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Abstract: Railway transportation systems have high accuracy and high integrity demands
for safe localisation. There has been an increased interest in using GNSS (Global
Navigation Satellite Systems), but its position determination in urban environment can be
highly degraded because of the presence of reflected signals (i.e. multipath). This paper
tackles the characterisation of multipath in code measurements caused exclusively by the
vehicle and the antenna installation. First, Code-Minus-Carrier (CMC) method for
autonomously isolating multipath is presented. Second, an error model of the isolated
multipath based on Gaussian overbounding is derived. The presented methodology is
supported by real measurements collected in an open-sky Railway scenario with a
commercial and an experimental train.

1. Introduction

Railway transportation systems like train signalling or automatic train control require accurate
and robust localization solutions for safe operations. For these, Global Navigation Satellite
Systems (GNSS) are envisioned to play a major role to achieve the high accuracy, high integrity
localization demands and to reduce costs in infrastructure implementation and maintenance by
relying mainly on onboard equipment. However, GNSS positioning can be challenging in
railway environments because the GNSS signals can be highly affected by multiple reflections
(i.e. multipath) and other GNSS threats like non-line-of-sight (NLOS) signals or the presence of
interferences. In particular, multipath is considered to be one of the largest sources of ranging
errors in urban environments because it is highly environmental dependent, which makes it
difficult to predict and to characterize.

Previous work mitigating, detecting or estimating multipath can be classified depending on the
GNSS receiver processing stage in which the techniques or algorithms are proposed.

At the antenna and front-end levels, choke-ring antennas are widely used at ground stations to
mitigate multipath [1]. Dual polarization antennas are also proposed to estimate and remove
multipath signals components [2], [3]. At the correlator signal processing level, several
techniques can be very powerful to estimate and mitigate multipath [4]. For example,
multicorrelator structures used in signal quality monitoring [5] have shown great potential to
reduce or reject the impact of multipath [6]. Finally, at the post-correlation domain, most
techniques are mainly focus on code multipath modelling (e.g., for aviation applications [7]),
detection [8] or their adjustment at position estimator level [9].The main advantage of dealing
with multipath at this stage is that algorithms can be implemented with cost-of-the-shelf antennas
and receivers, and they do not rely on complex techniques. This make them cost efficient
solutions that may be interesting for certain applications.

However, the detection or estimation of multipath at post-correlation level typically relies on
some statistical knowledge or assumption about the nominal or faulty model of the error [10].
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Due to the complex and varying environment in land-based applications, it is not possible in
general to derive a multipath model suitable for any situation that can be used for safety-related
applications as it is typically proposed in aviation [7]. However, the impact of antenna
installation, vehicle antenna surroundings and receiver configuration are expected to have some
level of consistent impact on multipath independently of the dynamic environment [11].

In this paper, we propose to separate the total contribution of multipath on code measurement
error between the expected permanent effects (such as antenna, installation and receiver
configuration) and the additional varying multipath contribution due to buildings, trees, or the
presence of other objects along a vehicle trajectory. We assume that to either detect code
measurements with large multipath error or adapt their model in dynamic scenarios, the
statistical information about the permanent static multipath is essential. This paper focus on the
development of a methodology to derive a reference model for the permanent multipath by
means of data collection in a controlled, static and open-sky scenario.

In order to do that, we first introduce the Code-Minus-Carrier method for isolating multipath
errors from other GNSS system and atmospheric errors. Then, Gaussian overbounding is used
to derive conservative error models on data collected with a train in an open-sky scenario. The
implications and use cases of the derived models and methodology are finally commented.

2. Methodology

2.1.Approach to handle multipath for urban environments

GNSS user equipment can receive reflected signals in addition to or instead of the direct path
signals from a given satellite. According to [12], most signal reflections for land applications are
caused by the surrounding environment. Those reflections are mostly caused by the ground,
surrounding buildings and structures, other vehicles and trees. Contrary to that, the most
commonly occurring reflections in air, sea and space applications are caused by the vehicle
structure and the antenna installation. Even though it is not the main cause of multipath error,
the multipath error caused by the vehicle structure and the antenna installation are also present
in land applications. In this work, we differentiate between the multipath error in code
measurements when the vehicle is moving and experiencing a changing environment and the
multipath caused by the vehicle and the antenna installation which is expected to have similar
stochastic properties for a given satellite elevation and azimuth with respect to the user.
Consequently, and in order to create a nomenclature distinction, the multipath caused by the
vehicle structure and antenna structure are, in this paper, referred to as permanent multipath.

An approach to isolating and overbounding multipath errors of data collected during static
measurements was presented in [13]. However, in [13], the authors overbound the errors only as
a baseline for further analysis. In addition, when the measurements are collected the antenna is
not installed on a vehicle, for that reason the multipath caused by the vehicle and the antenna
installation cannot be assessed.

