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Abstract—Future road applications will require Acronyms Used in This Article

positioning accuracy on the order of one or a few
decimeters and a convergence time measured in
seconds. A high-accuracy service (HAS) provided
by the Global Navigation Satellite System becomes a
key enabler to meet these requirements. In particu-
lar, the Galileo program has committed to provide
a free HAS. This entails several design challenges;
namely, to achieve the necessary performance for
all users, high-accuracy messages must be optimal-
ly formatted, encoded, and broadcast. This article
presents an overview of satellite-based HASs and
evaluates different transmission schemes based on
field and laboratory results, proposing some recom-
mendations for the implementation of an HAS. The
article concludes that satellite-based, high-accuracy
messages, such as Galileo’s, can provide fast conver-
gence and sufficient accuracy worldwide, even in
low-visibility environments.

API: application programming interface
AV: autonomous vehicle

AWGN: additive white Gaussian noise
BEC: binary erasure channel

CLAS: centimeter-level augmentation system
C/NO: carrier-to-noise density ratio

CSSR: compact state-space representation
dBHz: decibel-hertz

EC: error correction

EU: European Union

FEC: forward error correction

FI: full interchangeability

FR: full redundancy

GEO: geostationary Earth orbit

GNSS: Global Navigation Satellite System
HAS: high-accuracy service

ICD: interface control document

ITS: intelligent transportation system

IVS: in-vehicle system

LMS: land mobile satellite

ntelligent transportation systems (ITSs) are not limited MS: message splitting
to traffic congestion control and information; they also 0S: Open Service
include road safety and efficient infrastructure use. One PER: page error rate
of the key enablers of ITSs is accurate and reliable vehicle PO: page offsetting
location information. In the case of autonomous vehicles PPP: precise point positioning
(AVs), the requirements for positioning performance are QZSS: Quasi-Zenith Satellite System
very stringent, and high-accuracy Global Navigation Satel- RS: Reed-Solomon
lite System (GNSS) solutions are a timely topic in the ITS RTCM: Radio Technical Commission for Maritime
world. GNSS receivers (Rxs) are an increasingly key element RTK: real-time kinematic
of in-vehicle systems (IVSs). Based on a recent analysis by SBAS: satellite-based augmentation system
the European GNSS Agency, IVSs could reach a 35% market SIS: signal in space
penetration in the vehicle fleet in 2025 and more than 50% TBC: to be confirmed
by 2035 [1], [2]. Fully autonomous cars will initially repre- TTRD: time to retrieve data
sent only a small fraction of the vehicles fitted with GNSS- \URA: user range accuracy y

enabled IVSs, but roughly 20% of the vehicle fleet will be
autonomous by 2035. The forecast for the number of pas-

sengers and IVS-enabled and AVs is summarized in Figure 1, 4 \
which shows the prospective total, in thousands, of TVSs 1,400
and AVs (y-axis) between 2020 and 2035 (z-axis). (See “Ac- 1,200
ronyms Used in This Article” for explanations of the acro- 1288
nyms used throughout.) 600
AVs require decimeter-level accuracy, high availability, 400 | | |
and integrity [3]. At the present stage, no individual tech- 208 I I | | | l | ‘
nology can fulfill these requirements on its own, so sensor SIVRILETIIILLS 883
O O O O O O 000000 O OO O O
fusion is considered the baseline solution, with GNSS as the TN IIN @
key sensor for absolute positioning. However, while GNSS Year
plays a critical role in AVs, it cannot be the sole positioning AVs in Use
source. To reach fully autonomous cars, vehicles must be H Vehicles With IVs in Use
able to figure out their environment, and a fusion of sen- W Passenger Vehicles in Use
sors and techniques (e.g., map matching, blind-spot moni- . J

toring, and pedestrian detection) is necessary, as shown in FIG 1 The global IVS-enabled and AV fleets (in thousands of units).
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Figure 2. In the context of ITSs, a satellite-based HAS can
bring advantages. First, an accurate GNSS-based position
improves overall navigation performance and reduces the
number of sensors and their cost.

Second, in some rural environments where no dedi-
cated networks are deployed, vehicles need to rely solely
on the signal in space (SIS) to obtain their position. This
limitation has been highlighted in other transportation ap-
plications, such as railways, in the European Railway Traf-
fic Management System on Satellite-Enabling Application
and Validation project, which proposes GNSS signals as
the main component of train location systems [4]. Finally,
relying on a communications network facilitates increas-
ing the resilience of SISs through a higher redundancy and
an additional layer of security, but it also adds a potential
vulnerability to hacking attacks, which may compromise
other connected sensors and systems.

In addition to threats to the communication channel,
jamming and, particularly, spoofing threats to a GNSS Rx
need to be mitigated for robust high-accuracy positioning.
The positioning device can rely on other sensors when the
signal is not available due to interference. Regarding spoof-
ing attacks, while the topic is heyond the scope of this article,
solutions include signal and data authentication [5], and Gal-
ileo is implementing both in its first generation [6] as well as
studying authentication of the HAS message through the SIS.
These measures work well in combination with Rx-based
signal processing and measurement consistency checks.

Regarding positioning integrity, it is a desirable service
that could be supported by the SIS. At the moment, no in-
tegrity is foreseen for HAS SIS services beyond an indicator
of the data reliability, such as user range accuracy (URA),
which is already included in Radio Technical Commission
for Maritime (RTCM) standards and the Quasi-Zenith Sat-
ellite System (QZSS) [8]. While the integrity of satellite-

based augmentation systems (SBASs) may support HAS
services, reliability failures in the domain of ITSs may be
dominated by multipath (including both line-of-sight and
nonline-of-sight), and satellite malfunctions may repre-
sent only a very minor contribution. Multipath cannot be
corrected by SIS data, and it may require that its computa-
tion be in the user Rx, employing Rx-autonomous integrity
monitoring-like techniques and consistency checks with
other sensors.

