’s premises,
together with a GEO payload simulator, where we compare the post-LLA downlink with the expected one, the one that should be
theoretically observed. Last, this section also shows some preliminary results on the ability of the LLA to operate in prediction
mode. Section V draws the conclusions.

II. PROBLEM STATEMENT

The general architecture of NLES V3 stations is illustrated in Figure 1. The chain is composed of three main blocks. First, the
transmission side is formed by the signal generator, which outputs the signal at intermediate frequency (IF), and it is followed
by a transmission conditioning block accommodating an IF-to-C band up-converter (UC) and a high-power amplifier (HPA). The
resulting signal is uplinked to the GEO by means of a directive antenna. Second, the signal-in-space (SiS) block encompasses
all the uplink and downlink propagation effects experienced by the SBAS signal, plus the effects and delays of the GEO payload,
which down-converts (DC) the uplinked signal from C to L band prior to broadcasting. And third, the reception side is composed
of another directive antenna for receiving the signal coming from the GEO, followed by the radio-frequency (RF) front-end signal
conditioning including low-noise amplifiers and filters. Then, the receiver provides pseudorange (i.e. code) and carrier phase
measurements at L1 and L5 bands.

In that sense, the LLA is the chain element that closes the loop in Figure 1 by acting as the link connecting the reception
and transmission sides of the NLES. By capturing and processing the signal broadcasted by the GEO satellite, the algorithm
determines the uplink effects to be cancelled out and controls GEO signal emission. In practical terms, the ultimate objective is
to observe zero delay and dynamics at the GEO output. This is achieved by commanding a signal advance to the signal generator
in the opposite direction to the undesired uplink. In this way, when the actual uplink is added up during signal travel, it ends up
being eliminated and the signals appear as if they are generated onboard the GEO satellite.

1. Description of Propagation Effects

The first step in formulating the LLA problem is to identify the delays and propagation effects that are to be eliminated (i.e.
uplink) and distinguish them from those that are to remain untouched (i.e. downlink). Furthermore, it is of paramount importance
to specify how they affect the different measurement types and thus contribute to code-carrier incoherence. In that sense, the
following is a list of the identified effects in the chain in Figure 1 [3]:
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Figure 1: General description of NLES functionality for EGNOS V3 integrating LLA for signal steering.

Satellite range and orbit dynamics: it is the physical distance between the NLES and the GEO plus residual satellite
dynamics, usually following a one-day-period sine wave-like shape. This effect is equally present in both pseudorange and
carrier phase measurements. It is perceived twice due to the presence of both uplink and downlink paths, and thus the
former can be compensated by removing half of it.

Tropospheric delay: it is the delay introduced when crossing the Earth’s troposphere. It is not a dispersive effect,
meaning that the impact is the same at the uplink and downlink paths of both pseudorange and carrier phase measurements,
irrespective of the carrier frequencies. Hence, it will be perceived as part of the satellite range.

Ionospheric delay: it is the time-varying delay introduced by the Earth’s ionosphere, and it can reach up to 25 meters
in the vertical direction [4]. In contrast to the troposphere, the ionosphere is dispersive, thus introducing code-carrier
incoherence. On the one hand, it delays the code phase and advances the carrier phase. On the other hand, its impact is
dependent on the carrier frequencies, meaning that the delays will be different in the uplink and downlink and between
bands C1, C5, L1 and L5.

Hardware delays: they refer to the insertion delays introduced by the different hardware elements in the chain, namely
UC, GEO payload, filters, amplifiers and wiring. They affect all measurements equally within a frequency band, and do
not cause code-carrier divergence.

Frequency translation error: it is the systematic error introduced when up-converting and down-converting the signals
due to NLES and GEO oscillator inaccuracies. It affects only carrier phase measurements, and contributes hence to
code-carrier divergence.

Phase noise: a noise component of the local oscillator leads the frequency translation error to present a fluctuating behavior
or random drift. It also affects only carrier phase measurements.

Inter-frequency delay: referring to delta hardware delays at band C5/L5 with respect to the delays at frequencies C1/L1,
it introduces signal incoherence between bands C1/L1 and C5/L5.