Characterizing the permanent multipath independently can allow to better understand in a second
step the impact the surroundings has on the pseudorange error independently of the antenna
installation. Furthermore, it is possible to derive thresholds based on the permanent multipath
models to build a fault detection and exclusion algorithm for pseudoranges with large multipath
error in dynamic situations. Derivation of FDE techniques for multipath in code measurements




has already been developed and implemented for example in [14]. In addition, an error model of
permanent multipath can be used as a reference model for similar application, similar vehicles
or similar antenna installations.

2.2.Multipath Isolation

In order to isolate multipath from other GNSS systems and atmospheric error sources, different
techniques exist [15]. In this paper, we select the Code-Minus-Carrier (CMC) method [16]
because it can be implemented with cost-off-the-shelf antennas and because its overall maturity
in other applications like Ground-based Augmentation Systems (GBAS) [17].

The code (pseudorange) measurements and the carrier phase measurements for a single
receiver, satellite s and frequency j at a certain time epoch k can be expressed with the following
expressions:
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Where ||x,§ — xk|| is the true geometric distance between the satellite s (x3) and the receiver
(xx), by, by are receiver clock bias and satellite s clock bias from GNSS time scale, T} is the

tropospheric error, I,ﬁ” is the ionospheric error all given in meters. K; is the receiver

instrumental (hardware) delay, K,f'j is the satellite instrumental (hardware) delay, N7 is the
carrier phase integer ambiguity given in cycles, 4; is the corresponding wavelength of the

frequency j. Lastly, MPkS'j is the multipath error of code measurements and mp,i'j is the

multipath error of carrier phase measurements, both in meters. While ;7 and &, represent the
residual noise errors in meters for code measurements and carrier phase measurements
respectively.

The CMC is computed by calculating the difference between pseudorange measurements and
the corresponding carrier phase measurements. The CMC observable is:
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The CMC combination removes the clock errors, tropospheric delays and ephemeris errors.
However, what remains is the code multipath error, carrier-phase multipath error, code and
carrier-phase noise, carrier-phase ambiguities and twice the ionospheric delay. Since the
carrier-phase multipath and the carrier-phase noise are of several orders of magnitude smaller
than the code multipath and noise, it is commonly assumed carrier-phase multipath and noise
are negligible when compared to code multipath and noise.

In order to isolate the code multipath twice the ionospheric error and the integer ambiguity term
have to be removed. The ionospheric error can be removed by using two carrier-phase
measurements following the approach in [7]. The created linear combination of the carrier-
phase ambiguities can be removed using the fact that the integer ambiguities remain constant
during a continuously tracked and cycle slip free period [10], this bias can be estimated by
averaging and removed.




The main advantage of the Code-Minus-Carrier method is that the method does not need any
augmentation system information and it is not computationally heavy. Notice that with this
method it is not possible to differentiate between noise and multipath and therefore the isolation
of multipath with CMC includes the noise error term.

2.3. Conservative Multipath Error Modelling

This section provides a methodology for deriving an error model of the permanent multipath
caused by the vehicle structure and antenna installation based on a two-step Gaussian of the
previously isolated carrier-phase multipath and noise errors.

In general, as presented in [18], the overbounding methodology can be divided into two steps.
First step being determining the probable distribution of errors which is done by collecting a
sample distribution. However, the collected sample should be such that the error distribution of
the sample data is representative of the error distribution of the desired environmental situation
that is being modelled. Second step is to prove that the collected empirical set of errors can be
replaced by a simpler distribution. According to [19] that simpler distribution is most commonly
the normal distribution since it is the only finite variance distribution that remains stable through
convolution. Therefore, the residual multipath error distribution can be bounded using a
Gaussian distribution.

Overbounding can be done by utilizing the Cumulative Density Function (CDF) as presented
in [19]. According to this approach the left-hand side of the CDF and the right-hand side are
separately calculated. The idea of [19] is that of combining the two methods. Where first an
intermediate symmetrical unimodal distribution that overbounds the actual distribution in the
sense of paired overbounding is introduced. Second, Gaussian overbound of the intermediate
distribution is determinate. In this way the prerequisite of having a symmetric and unimodal
distribution is bypassed.

3. Experimental setup

Data collected with two different antenna installations on two different trains was used for the
derivation of errors in this paper. First data set was collected during a measurement campaign in
Cagliari, Italy. In an open-sky and static conditions during a course of 32 hours. The location of
the train during the data recording is depicted in Fig. 1. The setup consisted of a commercial
train ALn668-3136 from Trenitalia. The GNSS antenna installed on the train was Antcom G5
(Fig. 2) antenna and it was internally connected with a Javad Delta-3N receiver. The receiver
was collecting raw measurements with a sampling rate of 10 Hz.
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Figure 1. Location of the train during data Figure 2. Antenna installation, Italy.

acquisition, ltaly.