GNSS High-Accuracy and Precise Point Positioning

High-accuracy location techniques, which are understood
as methods providing centimeter- or decimeter-level ac-
curacy and are generally based on carrier phase mea-
surements, are widely documented in the classic GNSS
literature [9], [10]. They have historically been used in the
domain of professional location applications, such as ca-
daster, construction, oil drilling, and so on. However, in
recent years, there has been a commoditization of these
techniques, partly because of the increasing demands of
location performance from consumer users [2] and partly
because of the availability of Rxs that implement such tech-
niques at a low cost and require high-quality antennas and
components that provide good carrier phase measurements,
multifrequency front ends, and, potentially, ground assis-
tance. Dual-frequency [level (L) 1-5] smartphones are al-
ready on the market, and with assistance information, they
can provide accuracy on the order of decimeters [11]. An-
other factor that contributes to this trend is the wide avail-
ability on the Internet of high-accuracy data in real time,
for example, from the International GNSS Service [12],
and the open source user algorithms for precise position-
ing that are also available online [13]. Consumer devices,
such as Google’s Android, provide the GNSS measurements
through a user application programming interface (API),
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FIG 2 The GNSS high-accuracy service (HAS) in combination with other ITS sensors [7]. (The image was created by the authors based on [7].)
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and they even offer tutorials explaining how to combine
them into a 1-m accuracy fix [14]

On the GNSS provider side, there is a trend toward pro-
viding higher accuracy, as well: QZSS is already delivering
free, high-accuracy services in Japan through the Multi-
GNSS Advanced Demonstration Tool for Orbit and Clock
Analysis [15] and the Centimeter-Level Augmentation Sys-
tem (CLAS) [8]. The Russian GNSS and the Chinese BeiDou
system have also shared plans to provide high-accuracy
corrections [16], [17], and Galileo, the European GNSS, has
announced that it will provide a free HAS as soon as 2020
[18], with a test signal that is already available.

There are two main techniques to obtain a high-
accuracy location: real-time kinematics (RTK) and precise
point positioning (PPP). RTK uses differential positioning,
whereby errors in the measurements of the Rx are cor-
rected using data from a nearby station or network through
the differential processing of the carrier phase measure-
ments. On the other side, PPP uses absolute positioning
techniques, whereby data and corrections for each of the
original error sources (orbits, clocks, frequency biases,
the ionosphere, and the troposphere, apart from local mul-
tipath and noise) are applied. The main drawback to PPP
is that it may require a number of minutes to converge to
a high-accuracy position, while RTK is instantaneous. The
main advantage to RTK is that the technique does not re-
quire a station to be near the user.

PPP and RTK techniques are in constant evolution. A solu-
tion to improve PPP convergence is underway by using RTK
techniques and a switch to PPP, a tactic called RTK-PPP. An-
other way to accelerate convergence is to provide ionospher-
icinformation to initialize the ionospheric error so that it can
be more quickly decorrelated from the other error sources
[19]. There are also new algorithms that take advantage of
the availability of three or four frequencies that can provide
an accurate fix in a matter of seconds [20]. For further de-
tails on carrier phase measurements and the RTK and PPP
techniques, please consult [21, Ch. 19-23]. In the rest of this
article, we focus on the transmission
of high-accuracy data through GNSS
signals for PPP purposes.

the fact that multifrequency corrections are desirable, and
the need for satellite clock corrections to be refreshed very
often. If all this information needs to arrive at the Rx in a
short time, a higher bandwidth than the one for standard
GNSS signals is required. Table 1 summarizes high-accu-
racy GNSS signals, including the intended coverage, num-
ber of typically available satellites, bandwidth per satellite,
and band. Most satellite-based systems provide one, or at
most three, links, except Galileo, which will provide four
or more.

In the particular case of SBASs, rates of 250 b/s are avail-
able in both the L1 and L5 frequencies to transmit integ-
rity, satellite corrections, and ionospheric corrections, with
a submeter accuracy [22]. Commercial providers, such as
Trimble/OmniSTAR, Hexagon/Veripos, and NavCom/
Starfire, offer centimeter-level accuracies through GEO
satellites transmitting proprietary-format messages in the
L band. Further details on the data bandwidth, carrier fre-
quencies, and accuracy services of commercial providers
worldwide can be found in [23]. Some efforts have heen
made to reduce the bandwidth and transmit PPP correc-
tions through lower-bandwidth channels, such as 125 b/s in
an SBAS signal [24], [25] and 80 b/s in E6B [26], with re-
markably good accuracy results. However, one drawback
of using low bit rates for PPP is that a long time is needed
to receive all the corrections. For PPP standalone applica-
tions requiring fast or instantaneous convergence, a higher
bandwidth is required.

Galileo HAS

In February 2017, the European Commission formalized
the addition of an HAS for Galileo [27]. At that time, the
HAS was planned as a fee-based service, but one year later,
the commission decided, together with European Union
(EU) member states, to offer it openly and for free [18]. The
main goal of providing a free HAS is to promote the public
benefits of the GNSS, particularly in domains with a poten-
tially high societal impact, such as ITSs. The current text

Table 1. Satellite signals transmitting high-accuracy data.

