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ABSTRACT Intelligent transport system applications use the global navigation satellite systems (GNSSs)
to deliver the information on position, velocity, and time. With the expected deployment of critical road
services, GNSS-based positioning terminals will have to be sufficiently accurate and their service will have
to be available under any environmental condition. As the answer to the absence of standards and certification
procedures of positioning terminals in road transport services, the European COST Action SaPPART was
launched and the European norm EN 16803-1 was accepted. They provide the methodology and the
guidelines for the terminal performance assessment. Section I presents the data collectionmethodology based
on European norm EN 16803-1 with the definition of performance metrics and classification, operational
scenarios, standardized GNSS environments, and field test guidelines. It is followed by the description of
the measurement setup, including the trajectories, experimental vehicle with a reference trajectory system,
and 17 tested GNSS receivers. The performance assessment of geodetic, automotive, and smartphone GNSS
receivers was carried out through the extensive data collection campaign in Nantes, France. The campaign
covered four types of environments: clear-sky, rural, peri-urban, and urban. The presented results focus
on the basic performance features of accuracy, availability, and the classification of positioning terminals
according to SaPPART methodology. The final conclusion is that for achieving a sub-meter accuracy at 95%
confidence level in mixed road scenarios, a hybrid multi-sensor positioning approach is required for the
majority of mass-market receivers.

INDEX TERMS Satellite navigation systems, intelligent transportation systems, standardization, accuracy,
availability, performance evaluation.

I. INTRODUCTION
Global Navigation Satellite System (GNSS) has become a
ubiquitous technology with prevalent use in Location Based
Services (LBS) using smartphones, followed by road sector
with professional applications that are expected to dominate
all other market segments in terms of cumulative revenue in
the forecasting period 2015-2025. Also, new services emerge
where GNSS is considered as the catalyst for the diversity of
use cases, e.g., Internet of Things, Big Data, mHealth, Aug-
mented Reality, Smart Cities, and Multimodal Logistics [1].
Autonomous vehicles, as one of the cases of many automotive
research topics and policy makers [2], will surely benefit
from GNSS in combination with multitude of other sensors
and connectivity, merging all these technological areas into
mobility and Intelligent Transport System (ITS) services.

Positioning systems like GNSS provide a set of infor-
mation, including Position, Velocity, and Time (PVT).
These basic quantities require additional application mod-
ule (Fig. 1) [3] that transforms their values into high-level
application quantities and, finally, to provide the user ser-
vices. For instance, the Personal Navigation Device (PND)
provides navigation services in form of a guidance on the
embedded display, where the application inside the device
performs map-matching, guidance information retrieval, and
user information generation, all based on the PVT input. The
End-to-End (E2E) performance of such service depends on
the performance of each chain element, fromGNSS onwards.

The most demanding ITS services are considered as safety-
critical. [4], because their failure may result in causing
harm to humans, destruction of the system, and damage to
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FIGURE 1. The breakdown of a road ITS system into its main components
according to SaPPART.

property or the environment. Some examples of such applica-
tions are: Cooperative ITS (C-ITS) with surroundings aware-
ness [5], Advanced Driver Assistance Systems (ADAS) [6],
and autonomous driving [7].

The degradation of liability-critical applications may
result in significant economic consequences, e.g., during
GNSS-based Road User Charging (RUC) [8] and insurance
telematics with services like Pay-How-You-Drive [9], [10].
The regulated applications, as the third sensitive group, might
pose some legal issues, e.g., at establishing automated emer-
gency calls (eCall in Europe, E911 in United States, and
ERA-GLONASS in Russia) [11], and securing enhanced
digital or smart tachographs [12]. All these do need to
apply additional mechanisms for the quality assessment of
PVT quantities in order to assure they meet the required
performances.

It is known that the reception of weak GNSS signals at
the GNSS-Based Positioning Terminals (GBPT) and their
conversion to PVT suffer from a variety of impact factors,
resulting in a degraded positioning performance. The PVT
errors arise from the satellite configuration (orbital errors,
clock bias), signal propagation (ionospheric and tropospheric
refraction, scintillation), receiver noise (clock bias, antenna
phase center variations), receiver’s global location (the
geometrical distribution of the visible satellites), and local
environment (multipath, deep fast fading, limited satellite vis-
ibility, RF noise) [13]–[18]. The accumulated error is highly
variable reaching from several meters to over 1000 meters
on the pseudo-ranges in urban canyons [19] due to numerous
reflections of signals causing multipath effects.

Some of these errors can be mitigated using multi-
constellation [20]–[23] and multi-frequency receivers [24],
multipath rejection antenna designs [25] or Real-Time Kine-
matic (RTK) techniques [26]. In September 2017 a mobile
devices chipset manufacturer announced the first mass-
market combined E1/L1 and E5/L5 receivers that will be
able to provide lane-level accuracy of 30 cm by applying
ionospheric corrections from GPS and Galileo [27]. This can
introduce completely new services to the LBS market and
enable smartphones to play an important role in the road ITS
aftermarket segment.

A variety of positioning terminals with different perfor-
mances will require assessment procedures during certifica-
tion processes. Especially for critical services, the GBPTs
have to be matched against the performance classes that
should put trust in the delivered PVT. During the last two
decades the main motivator behind these processes was civil
aviation [28]–[30], while the road related GNSS standardiza-
tion evolved at much slower pace.

The European organization CEN-CENELEC has approved
the first part of standard EN 16803 titled ‘‘Use of
GNSS-based positioning for road Intelligent Transport Sys-
tems’’ [31], providing identification and definitions of posi-
tioning performance features and metrics that characterize
the GBPT performance requirements. These have to match
a certain operational scenario, i.e. the conditions in which
the GBPT is operating that may have a huge impact on its
performances.

As a supporting activity to the standardization, the
European COSTAction ‘‘TU1302 - Satellite Positioning Per-
formance Assessment for Road Transport (SaPPART)’’ [32]
delivered the White paper [4], Handbook [3], and Guide-
lines [33], defining a comprehensive framework for the
assessment of performances of GBPTs used in ITS and
personal mobility applications [34].

This paper focuses on the SaPPART field test data col-
lection campaign using a set of geodetic, automotive, and
smartphoneGBPTs in standardizedGNSS environments with
respect to the EN 16803-1 methodology and field test guide-
lines. The main contributions of this paper are:

1) An overview of position performance metrics based on
the European standard EN 16803-1 and classification
boundaries from COST Action SaPPART.

2) The characterization of standardized GNSS reference
environments including field test guidelines for com-
parable performance results around the globe.

3) The description of professional field test set-up using
an accurate RTMeS and 3 groups of GNSS receivers.

4) The accuracy and availability performance assessment
and classification results for the whole set of GNSS
receivers in 4 reference GNSS environments.