Phase wind-up effect: it is a delay that depends on the relative orientation of the satellite and receiver antennas, the
direction of the line of sight, and the satellite’s orbital motion. The satellite must perform a rotation to keep its solar panels
pointing towards the Sun while its antennas keep pointing towards the Earth. This rotation causes a phase variation that is
misunderstood as an additional delay. Phase wind-up affects only carrier phase measurements.
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» Sagnac effect: it is an additional delay owing to the Earth’s rotation during signal travel to and from GEO. It makes the
uplink and downlink range not to be exactly the same, and affects all measurements equally.

* Pseudorange ripple: pseudorange measurements from GEO satellites present an unwanted oscillation effect attributable
to systematic receiver errors and dependent on Doppler and PRN [5, 6]. These oscillations can reach peak values of up
to £0.5 meters, and whereas they are not to be corrected since these do not exist at the output of the GEO satellite (but
are inevitably originated at receiver side), they enter the LLLA from all loops, and thus the controls become affected by an
unwanted oscillatory behaviour. This effect is detrimental in pseudoranges at L1, whereas the effect in L5 is much milder
and less problematic. Hence, we will focus only on the pseudorange ripple at L1.

* Clock offset: the NLES measurements are referred to the NLES time reference, which may present an offset with respect
to the SBAS Network Time (SNT). This is an additional offset that must be taken into account to steer the signals to SNT.

2. Impact of Propagation Effects onto Code and Carrier Measurements

As anticipated in Section II.1, some of the above effects introduce code-carrier incoherence, as they do not affect pseudorange
and phase measurements in the same manner. In that sense, the measurement equations perceived by the NLES receiver in Figure
1 and provided to the LLA are formulated as follows.

On the one hand, the discrete-time pseudorange measurements at L1 and L5 are:

PLI

pLi(n) = b +2[r(n) + T(n)] + [Ici(n) + Ii(n)] + o(n) + 2 (n) + wp,, (n) (0
pLs(n) = bLi +2[r(n) + T(n)] + [Tes(n) + Is(n)] + briws + S50 (n) + wp,, (n) ()

in meters, where:

* b is the aggregate hardware delays in the chain experienced by the pseudorange at C1/L1 band including the UC, HPA,
GEO payload and lever arm, Sagnac effect, receiver front-end and wiring;

* 7(n) is the NLES-to-GEO geometric distance plus GEO dynamics;

* T'(n) is the tropospheric delay;

e {Ic;(n),ILj(n)} are, respectively, the uplink and downlink ionospheric delays at frequency j, with j = {1, 5};
* o(n) is the oscillation (i.e. ripple) effect experienced in the pseudorange measurement at L1;

* bri.Ls is the inter-frequency delay, the delta delay experienced at L5 with respect to the delay at L1;

. E,()Iz (n) is the accummulated corrections applied at the signal generator for each pseudorange measurement;

* wp, ,(n) is the pseudorange measurement noise.
J

At this point, it is interesting to note that the ionospheric delays experienced at the different carrier frequencies are inter-
proportional, meaning that all values can be obtained by applying scaling factors to only one of them. We have selected the
downlink ionospheric delay at L1, from which the rest of delays are computed by scaling through a carrier frequency-dependent
factor . Therefore, the pseudorange measurements in (1) and (2) can be rewritten as,

pi(n) = bui +2[r(n) + T(n)] + (ape, + ap,) Ii(n) + o(n) + ) (n) + wyy, (n) A3)
pLS(n) =b+2 [T(n) + T(n)] + (apcs + O‘pl‘s) I (n) +bLi1s + 2573( ) + Wps (n) 4)

On the other hand, the discrete-time carrier phase measurements are as follows:

Li(n) = bui + 2 [r(n) + T(n)] — [Ler(n) + ILi(n)] + 01 (n) — Kii + 2 (n) +wy,, (n) Q)
¢Ls(n) = bui +2[r(n) + T(n)] — [Ies(n) + Ius(n)] + Ous(n) + bris — Kis + 2 (n) + wyy(n) (6)

also expressed in meters, with some terms in common with pseudorange measurements, but with the following additional effects
affecting only carrier phase:

* 01;(n) is the aggregate UC plus GEO phase error owing to frequency translation errors, oscillator phase noise and phase
wind-up effect;

. ESP[)J (n) is the accummulated corrections applied at the signal generator for each carrier phase measurement;

* K\ is the initial carrier phase ambiguity;
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* Wy, (n) is the carrier phase measurement noise.