Satellite-Based, High-Accuracy Galileo Qzss SBAS Commercial
Data Transmission Coverage Global Regional Regional Global (except
GINSS signals were originally defined to high latitudes)
transmit data at a very low rate, such Satellite orbits MEO 1650 GEO GEO
as the 50 b/s of GPS L1C/A. This low i
rate facilitates transmitting hasic E:ngle(:ltrt]e Rk Sl 2 =20l
satellite information, such as eph-

Number of satellites 46 1-3 1-2 1-2

emerides, almanacs, and a simple
ionospheric model, to calculate a
standard fix. However, high-accuracy
data requires a greater bandwidth
for reasons including multi-GNSS,

that are typically
visible (open sky)

Band/frequency
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£6, 1,278.75 MHz

MEO: medium Earth orbit; IGSO: inclined geosynchronous orbit; GEO: geostationary Earth orbit.

L6, 1,278.75 MHz ~ E5b, 1,207.14 MHz L band (~1-2 GHz)
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explicitly mentions AVs as one of the target applications for
which the HAS must be defined. The Galileo HAS message
will be transmitted in the E6B signal, which modulates
a Galileo message called the commercial navigation (C/
NAV)) message. Table 2 presents the main features of the
E6B signal, and presents the C/NAV page structure, which
includes 448 b for the HAS word.

Galileo HAS-transmitting satellites have to be connected
to the ground for corrections to be uplinked, and a maximum
of only 20 satellites can be linked at one time. This is due to
the fact that the Galileo ground segment, at its full operation-
al capability, includes five uplink stations with four antennas
each [28]. To understand whether this poses a limitation for
an HAS, Figure 3 maps the average bandwidth during a pe-
riod of 10 days, a Galileo constellation of 23 nominal satellites
and six spares, and a user elevation mask of 5° This figure
takes into account a realistic plan of uplink station antennas
to satellites and a nominal constellation. We can see that the
average bandwidth ranges between 2,704 and 3,452 b/s. The

bandwidth offered by Galileo E6B (see Table 2) is similar to
other systems that offer roughly 2,000 b/s per signal for orbits
and clocks. Therefore, it is sufficient for the HAS service, even
after the uplink constraints. The current bandwidth should
be used with an optimal coding scheme to fulfill message
requirements during meager satellite availability resulting
from system limitations. Optimal coding schemes will be dis-
cussed in the following sections.

Field Test Results

In 2014, the HAS feasibility using Galileo E6B was tested
with a real space signal. The tests showed an accuracy of a
few decimeters, even when the transmitted age of correc-
tions was several hours [6]. Testing activities have contin-
ued, and the latest field results are presented for the first
time in this article. This section presents outcomes includ-
ing in-field data collection in open-sky, suburban, and ur-
ban environments, followed by postprocessing for a GPS/
Galileo Rx picking up the E6B HAS message.

4 )
60° N
| 30°N
OO
¥ ~} @ Reunion
30° S
60° S
180°
X % & b O O O D D @ O O © o ok oax X
Q 13 ' QA ) D 9 V X Q @) A N %) ) @) A\ N &
Average Bandwidth Availability (b/s)
. J

FIG 3 The average bandwidth for HAS based on a realistic 20-downlink configuration. The five uplink locations are depicted.

IEEE INTELLIGENT TRANSPORTATION SYSTEMS MAGAZINE
Authorized licensed use limited to: Universitat Autonoma De Barcelona. Downloaded on February 16,2021 at 16:05:51 UTC from IEEE Xplore. Restrictions apply.

96 - FALL 2020



The reason for the postprocessing stage is that the Gali-
leo satellites cannot yet operationally transmit an HAS;
they send a dummy message instead. Testing with the SIS
has not been permitted since 2014 [6], so the testing plat-
form recomputed the high-accuracy solution during post-
processing by replacing the dummy messages with E6B
HAS messages, as if the E6B HAS messages had actually
been transmitted by the satellites and obtained by the test
Rx according to the exact delivery conditions [26]. There-
fore, until SIS testing can restart, the results are represen-
tative of the reception performance that would have been
obtained if the signal had been transmitted by the satel-
lites. While this section focuses on a specific test, which
is part of a broader evaluation campaign, its results are il-
lustrative of the general performance.

The field test configuration was:

m Location: Tres Cantos, Madrid, Spain

m Duration: 1 h (approximate)

m GNSS Rz, user platform, and PPP algorithm: Septentrio
AsteRx-U mounted on a car, with the magicPPP user al-
gorithm [17]. Only floating ambiguities were estimated.
There was no hybridization with any other sensors. GPS
L1/L2 and Galileo E1/E5 were used.

m Reference: The RTK was computed with GPS L1/L2 and
Galileo E1/E5, using the RTKLIB
open source software [13]. The

Table 2. The Galileo E6B features.