II. EUROPEAN STANDARDIZATION AND GNSS
PERFORMANCE METRICS
The published standard EN 16803-1:2016 is titled
‘‘Definitions and system engineering procedures for the
establishment and assessment of performances’’ [31]. This
system engineering approach provides support for engineers
facing the problem of handling the E2E performances of a
GBPT based road ITS system along the system development.
Fig. 1 presents the ITS system breakdown into two compo-
nents: the GBPT and the road ITS application, linked by the
interface for sharing the PVT information and possible extras,
e.g., the integrity parameters.

These GBPT features are characterized by performance
metrics, requiring detailed overview of GBPT outputs to
which the different metrics will be defined, the characteristics
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of those outputs that are relevant for the performance features
identification, the performance features themselves, and the
metrics definition, summarized in Fig. 2.

FIGURE 2. Positioning performance metrics workflow in EN 16803-1.

A. POSITIONING OUTPUTS AND CHARACTERISTICS
The widely used positioning quantities at the output of GBPT
are the position, velocity, and time (PVT), still others might
be of interest to the road ITS applications. It is quite uncom-
mon to address these parameters directly by the performance
metrics, rather their errors are observed.

The position is the location of GBPT, to be more exact,
the antenna phase center given in specified reference frame
and coordinate system. In the case of low cost receivers with
National Marine Electronics Association (NMEA) output,
the position components (longitude, latitude, and height) are
expressed in WGS84 frame with geodetic coordinates e.g.,
latitude in GGA, RMC, and GLL sentences [35]. The met-
rics addresses rather their errors representing the difference
between provided and true position.

The velocity is given relative to the ground as a three-
component vector, typically expressed in Cartesian coordi-
nate system centered at the user position (e.g., North, East,
and Up directions). This parameter can be only found in
proprietary sentences like Garmin PGRMV. The speed is a
scalar value of the norm of velocity describing how fast the
GBPT is moving irrespective of the direction. The NMEA
uses a combination of speed and heading to deliver velocity
information e.g., using the RMC and VTG sentences. Again,
their errors are used during the performance assessment.

The protection level (PL) from integrity bounds the posi-
tioning or velocity error in real-time with a given high prob-
ability. Their performances are characterized in statistical
sense evaluating their size which is directly linked to their
usability for a specific application, and using the probability
parameter that a PL fails to contain the error. This probability,
known as integrity risk(IR), is application specific and set in
advance following the service requirements. Since protection
level parameters cannot be found in common NMEA sen-
tences, their value is defined as infinite for the performance
characterization purposes [3].

Additionally, the quality indicators may be provided at
the output of GBPT. Among them, the Dilution of Preci-
sion (DOP) and covariances from the estimation process
can be used (if available), but they are not considered to be
sufficiently reliable measurements of performance [31].

Finally, the timestamp information indicates the time refer-
ence for all other quantities above. The usage of Coordinated

Universal Time (UTC) standard is recommended and can be
found in many NMEA sentences e.g., in RMC, GGA, GLL,
and ZDA [35]. Since the time of output is considered as
always posterior, the relation to the timestamp is called output
latency.

B. POSITIONING PERFORMANCE FEATURES
The most relevant GNSS performance features, related to
usage in road ITS scenarios, are accuracy, availability, con-
tinuity, and integrity [36]–[40].

The accuracy refers to a statistical characterization of
the error in position, velocity or speed with respect to the
ground truth. The integrity refers to the measure of trust that
can be placed in the correctness of the position or velocity
component of the information delivered. The continuity is
the probability that the specified system performance (e.g.,
accuracy and integrity) will be maintained for the whole
planned duration of operation. The availability can be defined
in terms of the percentage of time during which the output of
interest is provided to the application module.

Additionally, several other performance features have
been defined as an answer to modern threats, like jam-
ming [41]–[43] and spoofing [44]–[46]. These are robustness,
reliability, timing, and authentication, which are often a sub-
ject of a research [47]–[49].

The relation between most relevant performance features
is summarized in literature review [40], presenting their rela-
tions in the form of navigation performance pyramid as out-
lined in Fig. 3. The performance hierarchy starts with accu-
racy, which is directly linked to integrity, because the lack
of confidence in accuracy fails the integrity check. Further,
the continuity is the probability that accuracy and integrity
will be maintained for the whole planned duration. On the
top of the pyramid the availability requires the specifications
of all others to be met.

FIGURE 3. The hierarchy and relations between main performance
features of navigation performance in the form of pyramid.

An example of Required Navigation Performance (RNP)
for road and ITS applications is presented in Table 1 with
impact scoring H - High, M - Medium, and L - Low [50].

C. POSITIONING PERFORMANCE METRICS
In order to quantify these features to match the required
navigation performance, corresponding metrics must be
introduced.
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TABLE 1. Quantitative evaluation of performance requirements.

The accuracy is often described by the mean and standard
deviation of the error distribution it refers to. This definition
requires a known and well characterized error distribution,
e.g., where errors can be defined with mean and standard
deviation, as in the case of highway clear-sky scenario
with multi-constellation receivers (Fig. 4a). Typical urban
road environment suffers from heavy-tailed distributions [51]
that may change the shape over time and place (Fig. 4b).
Therefore using mean and standard deviation here does not
capture the error characteristics of interest [3].

FIGURE 4. A comparison between Horizontal Position Error (HPE)
distributions from (a) clear sky highway environment and (b) urban
environment with visible heavy-tailed distribution.

The performance metrics in EN 16803-1 is characterized
by CDF percentiles for accuracy, integrity, and timing, and
additional percentages of operating time intervals (T ) for
availability. These performance features are further divided
according to the GBPT output, e.g., to position accuracy, and
these sub-features have associated metrics for each of their
components. As an example, the position accuracy metrics
is defined as the set of 3 statistical values given by the 50th,
75th, and 95th percentiles of the cumulative distribution along

each direction or spatial combination, e.g., horizontal, 3D,
east, north, along track, cross track, and vertical. Table 2 sum-
marizes the performance metrics given in the 2016 release of
EN 16803-1 [31].

TABLE 2. The summary of performance metrics, based on EN 16803-1.

D. POSITIONING PERFORMANCE CLASSIFICATION
While the EN 16803-1 defines the performance metrics,
it does not provide strict requirements that will formalize the
performance expectations for a certain operational scenario.
This classification methodology is provided in SaPPART
Guidelines [33] in a form of three distinct classes for horizon-
tal accuracy, visualized in Fig. 5. The same methodology can
be used for all the performance features where the associated
metrics is expressed in 50th, 75th, and 95th percentiles of
the cumulative distribution. The coordinates of intersection
percentiles for the horizontal accuracy are presented in the
classification proposal in Table 3. Since the boundary values
are based on several GBPT field tests and agreed among
SaPPART field experts, they are considered as the technology
perspective values.