When using a common local oscillator, the phase error 6;5(n) is proportional to the phase error 0y 1 (n) through the scaling factor

ap = H Therefore, together with the scaling factors of the ionospheric delays, the carrier phase measurements in (5) and
(6) can be rewritten as,
pLi(n) = bLy + 2[r(n) + T(n)] = (age + ) ILi(n) + 6u1(n) — Kui + ) () + wy, (n) ©)
prs(n) = by +2[r(n) + T(n)] = (0tpes + ) I1(n) + apfi(n) + briws — Kis + S (1) + we,s (n). ®)

Last, the LLA is provided with a fifth measurement corresponding to the NLES clock offset with respect to SNT,

At(n) = bar(n) + wat(n) 9

which is used to steer the measurements in (3), (4), (7), (8) to SNT.

III. DESCRIPTION OF THE LONG LOOP ALGORITHM FOR EGNOS V3

This section describes the general architecture for the LLA V3 to achieve the targeted goal. From the software standpoint, the
LLA is composed of two main blocks, namely the estimation module and the control module. The estimation module is in charge
of determining the propagation effects to be counteracted at the signal generator based on the information provided by the receiver
measurements. The control module computes the controls to be commanded based on the estimation module outputs and the
precedent corrections that have been applied so far at the signal generator.

With both in mind, the first consideration at this point is that LLA operation cannot be achieved by feeding into the algorithm only
the measurements in (3), (4), (7), (8), henceforth termed long loop measurements. The main reason is that these measurements
do carry a combination of both the propagation effects to be determined and the accumulated corrections applied at the signal
generator, and the consequence is twofold. On the one hand, the accumulated corrections distort the proper identification of the
propagation effects, thus voiding the estimation module. On the other hand, at the same time, the propagation effects distort the
retrieval of any information about the corrections accumulated at the signal generator. Consequently, no information about the
corrections that remain to be applied can be extracted, thus voiding the control module. Therefore, additional actions must be
taken at both software and hardware levels.

The proposed solution to the above issues adopted in LLA V3 is to introduce two additional signal paths, corresponding to the
orange (2) and purple (3) paths in Figure 2 and henceforth termed middle loop and short loop, respectively. These are calibration
signals, also referred to in this paper as loopback signals. As such, they come from the signal generator but do not travel into
space. Instead, they are fed back into the NLES after transmission conditioning, and the rationale is to exploit the fact that they
carry the accumulated signal generator corrections but not the SiS effects.

Thanks to the latter, the estimation module benefits from the middle loop by subtracting the corrections from the long loop,
which are common in both paths, while leaving the SiS effects practically untouched. By performing such pre-conditioning of
the estimation module inputs, the effects of interest become visible and the module can interestingly operate irrespective of the
controls applied by the algorithm, thus avoiding any kind of LLA self-interference onto SiS determination. On the other hand,
thanks to the short loop measurements, the control module can seize information about the corrections made so far by the signal
generator, and it can therefore determine the corrections that remain to be applied in an intelligent manner, thus introducing a
memory effect on the controls previously applied by the LLA.

In addition, it is observed that the middle and short loops are very similar paths, with the only difference that the latter does not
carry the effects and delays on the reception side. The beauty of this two-link separation is that the estimation module benefits
from the middle loop by also subtracting these effects that are common with the long loop and are indeed not to be compensated
by the LLA, as well as these do not enter the loop from the short loop either.

IV. LLA PERFORMANCE RESULTS

Once the LLA architecture has been presented, in this section we show some results on the performance of the designed algorithm.