The second data set was collected during a measurement campaign in Almorchon, Spain, in an
open-sky and static environment Fig. 3 and over 8 hours. The setup consisted of a train from
ADIF and an Antcom G8 antenna (Fig. 4) which was internally connected to a Javad Delta-3
receiver. The raw measurements were collected with a same sampling rate as in the Italian setup
of 10 Hz.

Figure 3. Location of the train during data Figure 4. Antenna installation, Spain.
acquisition, Spain.

4. Result

Permanent multipath was isolated and the conservative error models were derived for both the
Italian and Spanish measurement locations.

4.1.Permanent Multipath Isolation

Since the measurements were conducted in an open-sky and static conditions (Fig. 1 and Fig. 3)
without any surrounding buildings and objects in imminent vicinity, it is presumed that the
isolated multipath and noise is caused by the vehicle structure and the antenna installation. The
estimated multipath error caused by the vehicle structure and the antenna installation as well as
its distribution with respect to the satellite elevation for both Italian and Spanish location of the
GPS L1 is showed in Fig. 5 and Fig. 6.
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Figure 5. Multipath, noise and standard deviation Figure 6. Multipath, noise and standard deviation for
for GPS L1, Italy. GPS L1, Spain.

Additionally, the empirical standard deviation and empirical 3-sigma (99.7 %) is also included.
The axes of both plots have been adjusted for easier comparison.

As we can see, the magnitude of the isolated permanent multipath error in Italy at certain satellite
elevations reaches an absolute error of almost 10 meters. The significant magnitude of the
permanent multipath and noise observed prompted us to characterizing multipath and permanent
multipath separately. Characterizing them separately will allow for a better understanding of the
impact the surrounding has on the pseudorange error independently of the vehicle structure and
antenna installation.

4.2. Overbounded Multipath Error Model

After we isolated the multipath caused by the vehicle structure and the antenna installation from
other ranging errors, we proceeded with deriving the overbounding models of the isolated error.
The overbounded model used is a zero-mean Gaussian distribution. Multipath errors were
separated in 5° bins based on the elevation angles of the satellites. The distribution of samples
per elevation bins is such that less samples are contained in low elevation bins (0°-5° and 5°-
10°) and high elevation bins (80°-85° and 85°-90°). With all other elevation bins exceeding 50
000 samples.

The Gaussian overbound is computed separately for the left- and right-hand side. Fig. 7 and Fig.
8 show the largest sigma between the left and the right-sided values of the Gaussian overbound.
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Figure 7. 1 sigma of overbounding Gaussian model
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Fig. 9, Fig. 10, Fig. 11 and Fig. 12 present the cumulative density function of the obtained
permanent multipath estimation for different satellite elevations. Multipath and noise is given in

meters and the satellite elevation in degrees.
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Figure 9. Folded CDF, multipath and noise per
elevation bins, GPS L1, Italy.

10° -
s’t 0
i i /" 20
-2 /
8173 /
1 40
/
/" 60
104 +—p

T m——7————/ 80 Elevation ()
B0 a5 g
Multipath + noise (m)

Figure 10. Folded CDF, multipath and noise per
elevation bins, GPS L2, Italy.
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Figure 11. Folded CDF, multipath and noise per Figure 12. Folded CDF, multipath and noise per
elevation bins, Galileo E1, Italy. elevation bins, Galileo E5a, Italy.

5. Conclusion

In this work, we showed with an example that the permanently present multipath caused by the
antenna installation and the vehicle structure can cause significant pseudorange errors. We show
the magnitude of the permanent multipath by comparing two different antenna installations. In
the first installation the GPS L1 may be more subjected to reflections in the vicinity of the
antenna, which can be observed by the increase of the isolated multipath error around 30-40
degrees. By showing that, we propose separate characterization of the multipath caused by the
surroundings and the multipath caused by the antenna installation when high accuracy and high
integrity solutions are needed. However, this methodology can only be implemented if a long
static, open-sky measurement is collected, which allows for successful isolation of the permanent
multipath.

This paper develops a methodology to derive a reference model for the permanent multipath,
and future work will tackle the use of these models for detection or adaptation of multipath in
the dynamic scenarios and adaptation of antenna installations. The proposed modelling of
multipath in open-sky and static scenario provides a reference model that can be used to detect
significant high multipath caused by the surroundings or other objects. For example, it can be
used as a reference model for a fault detector. The model can also be used as a reference model
to normalize the measurements for further processing.
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