It is expected that Class 1 members reside from accurate
geodetic receivers operating in relatively clear-sky environ-
ments, Class 2 from the majority of mass-market and auto-
motive receivers with roof-mounted antenna operating under
same unobstructed conditions, and Class 3 for the receivers
with integrated antenna placed inside the vehicle (e.g., smart-
phones), older generations of Class 2 receivers or regular
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FIGURE 5. Horizontal accuracy performance classification from the
technology perspective as proposed by COST Action SaPPART.

TABLE 3. horizontal accuracy performance classification boundaries from
the technology perspective [3].

Class 2 devices operating in constrained environments like
modern urban [33], [52].

Another type of horizontal accuracy classification
presented in Table 4 is from the point of view of road
applications. The main idea here is based on different appli-
cation requirements and not the technological performance
of GNSS or hybridized receivers. The names of accuracy
classes reside from the parts of a roadway: In-lane, Lane,
Carriageway, Area, and No specific [7], [33]. The No specific
coarse class does not require any special accuracy perfor-
mance, but should provide a valid GNSS position.

TABLE 4. Accuracy performance classification boundaries - the
applications’ perspective [7], [33].

During the GBPT performance assessment procedure it is
likely that some classification results switch the classes at
probability points. For example: a GBPT can reach Class 1
requirements at 50th and 75th percentile, but reaches only
Class 2 at 95th percentile. In this case the decision on the

final class is based on the worst case, i.e. the maximum class
value, so the GBPT is characterized as Class 2 receiver.

Other sources of horizontal accuracy classification provide
different class boundaries and counts, e.g., ‘‘Which road’’
with typical accuracy better than 5 m, ‘‘Which lane’’ with
better than 1.5 m, and ‘‘Where in lane’’ with the typical
requirement 1meter or better [53]. Clausen et al. [37] summa-
rized rough requirements for the same classes as 5 m, 1.1 m to
1.5 m, and 0.5 m to 1.0 m, respectively. Stephenson et al. [54]
proposed an addition of more accurate horizontal accuracy
class ‘‘Active Control’’ with strict requirement better than
0.1 m, i.e. the same as the class In-lane at 50th percentile
in [7].

The classification of position availability is based on met-
rics, presented in Table 2. The SaPPART’s Handbook [3] and
Guidelines [33] provide the availability classes using the per-
centage boundaries of availability intervals T , during which
the GBPT provides at least one position output (Table 5). The
parameter T can be adjusted to the application requirements,
e.g., T = 60 s for parking fees on a per-minute basis and new
classes can be defined according to the charging loss risk.

TABLE 5. Availability performance classification boundaries as proposed
by COST action SaPPART.

The classification of integrity parameters PL availability,
PL size, and integrity risk can be found in [33]. Considering
one application that uses metrics on multiple performance
features, the overall performance of the GBPT can be repre-
sented by a multi-parametric label that will be representative
of its behavior in a given environment [33].

E. EMERGING STANDARD RELEASES
Three different parts of EN 16803 have been defined, but only
the first part has been released till early 2018. While part 1
theoretically addresses the assessment of the road ITS system
performance from the GBPT perspective, provides the defini-
tions of performance features and metrics, and characterizes
the operational scenario, the upcoming parts 2 and 3 focus
more on field testing and potential threats [31].

The EN 16803-2: ‘‘Assessment field tests for basic perfor-
mances of GNSS-based positioning terminals’’ will propose
field testing procedures to assess the GBPT performances
for different use cases described by an operational scenario.
Three types of testing procedures will be considered: field,
laboratory, and record & replay, using PVT error models and
Software Defined Radio (SDR).

The EN 16803-3: ‘‘Assessment field tests for security per-
formances of GNSS-based positioning terminals’’ will focus
on the performances of GBPT under intentional or non-
intentional interferences in terms of robustness, specifying
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detection and mitigation procedures as an answer to jamming
and spoofing attacks.

III. OPERATIONAL SCENARIOS AND FIELD TESTS
GUIDELINES
The operational scenario is a set of conditions, influencing the
performance of GBPT and the whole road ITS system. These
conditions must be described sufficiently in order to equally
assess the performances of different positioning terminals at
different locations across the globe. The EN 16803-1 [31]
proposes the threefold structure of operational scenarios as
presented in Fig. 6.

FIGURE 6. The structure of operational scenario posing a great influence
upon GBPT performance.

The terminal set-up conditions comprise the installation of
GBPT in the vehicle, focusing on the GNSS antenna part.
Here, the characteristics of antenna, the mounting location,
and possible attenuations and obstructions of windshield and
vehicle metal body should be described in detail [55].

The mobile vehicle trajectory incorporates a series of
time-stamped positions and driving dynamics. Since every
driven trajectory is unique, it can be characterized by com-
mon parameters, e.g., minimum and maximum speed, and
accelerations.

The environmental conditions are based on the variable
GNSS constellation visibility (changing accuracy and avail-
ability) [56], the latitude of the test location (the visible
portion of GNSS constellation, dilution of precision) [56],
the geometry of surrounding static and dynamic obstacles
(mountains, buildings, and vegetation) with their physi-
cal properties (causing reflections and attenuations) [37],
the electromagnetic environment (natural or man-made RF
noise) [57], the atmospheric weather conditions (absorbing
deep fog and heavy rain, reflecting snow) [58], and iono-
spheric conditions (delays, refractions, scintillations) [59].
Since these environmental conditions heavily affect the
changingGBPT performance, the EN 16803-1 introduces and
characterizes a new category, the GNSS environment.

A. GNSS REFERENCE ENVIRONMENTS
Field tests results from different locations can be com-
pared only with the common agreement on the GNSS
environment belonging to the same well defined category.
In EN 16803-1 [31] 6 high-level reference environment
categories are defined, based on elementary environmental
conditions:

1) Flat Rural: rural clear-sky countryside roads and high-
ways with Line-of-Sight (LOS) propagation and mask-
ing angles smaller than 10◦;

2) Tree-lined Rural: rural roads with strong foliage atten-
uation effects, LOS propagation, and masking angles
smaller than 10◦;

3) Mountainous: roads surrounded by high hills and
mountains generally on one side of the road, occasional
tunnels and trees, masking angles up to 80◦, and occa-
sional Non-Line-of-Sight (NLOS) phenomena;

4) European Peri-urban: medium cities’ ring roads with
relatively large streets and medium height buildings,
masking angles up to 30◦, and occasional NLOS
phenomena;

5) European Urban: narrow streets, large avenues or ring
roads in European old big cities with building height
from medium to tall, masking angles up to 60◦ causing
frequent NLOS phenomena;

6) Modern Urban Canyon: modern cities with high
buildings constructed mainly of glass and metal, many
tunnels, and masking angles over 60◦ causing frequent
NLOS phenomena.

B. FIELD TEST GUIDELINES
Performance assessment of the GBPT should comply with
additional design specifications to minimize the effects of
variable satellite visibility, ionospheric conditions, and to
avoid situations with excessive biased data, not directly
related to the reference environment [31]. These specifica-
tions are presented in a form of the field test guidelines and
should be respected to the greatest extent.