1. MATLAB Simulation Results

We start first by showing preliminary results obtained from a LLA simulator that has been built in MATLAB. Based on realistic
GEO ephemeris data, the GEO orbit is assumed to follow a 1-day-period sine-wave shape located at a distance of 38400 km above
the Earth surface with 48 km peak-to-peak distance. This is illustrated in Figure 3a top, which depicts the observed pre-LLA
pseudoranges at the output of the GEO satellite. The ascending trend is due to the clock offset, which is given by the black
dotted-striped line in the figure. The rest of delays (tropospheric delay, constant hardware delays) are placed together with the
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Figure 2: General architecture of NLES V3 stations integrating LLA for signal steering.

GEO orbit. We emphasize the ionospheric and inter-frequency delays, which are the parameters differentiating pseudoranges at
L1 versus L5 as illustrated in Figure 3a bottom. Introducing a constant offset of around 2 m, the ionosphere follows the shape
observed in the figure, on top of an inter-frequency delay that has been set to 50 meters [3]. On the other hand, Figure 3b depicts
the observed pre-LLA carrier phase dynamics (i.e. Doppler) at the output of the GEO satellite. These are also affected by the
above effects, particularly the sine-wave-shaped GEO orbit, placed on top of a NLES+GEO L1-to-C1-to-L1 frequency translation
error obtained by assuming 1 ppb error for the NLES oscillator and 1 ppm error for the GEO one. In all loops, the carrier-to-noise
ratio (C'/Np) at the receiver side is assumed to be 60 dB-Hz.
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pseudoranges at L1 and L5.

Figure 3: Uncorrected measurements at output of GEO satellite transmit antenna.
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Figures 4a and 4b are the post-LLA counterparts of previous Figures 3a and 3b. That is, the corrected measurements that are
observed at the GEO satellite output with the LLA in operation. On the one hand, the pseudoranges are driven to a constant
value, that is, no dynamics are observed at the GEO output, thus achieving the desired functionality. The delay departs from the
ideal zero, though. The reason is that there is a small amount of delays in the chain which cannot be identified by the LLA, and
thus remain as unidentified residual biases after LLA operation. This phenomenon was indeed foreseen as one baseline of the
project, and hence an ICAO performance requirement is explicitly devoted to this topic, which states that the uncorrected residual
biases should not exceed the green stripped line in Figure 4a. If otherwise, note that these biases can be pre-calibrated prior
to LLA operation and further compensated by applying a manual correction in the algorithm, in order to be compliant with the
above requirement. On the other hand, the carrier phase measurements observed at the GEO output also present zero dynamics
as desired. Based on the above observations, the LLA V3 is concluded to perform successfully at simulation level.
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(a) Pseudorange measurements. (b) Carrier phase dynamics.

Figure 4: Corrected measurements at output of GEO satellite transmit antenna.

2. Experimental Results on Indra’s Platform

We now present experimentation results on Indra’s platform with real hardware. The block diagram of the built platform is shown
in Figure 5. Two features stand out. First, the use of a simulator for the GEO payload. Second, the use of a multi-frequency
antenna (MFA) capturing GPS and Galileo signals for further computation of the NLES-to-SNT clock offset.
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= * (cal)
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RF Adapter

Short, Medium and Long Loop RF signals
Signal (L’ and nominal L frequencies)

Generator SBAS +
L1 Tx Msg Timi_ng
L5 Tx Msg Receiver
Core

Computer
(LLA + Equipment Short, Medium and Long Loop
Control) measurements

Frequency

Reference

Figure 5: General overview of Indra’s platform.
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For an experimental test of a bit less than 12 hour duration, Figure 6 top shows the loopback errors for the pseudoranges at L1
and L5, whereas Figure 6 shows the dynamics of the carrier phase loopback errors. As can be observed, both are zero mean and
kept as such over time, meaning that the LLA is correcting what it is told to, and no portion of signal remains to be eliminated.
However, the ultimate proof on the correctness and performance of the algorithm is to compare the expected (i.e. theoretical)
GNSS-like downlink and the measured one when the LLA is in operation. This is depicted in Figures 7a and 7b for pseudorange
and Doppler measurements, respectively. The bottom plots show the difference between the theoretical and measured profiles.
It is observed that the measurements do match the theoretical profiles, with a constant error in the pseudoranges and zero-mean
Doppler error. This proves that the LLA can perform real-time steering of the time-varying propagation effects and GNSS-like
signals are observed at the downlink as desired.