Signal and Data Features

Frequency 1,278.75 MHz

Signal E6B

Minimum power —158 dBW

Modulation Binary phase-shift keying BPSK(5)
Chip rate 5.115 Mc/s

Code length 1ms

Symbol rate 1,000 s/s

Data rate 492 b/s

High-accuracy datarate 448 b/s

Data coding FEC, as per Galileo OS SIS ICD and interleaving 123 x 8
Spreading code No

encryption

Data format Based on an open standard

Data Orbit and clock corrections, code and phase biases,

signal-quality flags, and ionospheric information (TBC)

Mc/s: megachips per second; s/s: symbols per second; FEC: forward error correction;
0S: Open Service; ICD: interface control document; TBC: to be confirmed.

reference station was also located é Ve h
at Tres Cantos (40.59° N, 3.7° W), ~4,400-b GPS Orbits
always fewer than 10 km from ~$?8gg gg'geoolorfits
the rover. =UplIUIAY EIHS GleE e
m E6B HAS message format: This is 36 b ~570-b Galleo Clocks 24 b
presented in Figure 4. It was based 1 ) |
on RTCM messages 1,057, 1,062, L e ‘
1,240, and 1,245 for GPS orbits, GPS Header Payload CRC
clocks, Galileo orbits, and Galileo
clocks, respectively. The messages
were divided in 448-b packets and
inserted directlyin the E6B stream. 448 b
All Galileo satellites transmitted . ; \ :
the same message. No ionospheric Page Type GPS Orbits [ cRCTail |
information is present.
Source of orbit and clock cor- 448 b
rections: multi-GNSS experi- I\
ment stations, processed with IPage Type GPS Clocks CRC |Tﬂ
magicPPP CE:?I\?AV ) AA5h
m Visibility conditions: open sky, Pages 1
.subl'lrban, and urban, as shown [Page Type Galileo Orbits [ CRC | Tail |
in Figure 5
Figure 6 displays the number of sat- 4418 b
ellites used in the PPP solution during
the test. Amaximum of 14 satellites’ sig- |Page Type Galileo Clocks | CRC| Tai I
nals were received under the open-sky ko
conditions, while five to 10 satellites’ g J

signals were received when passing
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FIG 4 The HAS message format for field testing. CRC: cyclic redundancy check.
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through urban scenarios. This is caused by enviromental
conditions (e.g., buildings, trees, and traffic). Figure 7
presents the horizontal accuracy obtained through the test.
In the urban scenario, the accuracy is degraded, especially
toward the end of the observation period, including some out-
liers with errors greater than 1 m when the Rx was in a traf-
fic jam, surrounded by trucks. The RMS horizonal accuracy
was fewer than 50 cm in urban environments, and fewer than
20 cm overall. The global performance was satisfactory, with
some margin for performance improvements. Aspects that
can enhance HAS execution for road transportation include:

m the use of more than two frequencies per GNSS, combined

with trilaning techniques [20]

(| o )

FIG 5 The trajectory for the suburban—urban HAS field scenario, which
was conducted in Madrid. (a) The overview of the trajectory (imagery and
maps by CNES/Google). (b)—(d) The environment types at three different
places along the trajectory.

m the hybridization of the GNSS solution with other sen-
sors and technologies (e.g., inertial navigation systems,
odometers, and radar), as already expected for ITS
applications

m the increased use of the GNSS; the selection of only high-
quality, observable GNSS satellites in the PPP solution; and
the integer resolution of the carrier phase ambiguities.

In any case, the test shows that satellite-based PPP can
provide an accuracy of at least a few decimeters for kine-
matic users, even in degraded environments. However, one
of the remaining problems of standard PPP is the conver-
gence time. In the test, the first fix was obtained in approx-
imately 30 s. However, the convergence time to a position
of an error of fewer than 20 cm required more than 10 min
under open-sky conditions in the static mode of operation.
Figure 8 shows the results of an analysis of the conver-
gence time of a static Rx computing a standard PPP using

( )

BI5) i i
| 1
3 : |

€25 Open Sky : Suburban | Urban
1 1
g : '
g 2 . :
[0) 1 1
' : !
8 1 : :
1 1
0.5 — 71
AL 2 g 2 )

L

‘ +Horizontal (Average = 0.08, Sigma = 0.15, RMS = 0.17) ‘

\_ J

FIG 7 The horizontal accuracy of a kinematic GPS/Galileo Rx with an E6B
high-accuracy message. RMS: root mean square.
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FIG 6 The number of satellites used in the PPP solution versus time, including GPS (maximum of eight), Galileo (maximum of six), and the total

(maximum of 14).
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only orbit and clock corrections un- ' ~\

der open-sky conditions. The values 1
are achieved by computing 200 PPPs % 88
to derive the statistical figures for g 07
the convergences. 'i; 82
It is also relevant to highlight that = 83
for harsher environments (e.g., urban), -g 0.2
which are important for automotive ac 0'(1)
applications since operations usually 0:00 0:04 0:08 0:13 0:17 0:21 0:25 0:30 0:34 0:38 0:42 0:47 0:51 0:55 0:59
start in these conditions, convergence Epoch (hh:mm)
times may be significantly degraded. \_ J

This is especially due to the low num-  FIG 8 The PPP convergence analysis under open-sky conditions with a test configuration of two GNSS
ber of satellites in view and the mea- satellites, two frequencies, and no ionospheric corrections.

surement noise, which can cause the
convergence time to increase to more

than 1 h with the presented configu- ( )
ration. These convergence times are 70
too high for road applications, where * Clocks GPS, Mean Value: 4.66 s
convergence measured in seconds is 60| « Clocks Galileo, Mean Value: 2.42 s
sought. To improve the PPP conver- % o xC/N.AV CRC Check Failed
gence lime in urban environments, £ * Orbits GPS, Mean Value: 20.30 s
more use of the GNSS, additional fre- = 40| ° Orbits Galileo, Mean Value: 10.56 s
quencies, and ionospheric corrections '*;9) I
can be employed. = S0
In addition, other vehicle and RTK- § DO T e
pOSitiOniﬂg Sensors may be used tO E ..........................................