The performance analyses should be based on a sufficient
set of data, e.g., more than 2 hours at the output rate of at least
1Hzwhile travelingwith standard speedwithin the legislative
limits. In case of traffic jams or frequent stopping at the
traffic lights or intersections, the test acquisition should be
prolonged by a cumulative time where speed is below 2 km/h.
This is necessary especially in constrained environments with
frequent multipath and NLOS, where the stationery nature of
trajectory may additionally enlarge the positioning errors.

To minimize the effects of the changing constellation vis-
ibility, tests should be performed at least 3 times with a time
interval between consecutive tests of approximately 2 hours.
A testing approach where the predefined path is considered as
representative for all the different situations should therefore
take at least 6 consecutive hours.

The test vehicle must be equipped with a Reference
Trajectory Measurement System (RTMeS), capable of pro-
viding the reference trajectory in any environment with avail-
ability 100% and accuracy more than one magnitude better as
the positioning terminal being assessed. Generally, the strict
accuracy performances of RTMeS require the implementa-
tion of high-grade dead reckoning system using geodetic
GNSS receiver and high-end antenna coupled with inertial
and vehicle sensors with output of at least 10 Hz.

In order to prevent cross masking phenomena, the GBPT
antennas on the vehicle’s roof should be placed at least 20 cm
apart at the roof height up to 2.25 m. When positioned
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behind the windshield, the attenuation and masking param-
eters should be specified.

Additionally, to assess the integrity, the dataset from the
GNSS devices under test should provide pseudo-range mea-
surements for each satellite and enable further processing of
pseudo-range errors.

These specifications enable the comparison of different test
results across the globe to the greatest extent.

C. END-TO-END PERFORMANCE ASSESSMENT
The execution of field tests can deliver valuable informa-
tion on the behavior of the test set in real environment and
serve for calibration purposes of laboratory simulations [60].
When planning the performance assessment methodology,
the number of collected samples plays an important role.
For example, if the acceptable false detection rate of the
Road User Charging (RUC) system had been fixed at
10−6 [8], [60] with a confidence level of 95%, approxi-
mately 3∗106 successful tests have to be assessed (Fig. 7).
In similar, a field test for the integrity assessment with
same requirements at 1 Hz data sampling would take
3∗106 seconds or 34.3 full continuous days of recording. This
is not feasible in real life and should be performed in the scope
of laboratory.

FIGURE 7. Number of required measurement samples for integrity
assessment with risk set at the confidence levels 95% (in red)
and 99% (in blue).

An overview of field tests and simulations usage is given
in [17], outlining the field validation issues, e.g., non-
repeatable satellite signals and constellations (variations over
time, upgrading with new satellite generations), changing
nature of real environment (foliage, weather, construction
works, changed landscape), labor intensive efforts (driver
and operator), dedicated certified measurement equipment
(reference trajectory, additional sensors), and more. In [60],
the necessity for both approaches is expressed in an compli-
mentary manner. The addition of Record-and-Replay perfor-
mance assessment using SDR technology is evaluated in [61],

where the recording follows the field testing procedures and
replay the laboratory activities.
Comparing all methodologies, there is a major differ-

ence in repeatability, realism, possible duration, execution
costs, and inclusion of hybrid positioning. Advantages and
drawbacks from each individual approach are reported
in a summarized Table 6, described in detail by the
results of complementary COST Short-Term Scientific
Mission (STSM) [61]. The evaluated operational costs and
complexity of laboratory tests may vary up to medium due
to special equipment requirements, e.g., GNSS signal sim-
ulators and anechoic chambers, while the realistic approach
might be difficult to simulate, especially for the constrained
operational scenarios as the urban canyon.

TABLE 6. Comparison of field, laboratory, and record & replay
approaches [61].

High repeatability of laboratory and record & replay tests
requires the generation of simulated degraded PVT data in
a given operational scenario. The EN 16803-1 proposes a
sensitivity analysis method to assess the performance of a
road ITS application or the E2E performance of the whole
road ITS system. Its general principle in Fig. 8 comprises the
following steps [31]:

1) Definition of the operational scenario as a set of
described conditions, and of the test protocol, driven
by the use cases;

FIGURE 8. Sensitivity analysis principle as presented in EN 16803-1.
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2) GBPT field tests execution and data collection for PVT
error analyses;

3) PVT error model identification in a form of parametric
models with some parameters being random variables;

4) Generation of degraded trajectories with dedicated
software using the PVT error model applied to the
reference trajectory;

5) E2E performance assessment using the metrics of the
system as a function of an error or a deviation with
respect to the true value of the quantity;

6) Safety margin analysis as a repeating task with increas-
ing errors until the required E2E performance is no
longer satisfied.

IV. MEASUREMENT CAMPAIGN IN NANTES
The measurement campaign for positioning performance
assessment of geodetic, automotive, and smartphone GNSS
receivers took place in the city of Nantes and its surroundings
in western France in September 2016 as a supportive act to the
CEN-CENELEC efforts at addressing some scientific issues
that required common agreement.

Within the scope of COST Action TU1302 (SaPPART),
a 3-week STSM started between University of Ljubljana,
Faculty of Electrical Engineering, and the GEOLOC Lab-
oratory at the French Institute of Science and Technology
for Transport, Development, and Networks (IFSTTAR) in
Nantes. During an experimental data collection campaign
across several specific environmental scenarios with multiple
grades of GNSS receivers, valuable data have been collected
and analyzed. The following sections outline the measure-
ment set-up and operational conditions as the foundation for
the final results.

A. MEASUREMENT TRAJECTORIES
The historical Nantes region is known by the river Loare and
vineyards landscape, whereMountainous andModern Urban
Canyon high-level reference environments from European
standard EN 16803-1 [31] are not accessible. To maximize
the conformity to the rest of 4 categories, the area diversity
was studied by IFSTTAR experts in detail and 4 trajectories
were finally selected.

The first trajectory was following the peripheral ring road,
placed around the city of Nantes (Fig. 9a). it includes tall
bridges across the river Loare, several overpasses, junctions,
and recessed lanes under the surrounding levels.

The second trajectory was placed on the highway sections
from Nantes over Angers and Cholet back to the origin
(Fig. 9b). The route leads across flat countryside with many
overpasses, lower masking angles, and some recessed driving
lanes. There is a tunnel of approximate length 1700 m on the
section A11 Avrillé-Angers.

The third trajectory led across the Nantes urban center
north from the island (Fig. 9c). The city center does not
contain many modern skyscrapers with high masking angles,
therefore the condition was met mostly for the European
Urban scenario. An exact urban route could not be followed

FIGURE 9. Visualization of measurement trajectories - (a) Nantes
Peripheral Ring Road, (b) Highway Nantes-Angers-Cholet,
(c) Inner Urban City of Nantes, and (d) Nantes Rural.

in all 3 runs due to roadworks that changed during the day, but
those minor deviations should not have a significant impact
on the statistics.