A I I I I I
0 2 4 6 8 10

Time (h)

Figure 6: (Top) Pseudorange loopback errors. (Bottom) Carrier phase loopback error dynamics.
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(a) Pseudorange measurements. (b) Dynamics of carrier phase measurements.

Figure 7: (Top) Expected vs. measured downlink with LLA operating on Indra’s platform. (Bottom) Difference between both.

3. Fulfillment of Performance Requirements

Table 1 compares the requirement metrics obtained in the MATLAB simulation environment and the experimentation results on
Indra’s platform. In few words, the code-carrier coherence (CCC) metric measures the misalignment between pseudorange and
carrier phase observables within a window of 3600 seconds for the short term and 86400 seconds for the long term. Similarly,
the code-carrier frequency coherence (FreqCoh) metric measures the misalignment between the variations of pseudorange and
carrier phase observables within a period of 10 seconds for the short term and 100 seconds for the long term. As can be observed,
all metrics are located below the requirement thresholds shown in the same table, thus preliminarily concluding that the designed
LLA V3 successfully performs the task for which it has been conceived. Note that these results may vary depending on the
simulated scenario and conditions (satellite orbit, GEO satellite performances, etc.).
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Table 1: Performance requirement metrics obtained in MATLAB simulation environment and real hardware on Indra’s platform.

ID H Threshold | MATLAB sim. | Indra’s platform Observations

Short-term CCC @L1 < 0.150 m 0.028 m 0.035 m

Short-term CCC @LS5 < 0.200 m 0.041 m 0.028 m

Long-term CCC @L1 <0.190m 0.059 m 0.121 m )

Long-term CCC @LS < 0.255m 0.084 m 0.108 m
Short-term FreqCoh @L1 || . ;| 1.366- 107 | 1.784-1071!
Short-term FreqCoh @L5 1.957-10~11 1.489 .10~ | sigma
Long-term FreqCoh @L1 < 0.190 m 0.087 m 0.173 m
Long-term FreqCoh @LS < 0.255m 0.125 m 0.152 m

LLA convergence < 120s N/A ~45s As soon as receiver reacquires

4. LLA operation in prediction mode

As explained earlier, the most attractive feature of the designed LLA is the ability to operate in prediction mode in the absence
of receiver measurements for some seconds. In that sense, Figure 8 depicts an example of the impact of signal outages in steady
state causing the LLA to enter prediction mode onto the CCC requirement at both L1 and L5. Two outage durations have been
considered, namely 60 and 70 seconds. As can be observed, the impact is given particularly in terms of the short-term CCC,
which exceeds the threshold for a 70-second outage, whereas it can remain below the threshold if the outage lasts for 60 seconds.
Therefore, as a preliminary result at this stage of the project, the LLA demonstrates to withstand signal outages of up to a minute
duration without compromising requirement fulfillment. Note that, although exceeding the requirement thresholds, the LLA can
still withstand outages of some minutes and recover from prediction mode afterwards.

0.3 T T ‘ 0.3 T T ‘
Outage of 60s [P el ] bt Outage of 60s "— —_——— e == — - -
02}t = = =Qutage of 70s I i OZ_---OutageoWOs -
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£ = N - c © c 1
= o1t — — —Input disconnection I ~ 01l — — —Input disconnection Iy
0 | | | | 0 | | | | |
9.5 9.55 9.6 9.65 9.7 9.75 9.8 9.5 9.55 9.6 9.65 9.7 9.75 9.8
x10* x10*
0.3 i 0.3 i
| T
_ 02k — _ 02 e el
0.1r | 0.1r |
| |
0 | I | | 0 I | |
1.3 1.35 1.4 1.45 1.3 1.35 1.4 1.45
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(a) Results for L1. (b) Results for L5.