initialize the PPP algorithm. Consid- 10 =
ering the present and future extent of [ = = |, e S - - e o

the GNSS and the number of frequen- 0 S —
cies, We can a.ssume Fhat near—.futul‘*e q}P‘b‘ 6’.‘“ /\‘??‘ 65‘* q}?‘b‘ Q't\b‘ ,\-P‘b‘ 6"\“
algorithms will provide a precise fix & & & e P & o~ o

in afewseconds [20], including the re- i

ception of the required information. L

If we focus on a standalone Rx that, 20 @

due to technical limitations or secu-
rity constraints, calculates its fix in 60
standalone mode, the HAS data trans-
mission may become a bottleneck for
PPP performance. In other words, an
efficient satellite-hased HAS message
should reliably provide the necessary

* Clocks GPS, Mean Value: 4.53 s

¢ Clocks Galileo, Mean Value: 2.44 s
x C/NAV CRC Check Failed

* Orbits GPS, Mean Value: 20.50 s
40 || ° Orbits Galileo, Mean Value: 10.58 s

50

Reconstruction Time (s)

30

information as fast as possible for all i
potential environments so as not to 20 NPT T IT T TPT o ik Fmssed : Bideiies o]
delay the precise fixes. -

As an illustration, Figure 9 shows | | . ... ...
several realizations and the corre- 0 et
sponding mean of the time needed to K% X K% X K% X
receive the four messages (clocks and "1:\ (19 o0 NG & & N A q;‘

) ) & & & & & & S 9 o
orbits for GPS/Galileo) from two Gal-
ileo satellites, E11 and E08. Roughly Time
30 s would be necessary under open- ()
sky conditions to receive both the or-  \_ )

bit and the clock-correction data. In  gig g The reception of high-accuracy messages, orbits, and clocks for (a) £08.and (b) £71. C/NAV CRC
urban environments, the reception Check Failed shows the time elapsed since the last successful C/NAV CRC event.
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consecutive error-free E6B pages.

\

The HAS message length may be between a few hundred and
several thousand bits. The reception of a long message is
challenging, given the available bit rate and 1-s page
packaging, which translates into the need to receive many

~\ high-accuracy data are structured,
packed, and encoded. At present, the
Galileo HAS is expected to transmit
precise orbits and clocks for Galileo
and GPS, code and phase-frequency
biases, and some additional signal,
system, and service quality and sta-
tus information. Additionally, iono-
spheric-correction messages may he
transmitted. RTCM standards, RTCM
/10403 [29] in particular, already

would be severely degraded. The degradation of the orbit in
a few minutes does not represent a huge impact on the end-
user performance in stationary mode, but it can severely
affect the convergence time. The next sections study and
compare several schemes to solve this problem, particular-
ized for the Galileo system, whereby a single long message
may be transmitted by several satellites.

Encoding and Transmitting an HAS Message
A main design aspect for HAS performance, in terms of both
the time to retrieve the data and the accuracy, is how the

4 )
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FIG 10 The FR scheme, where all satellites send the same message at the
same time.
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FIG 11 The PO scheme, where all satellites transmit the same message
with a time offset between them.

i
ol

IEEE INTELLIGENT TRANSPORTATION SYSTEMS MAGAZINE
Authorized licensed use limited to: Universitat Autonoma De Barcelona. Downloaded on February 16,2021 at 16:05:51 UTC from IEEE Xplore. Restrictions apply.

include the required messages. A
compact state-space representation

(CSSR) for RTCM [30] compresses the required information
into a format that is flexible and adequate for satellite-based
transmission, and it is used by the QZSS for the CLAS service
[8]. The RTCM CSSR standard provides sufficient flexibility
for the message update rates, number of satellites and con-
stellations to be corrected, and correction data. The CSSR for-
mat is organized by message subtypes, enabling the dynamic
allocation of orbits and clocks, code bhiases, and phase hiases
for different satellites and frequencies.

The HAS message length may be between a few hundred
and several thousand bits. The reception of a long message
is challenging, given the available bit rate and 1-s page
packaging, which translates into the need to receive many
consecutive error-free E6B pages. In addition, GNSS E6 sig-
nals coexist with amateur radio transmissions and pulse
signals from radars. A qualitative analysis of HAS message
packing and coding schemes is presented as follows.

We assume a high-accuracy message M that has to be
transmitted by several Galileo satellites at a given time.
Full-redundancy (FR), page-offsetting (PO), message-
splitting (MS), and full-interchangeability (FI) schemes
are described and qualitatively compared in this section.
Note that the message and block lengths are reduced with
respect to realistic HAS lengths, as described in the “HAS
Message Scheme Performance Comparison” section.

m FR: In this scheme, all satellites send the same mes-
sage al the same time (Figure 10). This is the scheme
used for the field test. It is represented for a four-page
message (M ... My), where only the green pages are
received, and the message is not obtained in the
first transmission.

m PO:During a given interval, the same (M, ... M4) mes-
sage is transmitted by all satellites but with a page off-
set. This scheme is used, e.g., for the transmission of
GNSS almanacs [31] and digital signatures [32], [33]. [Lis
illustrated in Figure 11. In this sample case, the Rx does
not get the message in the first transmission, as in the
previous scheme.