The fourth and last scenario was placed on the country-
side roads west from Nantes towards the Ocean (Fig. 9d).
This route mostly conforms the Tree-lined Rural reference
environment with small additions of Flat Rural and European
Peri-urban.

The characteristics of all trajectories are summarized
in Table 7 with merged lengths and durations of 3 daily runs.

TABLE 7. Characteristics of measurement trajectories.

B. GNSS RECEIVERS UNDER TEST
GNSS receivers, used during the measurement campaign,
were divided into 3 main groups according to receiver type,
expected performance, antenna position, and typical use case:

Group 1: geodetic receivers with post-processing (PPK)
ability and professional antennas (abbreviated as GR);

Group 2: low-cost receivers in automotive mode with patch
antenna on the roof of the vehicle (abbreviated as AR);

Group 3: various brands of smartphones and a mobile
Bluetooth receiver placed behind the windshield inside the
vehicle (abbreviated as SR).

The characteristics of all receivers are presented in Table 8,
including their short names, e.g., SR2 is the second member
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TABLE 8. The characteristics of GNSS receivers under test.

of the smartphones group. Note, that GR2 and GR3 are
physically one receiver providing two different outputs.

1) GEODETIC RECEIVERS
Geodetic receivers are professional devices, used for map-
ping or for surveying positions where up to several cm of
precision are needed. To achieve best results, they require the
use of real-time or post-processing algorithms, connection
to a larger multipath rejection antenna (Fig. 10), and clear
sky visibility in order to preserve phase measurement con-
tinuity and avoid cycle-slips. Due to these restrictions and
higher equipment price geodetic receivers cannot be found
in mass-market ITS services today, still their excellent posi-
tioning performance is needed in most demanding services.
In our analyses the performance of two geodetic receivers is
assessed: GR1 and GR2/GR3.

FIGURE 10. Placement of geodetic and automotive receivers’ antennas on
top of VERT.

The GR2/GR3 is a multi-constellation (GPS, GLONASS,
and GALILEO) and multi-frequency (L1, L2, L5, E5a,
E5b, E5 AltBOC) code/carrier tracking receiver, connected
to a G5Ant-52AT1 antenna. It provides raw measurements
up to 100 Hz and NMEA v2.30 output format, up to
10 Hz. Its position accuracy is estimated at 1.3 m horizontal
(1-sigma) in standalone mode and 0.6 cm + 0.5 ppm in RTK

performance [62]. Two streams of data from this receiver
were recorded: raw data for post-processing and a standalone
solution providing NMEA (only GGA and ZDA sentences,
no GSA and GSV satellite status).

TheGR1 receiver features GPS andGLONASS functional-
ity using the NOV702GGL antenna with additional capability
of tracking GPS L2C and L5. It provides raw measurements
up to 50 Hz with horizontal accuracy up to 1 cm + 1 ppm
RMS (RT-2) [63]. No standalone solution was provided, only
the raw data for the post-processing. This receiver is an inte-
gral part of the RTMeS and GNSS errors may have penetrated
to the RTMeS output, therefore the performance assessment
in the final results might be biased. It was still decided to keep
this receiver as one of the test receivers.

2) AUTOMOTIVE ROOF-MOUNTED ANTENNA RECEIVERS
The second group of receivers is based on multiple low-
cost GNSS receivers from different chipset manufactur-
ers. They provided single- and multi-constellation abilities,
NMEA datasets, proprietary binary outputs, and the support
for Satellite-Based Augmentation Systems (SBAS, EGNOS).
The characterization as automotive resides from the settings
of uBlox receivers for dynamic platform models [35], adjust-
ing the navigation engine to the expected application envi-
ronment. The Automotive model suits well for applications
with equivalent dynamics to those of a passenger car with low
vertical acceleration assumed.

Some receivers provide special features, e.g., the AR1 with
firmware FW2.01 supports additional undocumented binary
packets TRK-MEAS and TRK-SRFBX, providing partial
capability for post-processing (recorded only for experimen-
tal future work), and the AR4 introduces untethered dead
reckoning (UDR) technology with onboard accelerometer
and gyroscope [56]. The AR8 USB receiver provides the
satellites-in-view (GSV) information only every 5 seconds,
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limiting certain constellation analyses. The summary of their
characteristics is summarized in Table 8.

The mounting and placement of geodetic and automotive
antennas is presented in Fig. 10. Antennas from geodetic
receivers are positioned apart with respect to the field test
design specifications from EN 16803-1 [31] due to their
larger design and permanent mounting on the measurement
vehicle. Some receivers’ antennas are positioned in clusters
in order to simplify the transformation and processing of
multiple reference trajectories (Table 9).

3) SMARTPHONES AND IN-VEHICLE ANTENNA RECEIVERS
The third group consists of handheld devices with embedded
GNSS antenna primarily to be used inside the vehicle. Their
placement behind the windshield is presented in Fig. 11. All
but one are Android smartphones of different generations
(2013 onwards) with different chipsets, single- or multi-
constellation abilities, various on-board sensors, and version
of Android OS. The only left is a mass-market Bluetooth GPS
receiver SR7 with the GNSS core comparable to AR6 from
the automotive group, having the patch antenna inside the
module. The antenna micro location inside the devices was
not studied since displacement is considered to be much
smaller than the average positioning error. All receivers from
SR group provided data in NMEA format at 1 Hz rate. The
summary of their characteristics is presented in Table 8.

FIGURE 11. Placement of smartphones and Bluetooth receiver module
behind the windshield.

NMEA recording on the devices was realized by an
Android application NMEA Recorder (by Thomas Wolf).
Smartphone sensor data were also recorded for the future
use by the application AndroSensor (by Fiv Asim). WinTec
module had Bluetooth connection to Samsung S4mini, where
the data was stored in real-time by application BlueTerm (by
pymasde.es).

C. THE REFERENCE TRAJECTORY MEASUREMENT
SYSTEM AND THE EXPERIMENTAL VEHICLE
An accurate position reference is needed to assess the errors
in spatial accuracy. To ensure proper detection of small dif-
ferences in PVT, the reference performancemust outstand the
test receivers by at least a magnitude.

The RTMeS used during the field tests is an integral part
of the IFSTTAR’s instrumented Vehicle for Experimental

Research on Trajectories (VERT) [64], established to support
research activities by assuring the precise vehicle trajectory.
The GEOLOC laboratory at IFSTTAR decided for the adap-
tation of Renault Clio III Grandtour to allow simple attach-
ments of additional measurement equipment to the interior
or exterior while still being able to cruise the narrow urban
streets. It features an auxiliary battery-powered supply unit,
powerful computer with i7 cores for recording and real-rime
processing purposes, and two displays for the operators on
the front and rear passenger seats [64].