Figure 8: Demonstration of LLA operation in prediction mode. (Top) Short-term CCC metric in the presence of signal outages of 60s and 70s
duration. (Bottom) Long-term CCC.

V. CONCLUSIONS

EGNOS V3 is currently being developed as the successor of EGNOS V2 to provide modern SBAS services across Europe for the
coming years. In that sense, this paper has presented the Long Loop Algorithm that has been designed for NLES V3 stations to
steer the signals uplinked to the GEO satellite and manipulate the satellite-to-ground downlink in order to perceive GNSS-like
signals. The architecture of the LLA has been shown, highlighting the use of calibration signals to clearly visualize the effects to
be eliminated and to seize memory on preceding applied corrections. The ability to work in prediction mode and keep providing
SBAS service continuity in the presence of hardware malfunction has been presented as the key enabling feature of our LLA.

Preliminary MATLAB simulation results and real-hardware experimentation tests have concluded on the correctness and per-
formance of the proposed LLA and its ability to perform steering in real time by tracking the time evolution of the undesired
effects and applying the corresponding controls to keep the loopback errors at zero. The LLA achieves the desired functionality
by eliminating signal dynamics at the GEO output and, up to now, the algorithm is being demonstrated to be compliant with the
ICAO SARPS.
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1. Introduction and objectives
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0 Satellite-based augmentation systems (SBAS) complement Global Navigation Satellite System
(GNSS) signals with corrections and signal integrity information through additional messages

broadcasted from geostationary (GEO) satellites.

GPS + Galileo

RN

RF
Stations

— RIMS
(Navigation i ) | s S (Ranging and
Land i - Integrity
Earth . Monitoring
Stations) a - = Stations)

-

CPF
(Central Processing Facility)
CCF
(Central Control Facility)

MCC (Mission Control Center)

Certificates of safety for
aviation users, error bounds
for GNSS satellites,
warnings of rare system
faults.

Accuracy enhancement of
GNSS-based ranging, with
safety-of-life  (SoL)  civil
aviation applications in the
spotlight.
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European Geostationary Navigation Overlay Service / .~

U The third version of the European Geostationary Navigation Overlay Service (EGNOS V3) is under
development as part of the modernization program promoted by the European Union Agency for the
Space Programme (EUSPA) to provide European SBAS coverage for the coming years.

EGNOS V3 vs. EGNOS V2

v' Addition of GPS L5 and
Galileo E1/E5 toward a dual-
frequency multi-constellation
(DFMC) concept.

v" Enhanced vertical guidance
accuracy and robustness.

1a L
TN \ -
(f ﬂ(}/ ' _ Y ) ﬁ v New services for new users
= J VY
4

(targeting safe maritime and

f . Satellite coverage / . 5 i
» S area ] railway navigation).

eSS ey S -
= = oo = v Backwards compatibility with
: : : : : : : current GPS L1 in EGNOS V2.
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NLES and Long Loop Algorithm

O The purpose of NLES stations is to:
» Transmit EGNOS corrections to the GEO, so it can broadcast them to EGNOS users.
» Steer transmitted signals, so they are coherent according to International Civil Aviation
Organization (ICAO) standards.

vy NLES v To steer EGNOS V3 signals uplinked to the GEO satellite

Receiver and accurately control signal emission at its output, in
order to virtually eliminate the uplink and obtain GNSS-like

GNSS-like signals: zero delay and dynamics must be observed at this
point.

SBAS signals encompass both uplink and downlink signal-in-
space (SiS) delays and propagation effects.

LONG LOOP ALGORITHM (LLA)

LLA signals with only the downlink SiS propagation effects.
v v" To do so in a way to maintain coherence (i.e. alignment)
Signal between code and carrier measurements, and to be
cenElenive e compliant with ICAO standards and performance

requirements.
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Objectives

Obijectives of this presentation

U To present the development of the Long Loop Algorithm (LLA) for NLES V3 stations
and future EGNOS evolutions.

Q0 To show MATLAB simulation results on the LLA performance and experimentation
results with real hardware on Indra’s platform.