The next two schemes, FI and MS, require the in-
troduction of outer-layer coding techniques to the HAS
message. These two strategies are based on a message
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encoded with a block-coding scheme, such as Reed-Solo-
mon (RS) [34]. RS codes have already been proposed for
the Galileo integrated navigation (I/NAV) [35]. We restate
the problem as follows: Let there be a high-accuracy mes-
sage M composed of k pages (M, ..., Mx). The message is
encoded in n pages, (Ci,...,Crn), n=k, and transmitted
through several satellites through a binary erasure chan-
nel (BEC), which assumes that each C/NAV page (Table 3)
is either received correctly or discarded. The BEC is mod-
eled by checking the C/NAV page CRC and discarding the
page if the CRC fails. Note that the outer coding layer can
provide an additional error-correction capability, which
will be analyzed in the “HAS Message Scheme Perfor-
mance Comparison” section.

m FI: The message is encoded in n pages, (Ci,...,Chr),
n>k, and transmitted through several satellites so
that any % retrieved pages from any satellite enable the
decoding of M. In this case, any page received from any
satellite contributes to the message. This is illustrated
in Figure 12, where we can assume that n =24 and
k=8, and the message can be decoded since 11 packets
are received. RS codes facilitate full page interchange-
ability, as the message can be recovered with any k&
symbols out of the n transmitted symbols [36]. To satisfy
the FI property, n has to be much bigger than & to ensure
that any encoded page received from any satellite is dif-
ferent from any other page during the message trans-
mission; this is challenging because £ is already high
for a long message.

m MS: The RS decoding complexity grows exponentially
with the message length. To overcome this, a long mes-
sage can be split into blocks, each of which is encoded
separately. However, one drawback to splitting a mes-
sage is that if one block is not received, the message is
incomplete. This is shown in Figure 13, where C/ re-
lates to the encoded page i of block 1 and so on. In this
example, we assume the same total message length as
in the Fl example (k =8), where four pages are encoded
in each block. While the Rx gets the same number of
pages, it would not get block 1 and, therefore, would not
obtain the message. The purpose of this comparison is
to illustrate the drawhacks of splitting a message for the
sole purpose of overcoming coding restrictions.

Table 3. The C/NAV page layout.

Synchronization Symbols Total (Symbols)
16 984 1,000
O

Reserved HAS Page CRC Tail Total (b)

14 448 24 6 492

HAS Message Scheme Performance Comparison

In this section, we compare the four previously mentioned

transmission schemes for a 20-page C/NAV message. With

the Galileo C/NAV 448-b page and a header of 32 b, a 20-page
message could transmit 8,320 h. This is considered repre-
sentative of a future HAS message because of the following:

m It is approximately the size of the GPS/Galileo orbit/
clock message described for the field test (~8,070 b, ac-
cording to Figure 4).

m Itis also approximately the size of the GPS/Galileo
50-satellite message, including orbits, clocks, and code
and phase bhiases for three frequencies, as shown in
Table 4, according to the RTCM CSSR standard (8,082 b).

m Itisalsorepresentative of an ionospheric message cov-
ering the EU area, including ~200 grid points, and
enabling an interpoint distance of roughly 300 km,
with 40 b per point for vertical ionospheric corrections
plus headers.

é e )

FIG 12 The Fl scheme, where all pages contribute to the message
decoding.

r

FIG 13 MS, where a long message is split into several blocks, each of
which is encoded as per the FI scheme.
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Our performance comparison is based on an additive
white Gaussian noise (AWGN) model, a land mobile satel-
lite (LMS) model, and a simplified BEC model. The AWGN
model implements the full encoding and decoding chain for
an AWGN channel at different carrier-to-noise density ratio
(C/Ny) values, as described for each test. The LMS model
is established on a two-state representation, as described
in [37]. The simplified BEC model is founded on a MAT-
LAB implementation of a BEC applied to a given satellite
configuration, where the number of satellites and bit error
rates is derived from a field test for open-sky, suburban, and
urban environments. It is described in detail in [32]. In the
comparison, we define a 20-page message that is continu-
ously transmitted by all satellites. We know that a real HAS
will need to interleave other messages, such as fresh clock
corrections, but to relatively compare the performance of
different transmission schemes, we consider this approach
as the most illustrative. Table 5 summarizes the performed
tests by relating the models with the transmitting schemes
under evaluation. Note that the FI scheme has been tested
with and without error correction (EC) in the AWGN and
LMS channels.

Table 4. The message length based on CSSR subtypes 1-5 and

7 for 50 satellites (Nsat = 50), three frequencies (Ncode = 3,
Nphase = 3), and two GNSS satellites (Nsys = 2).

Number of Bits in Number
Subtype Subtype Name Message Structure of Bits
1 CSSR mask 37 + 60 x Nsys 157
2 CSSR GNSS orbit 25 + (51 or 49) x Nsat 2,575
correction
3 CSSR GNSS clock 25 + 15 x Nsat 775
correction
4 CSSR GNSS 25 + 11 x Ncode x Nsat 1,675
satellite code bias
5 CSSR GNSS 25+ 17 x Nphase x Nsat 2,575
satellite phase bias
7 CSSR GNSS URA 25 + 6 x Nsat 325
Total bits 8,082
Table 5. The test results summary.
AWGN LMS BEC
FR X X X
PO X X X
Fl X X X
FI-EC X X
MS X X X
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AWGN Results

In this section, a performance assessment of the time to
retrieve data (TTRD) is analyzed with a realistic simula-
tor tool that was implemented in MATLAB. The tool facili-
tates emulating the full chain, from the transmission to the
Rx, for everything that concerns the message generation,
transmission, and decoding. The subframe configuration
for the E6B setup includes the full E6B signal characteris-
tics (preamble, tail, symbols rate, convolutional algorithm,
and interleaving). The Rx is assumed to experience good
tracking conditions to focus the comparison only on the
decoding process.