The core element of the RTMeS architecture (Fig. 12) is
the Inertial Navigation System (INS), which performs real-
time coupling of data from a 3-axis fiber optic gyroscope,
a 3-axis accelerometer, an odometer attached to rear wheels,
and a dual-frequency GNSS receiver GR1. The estimated
accuracies with full GNSS support are 0.01◦ RMS estimates
of the roll, pitch, and yaw angle, 3.5 cm in the horizontal
plane, and 5 cm along the vertical axis [64].

FIGURE 12. The architecture of RTMeS inside the vehicle VERT [64].

The RTMeS provides an accurate initial reference trajec-
tory for one specific point inside the INS unit. Since the anten-
nas from devices are spatially distributed on the vehicle’s top
and behind the windshield, the differences in their navigation
solution and the initial reference can reflect a larger error in
position or velocity. To avoid these biases, the positions of
antennas were measured relatively to known markings of the
vehicle in order to establish lever arms for the transforma-
tions from the INS to the antennas’ phase centers. Finally,
a total of 7 additional reference trajectories (RT) were com-
puted using these data by the software package PopINS from
IXSEA [64]. The Table 9 summarizes their characteristics.

TABLE 9. Reference trajectories for clusters of receivers.
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Clustering of antennas has been used to reduce the num-
ber of RTs, to save storage space, processing memory and
power during the analyses. A single cluster containing several
devices uses only one lever arm, so the error increases towards
the outer device, e.g., in smartphones case with the reference
set to the mid-point between 3rd and 4th device. The error
estimation in Table 9 is based on the device dimensions and
its relative position to the nearest known marking, where
GR1, GR2/GR3, AR5, AR6, and AR7 completely align with
the known markings. In this case an error-free estimation
is assumed, although the actual position of antenna phase
center inside the antennas, smartphones, andmodules was not
studied in detail. According to Fig. 10 and Fig. 11 most of the
estimated error is in lateral or cross-track direction.

V. EXPERIMENTAL RESULTS
This section outlines the results of our analyses with the most
important impact in road ITS applications. Where possible,
the analyses were performed with respect to the standard
EN 16803-1 [31] and the COST Action SaPPART [33].

After field test data collection, all the recordings were
checked for the epoch availability, checksum validity, times-
tamps continuity, and conformance to the initial settings. The
verification of data and final analyses were executed using
programming scripts in Python 2.7 and Matlab 2016a.

In theory, using 18 data streams from 17 receivers across
4 scenarios with 3 daily runs would provide 216 individual
datasets. After the verification phase only 196 or 90.7%
of them were kept for further processing and declared as
valid. The remaining 9.3% belong to complete data removal
of the damaged SR6 with low GNSS signal levels and
much degraded performance, missing tracks from smart-
phones SR5 and SR2 that suffered from going into deep
sleep and pausing the data recording, and minor data loss at
GR2/GR3 andAR7 receivers due to temporary infrastructural
power delivery failure.

A. HORIZONTAL ACCURACY
The assessment of position accuracy across all the receivers
and environments using an accurate RTMeSwas an important
goal of our measurement campaign. The groups of receivers
from Table 8 were expected to belong to distinct accuracy
classes, e.g., geodetic to Class 1, automotive with roof-
mounted antenna to Class 2, and smartphones to Class 3 for
the clear-sky scenarios.

Data collection procedures followed the field test guide-
lines, therefore each trajectory was tested 3-times daily with
time spacing of at least 2 hours. To avoid biased data for sta-
tionery measurements, the epochs with speed below 2 km/h
were excluded from further accuracy processing. With help
of the 7 computed reference trajectories from Table 9, the
Horizontal Position Error (HPE) was derived and assessed.
The results in a form of Cumulative Distribution
Function (CDF) for highway and deep urban environmental
scenarios are presented in Fig. 13.

The solid curves on the left belong to geodetic receivers
GR1 and GR2/GR3, with the latter shown in post-
processing (GR2) and standalone mode (GR3). The GR1 per-
formance might be biased since it is also invoked in the
reference trajectory computation process. From the clear-sky
perspective (Fig. 13a), next best results come from the latest
generation automotive receivers with roof-mounted antennas
(AR1-AR4), followed by dashboard Bluetooth module SR7
and some of the smartphones. The remainder belongs to
the mixture of older generation automotive receivers with
external antenna and smartphones.

In more obstructed urban scenario (Fig. 13b), the geodetic
receivers using PPK behave similar to the clear-sky scenario
up to the 75th percentile, followed by the mixture of lat-
est generation automotive receivers and some smartphones.
Surprisingly, the standalone geodetic receiver GR3 with pro-
fessional antenna provides good results only up to the 50th
percentile, afterwards the CDF gets flatter and at 95% reaches
6.29 m error margin, 2.67 m after the automotive AR1 with
roof patch antenna. Theworst group of 4 receivers (SR1, SR4,
SR5, and older AR7) crosses the 95% mark from 10.25 m to
16.36 m. The AR5 curve is somehow biased in a cross-track
direction for unknown reasons, that couldn’t be estimated
fairly even after additional examination.

The Nantes ring peripheral and rural scenarios behave sim-
ilar to highway with some minor shuffling of receivers order,
because the highway is also slightly obstructed by 120 over-
passes, recessed driving lanes, and additional foliage.

B. ALONG-TRACK AND CROSS-TRACK ACCURACY
Along-track and cross-track accuracy assessments are based
on the position and heading of the reference trajectory. Along
direction is the vector of movement, e.g., towards the road
section ahead, and cross direction is the lateral vector, being
perpendicular to the heading. The cross-track error is in some
literature referred to as off-track error [37], [65].

In our analysis the Along-Track Error (ATE) has negative
sign if the location from the test receiver is somewhere behind
the vehicle or at least in the direction towards back of the
vehicle. The Cross-Track Error (CTE) gets negative sign if
the reported position is left from the direction of driving,
and positive for being reported right from the vehicle. The
analysis was performed on the same dataset as HPE with
decomposition of HPE value to its directional components as
depicted in [65].

Firstly the distribution of ATE and CTE around the ref-
erence positions was analyzed. The ATE distribution for
automotive receivers is centered on the interval [−1, 0] m
and quite symmetrical, while the smartphones reflect the
similar symmetry only for the highway scenario (Fig. 14a).
The urban environment for the smartphones causes a heavy
tail down to −15 m behind the vehicle (Fig. 14b). For the
urban scenario also the distribution center in spread on the
interval [−4, −1] m, similar to the antenna location effect
study in [55].
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FIGURE 13. The Cumulative Distribution Function (CDF) of Horizontal Position Errors (HPE) for (a) Highway Nantes-Angers-Cholet and (b) Inner Urban
City of Nantes. The GNSS constellations scheme is: G for GPS, R for GLONASS, S for EGNOS as SBAS, and DR for integrated sensor fusion. The 3 horizontal
dashed lines represent the set of three statistical values given by the 50th, 75th, and 95th percentiles of CDF.