O To present fulfillment of performance requirements according to ICAO Standards and
Recommended Practices (SARPS) to show the goodness of the designed LLA.
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2. Problem statement
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Uplink / downlink system overview at signal level
C1,C5> L1, L5

GEO hardware delays

v

¢ C-to-L frequency translation
Satellite range \ : \ errors + osc. phase noise

Tropospheric delay \ GEO inter-frequency delay

\
Uplink ionospheric delay \
\L1,L5
C1,C5 \
|
Hardware delays
+ Signal generator User segment Satellite range
e |F-to-C up-converter
Tropospheric delay
IF-to-C frequency
translation errors + osc. Downlink ionospheric delay
phase noise NLES
IF - Receiver delays (low-noise
Inter-frequency bias gj:g':gor amplifier, filters)
NLES-to-GNSS clock offset Pseudorange ripple
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Closing the loop with the Long Loop Algorithm

LLA OPERATION

1. Determination of the propagation effects
in the uplink path from NLES to GEO.

S @
3 NLES
Receiver 2. Compensation for the identified effects
by applying chip rate and carrier
frequency controls into the NLES signal

generator.

&

Signal
generator

ansmissioy
conditioning
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3. Architecture of the Long Loop Algorithm (LLA)
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Architecture of the Long Loop Algorithm

O The long loop (1) carries the delays and SiS
propagation effects to be determined + applied
| corrections
[ ' O The middle loop (2) is used to:

[ : Y T
1g | Transmission L]  Loopback [ Reception | &' v Allow estimation module to perceive
1§ Lcondtoning | condlioning ; [ fontend [ SiS independently from corrections
2 'y H ! 21
1 @ R A H S . .
e ' : ; applied at signal generator.
: Sanal i : . . | v Subtract effects at the receiver side
' ignal ' ! H
i gengrator : i Recei ' that are not to be corrected, and thus
H 1 : ecelver 1
' 3 | ' ! must not enter the LLA loop.
RS R | SUR— N : QO The short loop (3) is used to:
Chip rate & | Pseudorange &
carrier frequency [ Clock carrier phase . L
controls offset meastrements v Retrieve transmission effects to be
=7 .
: D corrected but lost during (1) — (2).
v j v Retrieve  information on  the
e - corrections that are actually applied
Controlmodule i on module and know what remains to be
corrected.
LLA CORE COMPUTER
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4. Estimation module and control module
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Estimation module

O A Kalman filter is used to dissociate the different delays and propagation effects.

| r(n)
7(n)
7(n)

—

Satellite range + tropospheric delay +
aggregate hardware delays

INPUT MEASUREMENTS I4 (n)
(noisy) lonospheric delay (downlink, L1)
(all other delays are obtained I11 (n)
from this one through scaling factors) - OUTPUT
I,(n State vector

Pseudorange and carrier
phase measurements

QLl(n) T
9L1 (TL) = X(Tl)

- (Accumulated) frequency translation error
at L1 (error at L5 obtained through scaling factor)