The channel is configured as AWGN, with the possibil-
ity to set the C/No at the desired value: good reception
conditions are considered to be at 45 dBHz, while for ur-
ban environments, a value of roughly 29 dBHz is chosen.
The Rx model gets the symbols out of the channel and per-
forms the decoding into information bits, checking at the
end if the decoded information is equal to the transmit-
ted version. The output of the tool is the time needed to
recover the full message. The tool is capable of multisatel-
lite dissemination, and the Rx uses different data streams
to recover the original message if one or more satellites
are not visible. The number of satellites considered in the
assessment is not to be understood as all satellites used
for positioning; it concerns only those that are needed for
retrieving the HAS corrections.

The transmission schemes implemented are FR, PO,
MS, and FI. The two first cases require no extra cod-
ing layer. In the two latter cases, low-complexity, very-
high-redundancy RS coding of long messages has heen
implemented [38], but other codes may be possible. The
simulations are performed considering two visible satel-
lites, implying that each satellite transmits a stream with
a mutual offset of 10 s in the PO and MS cases, which is the
best-case scenario.

AWGN: Both Satellites at 45 dBHz

The results of the simulation in open-sky conditions
(45 dBHz for both satellites) are 20 s for the FR case and
10 s for the PO, MS, and FI cases, as expected, due to the
lack of reception errors.

AWGN: Both Satellites at 29 dBHz

The next scenario is a situation where both satellites
have a C/Ny 0of 29 dBHz. The results show a considerable
performance improvement thanks to the FI. At 29 dBHz,
bit errors that corrupt the reception for the two configura-
tions that rely only on the convolutional can be corrected
by the RS decoding process, thus significantly improving
the TTRD from between 70 and 68 s to only 14 s (95%). In
this scenario, the FI enables the decoding of the message
in a time period that is shorter than the message length
itself (20 pages decoded after 14 s). The MS case, with
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FIG 14 The reception of a 20-page message in AWGN. The (a) FR, (b) PO, (c) MS-EC, and (d) FI-EC.

its containers vertically RS encoded, offers intermediate
performance between the FR and the FI. The MS-and-FI Table 6. The Fl versus the offset versus the plain 20-C/NAV-page
decoding case has been measured following two subcas-
es: one in which, when the CRC is wrong, the message is
discarded (MS and FC) and one in which the EC capa-

message reception: 300/1,800-s simulation.

TTRD (s): 45 dBHz

bility of the RS is used (MS-EC and FC-EC). Concern- Two Satellites Average 95% BT
ing the first case (only the pages with the correct CRC FR 20 20 20
are fed into the FI algorithm), the degradation in terms PO 10 10 10
of the TTRD is 7 s (95%) compared to FI-EC. Figure 14 MS 10 10 10
shows the time-evolving TTRD for the four scenarios un- Fl 10 10 10
der assessment, while Table 6 presents a summary of the .
AWGN resulls. TTRD (s): 29 dBHz

Two Satellites Average 95% Maximum
LMS Results FR 433 70 100
In this section, the results are shown for a scenario in an PO 40 68 90
LMS channel environment. The narrowband two-state MS-EC 20.2 33 50
channel model is used [37]. The assumptions are pre- VS 211 36 19
sented in Table 7, where two satellites are considered to
be visible at a 40° elevation. While other LMS multisat- :‘EC JZZ ;‘ :13

ellite models, such as [36], could be used, the proposed
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provide HASs to all users.

\

The Galileo HAS will be offered for free during the next few

years through the Galileo E6B signal, and this article described
its current status. The results of a field test including open-sky,
suburban, and urban scenarios were presented, confirming that
(alileo satellites will have enough bandwidth and availability to

~\ decoding strategies because of
frequent drops in the signal pow-
er, evident in the top part (blue) of
Figure 15, which leads to a high
page error rate (PER). Therefore,
the assumption of ideal tracking-
loop conditions does not make the
results less representative.

The TTRD in the time domain
is shown in Figure 16 for the four
scenarios under assessment in the
) LMS. This situation shows the ad-

configuration simulates the worst-case scenario in urban
environments, where the satellite coverage will be at a
minimum. Using this model, two uncorrelated time se-
ries were generated for two satellites. The sample data
of one satellite (satellite 1) are given in Figure 15. These
series are applied to each of the two satellites during
the simulations, which assume that the Rx experiences
perfect tracking conditions. In other words, the phase
contribution of the channel is compensated (neglected).
However, the LMS channel imposes severe stress on the

Table 7. The assumption for the LMS channel model.

Channel Model Two State
Environment Urban
Satellite elevation (°) 40

User speed (km/h) 50
Line-of-sight C/N, (dBHz) 35

r
o
<
—60] ] ) l . ] L %
0 500 1,000 1,500 2,000 2,500 3,000 3,500
Time (s)
(a)
o
<
0 500 1,(500 1,500 2,000 2,500 3,000 3,500
Time (s)
(b)
\_ J

FIG 15 The LMS channel time series for satellite 1. (a) Channel
attenuation. (b) Phase.
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vantage of the FI compared to the

two configurations that have only
the E6B convolutional code and compared to the MS. As
shown in Table 8, a 25-35-s improvement (95%) is ob-
served for the FI with respect to the FR. Table 8 also in-
cludes the results (denoted MS and FI) for the case where
only the Viterbi correctly decoded pages are used in the
RS decoders, and it is interesting to notice that the results
are better than the ones including EC (MS-EC and FI-EC).
This is similar to our findings that heavily degraded pages
are disadvantageous to the RS decoding process [39]. Con-
cerning the MS-EC case, (including EC), the TTRD is very
similar to the FR, given that if a packet is missing within a
container, the Rx needs to wait a full subframe before the
same container is transmitted again. A 17-s improvement is
observed for the MS with respect to the FR, but the outcome
is still not as good as in the FI case, which delivers the best
TTRD performance.