The CTE for any receiver group is symmetrically dis-
tributed around the interval [−1, 0] m, centered slightly left
from the vehicle in the driving direction. The distribution is
long-tailed for urban scenario in both directions up to 7 m
(95%) for the automotive receivers and up to 10 m (95%) for
the smartphones.

The overview of ATE, CTE, and combined HPE perfor-
mance for all the receivers in highway and urban environ-
ments is presented in Fig. 15 in a form of grouped and stacked
bars. This form is very suitable to check the receiver compli-
ance with possible classification limits e.g. the services that
require improved directional accuracy, are intelligent speed
adaptation and autonomous cruise control (ATE), and lane
departure and warning systems (CTE) [37].

C. POSITION AVAILABILITY
The availability is defined in terms of the likelihood that
accuracy, continuity and integrity parameters meet the
requirements of the target application [66]. This paper

follows the definition from the standard [31] for the position
availability as the percentage of time intervals of length T
during which the positioning terminal provides at least one
position output.

To cover specific needs of various applications the avail-
ability interval T was selected as 0.2 s, 0.5 s, 1 s, 2 s, 5 s,
10 s, 30 s, and 60 s. Although the requirement of 0.2 s
(5 Hz) is very strict, it was still tested because 2 receivers
provided 5 Hz output with some jittering, that lowers the
overall performance in 0.2 s interval (Fig. 16). The highest
availability belongs to the rural scenario at 73.1% and 73.2%
for AR2 and AR5, and lowest to the urban scenario at 70.4%
and 70.6%. To avoid unnecessary loss of availability for the
highway scenario with tunnel of approximate length 1700 m,
this observation interval was removed from all the availability
analyses.

The results for all the receivers using T = 1 s are sum-
marized in Table 10. The lowest availability is provided by
geodetic receivers and the oldest receiver AR7. The average
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FIGURE 14. Along-track error distribution for smartphones (a) on the
highway and (b) in urban scenario.

percentage across all 4 scenarios for geodetic receivers is
96.416% with minimum of 87.182% for the GR1. While
the results for latest generation of automotive 1 Hz receivers

TABLE 10. T-availability (T = 1 s) with percentage of time during which
the output of the positioning terminal is available,

AR1, AR3, and AR4 always reach 100%, the INS supported
AR4 is the only one that provides 100% also with the tunnel
included. The accuracy results for AR4 are still not encour-
aging since the untethered support shows many glitches, e.g.,
inside the last third of the tunnel, where the reported position
suddenly slows down and virtually stops, still providing valid
output for 34 s with INS only flag marked. The 5 Hz receivers

FIGURE 15. The presentation of Cross-track (C), Along-track (A), and Horizontal Position Error (H) for (a) Highway Nantes-Angers-Cholet and
(b) Inner Urban City of Nantes. The tri-colored bars represent the bottom-up set of three statistical values given by the 50th (start of cyan bar),
75th (start of orange bar), and 95th (end of orange bar) percentiles of CDF.
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FIGURE 16. Availability of 5 Hz receivers across all 4 scenarios.

also showed some lack of position fixes and the initial con-
sistency check report confirms it is mostly for the transmis-
sion and recording problems of 5 Hz data stream. Also the
smartphones should respond with highest availability, but due
to occasional problems with storing the data in the internal
memory (e.g., missing a part of the epoch) the average is
99.997% with minimum received from SR1. Only the urban
scenario reached 100% here without any interruptions, there-
fore confirming high availability and lower accuracy for the
smartphones.

The results for T = 10 s are available in Table 11 and
showing only receivers with less than 100% availability. Ten
seconds interval filters out any small glitches, jittering, and
data recording problems, so only most vulnerable receivers
are shown. The geodetic receiver GR1 reaches only 96.396%
in urban scenario, because after losing a position fix the
recovery lasted up to several tenths of seconds.

TABLE 11. T-availability (T = 10 s) with percentage of time during which
the output of the positioning terminal is available.

The T = 30 s interval for GR1 gives 99.265% for
the urban, and 99.872% for the rural environment. For the
urban scenario the GR2/GR3 reaches 99.959% and the oldest
AR7 only 99.437%. All others provide 100%, as well as for
the availability interval set to T = 60 s, where all tested
candidates provided full availability.

D. AVAILABILITY DISTRIBUTION
The global availability results from Tables 10 and 11 pro-
vide the statistical evaluation over the whole measurement
duration. By this, the information of how these events
with no position fix are distributed over time, is removed.
Considering the application where 1 s losses of PVT solution
are tolerated without degradation, and 5 s loss might fail the
E2E requirements, this information would reveal important

risks. The examples for such approach include most of the
navigation applications and parking per minute basis [31].

Fig. 17 presents the distribution analysis for the urban
environment for the receivers in Table 10 with position avail-
ability T = 1 s less than 100%. The stacked bars are grouped
per interval basis, e.g., all consecutive missing epochs from
1 to 5 seconds are shown as the lower bin. This figure proves
that GR1 reaches low global availability in Table 10 due to
72.49% share of the bin, where 11 or more consecutive sec-
onds are missing. Most receivers provide shorter outages of
up to 10 seconds. The number n above the bars shows the
count of all intervals with 1 or more position loss as a basis
for the bins ratios.

FIGURE 17. Availability outage distribution for the urban environment.

FIGURE 18. Availability outage distribution for the rural environment.

Fig. 18 includes the receivers with missing epochs for
the rural scenario from Table 10. Most of outages occur in
duration less than 6 seconds with only exception at GR1,
having 89.33% of losses in the upper bin.

VI. CLASSIFICATION OF ACCURACY AND AVAILABILITY
This section provides classification aspects of accuracy and
availability with definition of performance classes from mul-
tiple sources, merged in SaPPART Guidelines [33]. When
assessing the GNSS performance, at least two approaches can
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be considered: from the GNSS technology perspective and
from the application requirements.

A. CLASSIFICATION OF ACCURACY
Starting from our measurement campaign, Fig. 13 presents
the accuracy performance results in a form of cumula-
tive probability of horizontal error (CDF). The preliminary
hypothesis among the SaPPART group was the existence of
virtual limits between the 3 different groups of receivers, with
placeholders seen as gaps in CDF plot.

In Fig. 13 two larger and several smaller gaps can be
seen, especially for the urban scenario, where GR2 crosses
50-75-95 percentile boundaries at 0.11-0.45-1.43 m. After
the first gap, other receivers continue at 1.35-2.13-3.62 m,
providing the blank space with lengths of 1.24-1.68-2.19 m
at percentiles triplet. The next larger gap in urban scenario is
from AR8 at 3.12-4.54-8.01 m to SR1 at 4.06-6.18-10.25 m.