e e B e LA

PL1PLs, PL1 PLs Aggregate inter-frequency bias briLs
. _— K1
Carrier phase ambiguities
Kis
0,1 (n)
Pseudorange ripple at L1 ()Ll (Tl)
(pseudorange ripple at L5 is negligible) .
— 01 ()
) beik(n)
Clock offset measurements —————————>  NLES-to-GNSS clock offset + drift d m
-Uclk E
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KRn+1) =F-k(n) —  State transition equation
v Fulfillment of system observability.
OG 2 &
~ n N> —
> Reduce from 7 to 4+3 estimated £ £ E ;i a3 3 3
magnitudes by assuming zero initial E 1111200 00000000 0io0 0
offset in some states. S o1 1 00 00 o0i0i0i0i0 0 0f{0 0
@ 100 1 00 00 000i0i00 0{0 0
S 00 0 1 1 1/2{0 0{0{0{0{0 0 0i{ 0 0
= o0 o0 01 1 :0 0:0:0:0:0 0 O 0 0
v ; ; 00 0 00 1 ({0 0i0i0i0i0 0 0i 0 0
Isolation of carrier phase ambiguities and T 60 0 0o 011100000 0io0o
pseudorange ripple for clean p=[00 0 00 00 100i0i0 0 0i0 0
determination of states of interest. 00 0 0 0 030 0:1:0:0:0 0 0} 00
00 0 00 0 {0 0i0i1i0i0 0 0! 0 0
oo o0 0 0 O0:0 0:0:0:2:0 0 O 0 0
00 0 00 0 {0 0i0i0i0i1 1 1/2 0 0
v Independent clock offset filtering and 00 0 0 0 030 0:0:0:0:0 1 10 0
: 00 0 00 00 0i{0{0{0f0 0 1{ 0 0
further steering at measurement level. 00 0 00 010 0i0i0ioioo0 0! 11
oo o0 0 o0 O :0 0:0:0:0:0 0 o0: 0 1
v Kalman filter tuned for NLES+GEO oscillator phase noise tracking.
v" Prediction mode. Rely on internal state-space model and provide service continuity when

measurements are not received for some seconds due to hardware malfunction.
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[2]
I Controls to signal generator % Short loop
e
i—_ "~ Control determination ! g Control module
i i o
.-:— Coarse controls 4-!-. S -y Estimation module
) | ,f. ( Construction of | output
! ' target corrections
o Loop filters 4.|_.' (Selection of Kalman
! i states of interest)
CONTROL MODULE STRATEGY CONTROL MODULE FEATURES
1. Convergence. Exploit maximum dynamic v Quick convergence.
range of signal generator control inputs to
quickly apply all coarse corrections, even if v Intelligent determination of remaining
receiver loses lock. corrections thanks to short loop.
2. Steady state. When receiver reacquires, v' Real-time steering of time-varying
switch to loop filters to filter out short-loop propagation effects.
noise and smooth residual controls to
ensure system stability. v" Prediction mode (essential particularly
during LLA convergence).
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5. Experimentation results and performance evaluation
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MATLAB simulation results
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Experimentation results on Indra’s platform
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Experimentation results on Indra’s platform

<107 Downlink pseudoranges with LLA :: CIND =60 dB-Hz Downlink carrier phase dynamics with LLA :: CIN'J =60 dB-Hz
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Fulfillment of ICAO performance requirements

D | Threshold | MATLAB sim. | Indra’s platform

Short-term CCC @L1 < 0.150m 0.028 m 0.035m
Short-term CCC @L5 < 0.200m 0.041m 0.028 m
Long-term CCC @L1 < 0.190m 0.059 m 0.121m -
Long-term CCC @L5 < 0.255m 0.084 m 0.108 m
Short-term FreqCoh @L1 < 5.10-11 1.366-107 1.784-10711
Short-term FreqCoh @L5 1.957-10~11 1.489 - 10~ 11 {-sigma
Long-term FreqCoh @L1 < 0.190m 0.087 m 0.173m
Long-term FreqCoh @L5 < 0.255m 0.125m 0.152m
As soon as
LLA convergence < 120s N/A ~45s receiver
reacquires
Acronyms:
+ CCC Code-Carrier Coherence
*  FreqCoh Code-Carrier Frequency Coherence
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6. Conclusions and on-going work
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Closure

CONCLUSIONS

U The designed LLA allows real-time tracking and steering of time-varying propagation effects to
manipulate perceived downlink by controlling signal emission at output of GEO satellite.

U Main key-enabling features:
v Fulfillment of Kalman filter observability.
v Tracking and steering of clock offset and oscillator phase noise.
v' Fast LLA convergence.
v LLA continuity in the absence of measurements for some seconds.

O Fulfillment of ICAO performance requirements.
O The proposed design of the Long Loop Algorithm is not only useful for EGNOS V3, but it also paves
the path for future SBAS evolutions.

ON-GOING WORK

O On-factory testing with real hardware and GEO payload simulator.
O On-site testing with real GEO satellite slot planned this year.
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Thank you for your attention!

| have a
question...
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