BEC Results

In this set of tests, three schemes are compared in a BEC
channel and summarized in Table 9. In this model, the
PER is randomly calculated for each page. The channel
and simulation environment are further described in [37].
Based on this model, a Monte Carlo simulation is run with
10,000 instances for each scenario, measuring the time to
recover the message in hoth cases.

The FR and FI cases are fully consistent with the ones
described in previous sections. The MS scheme defined
for this case deserves special mention, as it is an optimal
combination of the MS (as described in the “Galileo HAS”
section), PO, and FI (at the block level) evaluated in a best-
case scenario. Itis, therefore, named the besi-case MS plus
PO, and it is based on the following features: The message
is divided into five blocks, each with four pages. Each page
is encoded through a block code providing FI; i.e., every
received page contributes to the block. Then, the mes-
sage blocks are transmitted to each other with an offset to
speed up the reception, as in the PO case. This offset is set
at the best possible value for the user in each of the BEC
scenarios; i.e., it provides the highest diversity to enable
the quickest possible reception time. The objective of this
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FIG 16 The reception of a 20-page message in the LMS model. The (a) FR, (b) PO, (c) MS, and (d) FI.

Table 8. The Fl versus the offset versus the plain 20-C/NAV-page

message reception: 3,600-s simulation.

TTRD (s)

Two

Satellites Average 95% Maximum
FR 344 58 80

PO 34.4 62 90
MS-EC 341 57 82

MS 27.3 47 69

FI-EC 21.6 37 59

Fl 17.5 28 42

scheme is to assess the differences between a best-case
MS-PO with FI at the block level and the pure FI imple-
mentation at the message level. Because there are many
alternatives for the MS and the PO, the rationale for this
approach is to compare an optimal combination of the MS
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Table 9. The simplified BEC description.

Channel Model

Open Sky Soft Urban Hard Urban
SVin view 4 4 2
PER (%) 0.5 for all 1,5,10, and 20 10 and 20

and the PO to show that, even in this ideal case, its perfor-
mance is dominated by FI.

Figure 17 conveys the results for the three transmis-
sion schemes. As expected, the FR shows the worst perfor-
mance. The figure also indicates that there is a significant
difference between MS and FI, as FI performs significantly
better in all cases. In particular, FI enables the reception
of the 20-page message in 5-7 s in open-sky and soft-urban
environments (four satellites) and slightly more than 10 s in
hard-urban settings (two satellites). This is also displayed
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in Figure 18, which presents a histogram with the results
of the three cases in the hard-urban scenario, which is the
most demanding one. Note that, while the maximum band-
width with two satellites is 448 -2 =896 b, the hard-urban
results simulate a case in which the total average user band-
width is 761.6 b, due to the 20% and 10% error rates on each
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FIG 17 The reception of a 20-page message for the FR, best-case—
MS-plus-PO (with FI at only block level), and FI schemes. The time for the
(a) open-sky case, (b) soft-urban case, and (c) hard-urban case.
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of the two channels (448-0.8 +448-0.9 =761.6). This is
lower than the bandwidth in nominal system downlink
conditions, as presented in Figure 3. Therefore, the results
show that there is a margin to accommodate degradation
in the system downlink capability while providing the HAS
message at a good level of performance. The results of the
tests with the BEC model are summarized in Table 10.

Conclusions

This article presented GNSS HASs for ITS and automotive
applications. In particular, the article focused on cases
where the vehicle cannot receive the high-accuracy mes-
sage from a network and relies on a satellite-transmitted
message. The Galileo HAS will be offered for free during
the next few years through the Galileo E6B signal, and this
article described its current status. The results of a field
test including open-sky, suburban, and urban scenarios
were presented, confirming that Galileo satellites will
have enough bandwidth and availability to provide HASs
to all users. While the accuracy can be good enough, the
convergence time may be a problem for road applications.
To facilitate convergence, the time to retrieve the HAS
message has to be reduced. With this purpose, different
message-packaging and coding schemes were proposed in
this article. They are called FR, PO, MS, and FI.

N
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FIG 18 The HAS message reception histogram for the hard-urban, FR,
best-case-MS-plus-PO, and FI cases.

Table 10. The BEC summary results for open-sky, soft-urban, and

hard-urban channel modes.

Open Sky Soft Urban Hard Urban
FR Average: 20 Average: 20 Average: 23.9
95%: 20 95%: 20 95%: 38
Best-case Average: 8 Average: 8.9 Average: 16.6
MS plus PO 95%: 8 95%: 11 95%: 19
Fl Average: 5.1 Average: 5.9 Average: 12
95%: 6 95%: 6 95%: 14
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The performance of the different schemes was assessed
through AWGN, LMS, and BEC models, showing that the FI
scheme outperforms the others. The FI scheme facilitates
receiving a 20-page message (k=20) of 8,520 b, which is
capable of providing all orbits, clocks, and three-frequency
biases for any user in 6 s (open-sky and soft-urban environ-
ments) to 14 s (hard-urban conditions) with a 95% proba-
bility. These results demonstrate that an optimized coding
scheme, in combination with enough measurements, suffi-
cient frequencies, and adequate user algorithms, can con-
tribute to almost instantaneous high-accuracy positioning,
even in urban environments, at least in those locations an-
alyzed in this article. Further work will include replacing
the artificial BEC time series with field testing data for rep-
resentative durations in various environments. This will
enable a better understanding of how the Galileo HAS can
perform when it hecomes an operational service.
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