From this scenario it is obvious that receivers from differ-
ent groups belong to the same technology class, where class is
defined as the group of receivers with similar performances.
The first class here contains only PPK receivers, the sec-
ond merges a mix of latest generation automotive receivers
AR1-AR4, geodetic GR3 in standalone mode, and better
smartphones, and the third one embraces the worst perfor-
mance smartphones and the oldest receiver AR7.

Based on these results, the receiver groups GR, AR, and
SRwere divided into 2 subgroups according to their specifics.
The first subgroups from previous groups, e.g., SG11, SG21,
and SG31 in Fig. 19, comprise devices with better perfor-
mance, while the second subgroup, e.g., SG12, SG22, and
SG32, contains the rest. For the urban scenario the preselected
dataset is the following: SG11 (GR1, GR2), SG12 (GR3),
SG21 (AR1-AR4), SG22 (AR5-AR7), SG31 (SR1-SR3), and
SG32 (SR4, SR5).

In the case of urban scenario, these subgroups almost
perfectly coincide and provide a starting point that can lead
to the classification as presented in Fig. 5 for P50, P75,
and P95 percentiles. Since most of the road ITS systems are

FIGURE 19. Subgrouping of GNSS receivers from urban environment and
the corresponding CDF for subgrouped HPE.

deployed in mixed environments, there should be a unified
classification procedure across all of them.

The classification results for all the receivers based on
Table 3 boundaries are summarized in Table 12. The classes
for each environment in columns 2 to 5 are chosen from
the percentile boundaries as the maximum class from any
percentile. The decision for the final class is based again on
the worst parameter in a row, i.e. the maximum value from all
4 environments.

TABLE 12. Horizontal accuracy performance classification - the
technology perspective.

An interesting and new visual approach can be seen
in Fig. 20 presenting only the 95th percentile marks from
Table 3 for all the receivers in all 4 environments. Using
this visualization it is easy to detect the horizontal accuracy
characteristics of each receiver in any environment.

The second type of classification is based on Table 4,
presenting the requirements of various road applications. The
classification results in Table 13 are not encouraging for

TABLE 13. Horizontal accuracy performance classification - the
applications perspective.
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FIGURE 20. The presentation of Horizontal Position Error (HPE) for 4 reference environments: (1) Nantes Peripheral Ring, (2) Highway
Nantes-Angers-Cholet, (3) Inner Urban City of Nantes, and (4) Nantes Rural. The tri-colored bars represent the bottom-up set of three
statistical values given by the 50th (start of cyan bar), 75th (start of orange bar), and 95th (end of orange bar) percentiles of CDF.
Class boundaries for 95th percentile from Table 3 are presented as horizontal red lines.

high demands since the classes in urban environment start
at carriageway, omitting sub-meter accuracy at 95% CDF.
On the contrary, GR1 is classified with best In-lane accuracy
in all other environments, as well as GR2, providing Lane
accuracies.

This is the reason, why standard EN 16803-1 [31] intro-
duces the weighted mean of the performances measured indi-
vidually in different reference environments. Tables 12 and 13
contain the mean class field using equal weights.

B. CLASSIFICATION OF AVAILABILITY
The classification of availability is based on data from
Table 10 with availability interval set to 1 s. Class boundaries
are provided in Table 5, using 95% and 99% limits. The
summarized results are available in Table 14.

The majority of receivers in Table 10 satisfy the 99% avail-
ability requirement across all the environments. The oldest
AR7 is the only outlier from the automotive group with roof
antenna providing the result below the 99% limit for the ring
and urban scenarios. The outage distribution for the urban
environment in Fig. 17 shows that from total of 186 outage
gaps, 8 belong to the 6-10 s bin, and 13 to the 11 s and more
bin, significantly reducing the overall availability. The geode-
tic receivers, especially GR1, suffer from slow position fix
recovery causing major outages, e.g., from total of 429 events
311 or 72.5% belong to the upper bin.

C. DISCUSSION
The horizontal accuracy assessment presents the performance
diversity of the receiver groups, e.g., automotive receivers
with antenna on the top of the vehicle, where the latest

TABLE 14. Horizontal availability performance classification for T = 1 s
as proposed by COST Action SaPPART.

generation receivers performmuch better than the older ones.
There are also similarities in accuracy between the receivers
from different groups, e.g. newer multi-constellation smart-
phones placed inside the vehicle closely follow the best
automotive receivers with roof antenna.

The described group overlapping can be noticed through
the intersecting CDF curves in Fig. 13a. This fact prevents
us from setting the unambiguous limits for the classification
of receivers from the technology perspective. The statistical
subgrouping in Fig. 19 provides larger gaps between the
subgroups, resulting in conformance to the 50th and the
75th percentile boundaries in Table 3. From the cross- and
along-track analyses in Fig. 15 it can be established that CTE
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is prevalent in highway scenario in 15 out of 17 receivers,
and in 9 from 17 receivers in the urban scenario with smaller
differences between the components.

The position availability analysis in Table 10 introduces
high performances of the automotive and smartphone
receivers, reaching up to 100% availability, while the geode-
tic receivers provided lower values at around 90%. A new
methodology clarifies the reasons for low availability pre-
sented in Fig. 17 and Fig. 18. They present the availability
outage distribution by grouping the outage intervals into
histogram bins. The most accurate geodetic receiver GR1 has
89.33% of position losses in the upper bin with interval length
of more than 10 seconds, thus massively lowering the overall
availability.

Finally, the accuracy and the availability classification was
performed using the COST Action SaPPART metrics. The
urban environment prevents the accuracy results to fall into
the most accurate classes from both perspectives: technologi-
cal and application. It is evident, that for the most demanding
applications, the GNSS positioning alone cannot fulfill the
expected requirements in all the environments. Therefore a
multi-sensor hybrid positioning must be used. The availabil-
ity classification confirms that the modern automotive and
smartphone receivers meet all the requirement for the best
availability class at 99%. Although this is the strictest limit in
classification Table 5, we propose an additional class starting
at 99.9% that would differentiate receivers by another decade
and support future, more demanding applications.

VII. CONCLUSION
The deployment of road ITS services requires a reliable
positioning to meet the required end-to-end performance.
The absence of standards and certification procedures moti-
vated the launch of European COST Action SaPPART that
delivered common methodologies for the performance vali-
dation of positioning terminals and provided support for the
emerging standardization of ITS services. In the scope of
scientific support, the experimental data collection campaign
was initiated, following the guidelines from the EN 16803-1
norm. Our primary goal was the improvement of tenta-
tive position performance classification limits by analyzing
17 GNSS receivers with different performance expectations.

The gained results, presented in this paper through
enhanced standardized methodology of performance assess-
ment, will continue to contribute to our ongoing study
of integrity metrics and classification, to the improvement
of PVT error models for laboratory tests, to refinements of
emerging standardization, and to the solving of positioning
challenges of upcoming road ITS services.
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