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Abstract— Sensors play important roles for autonomous driving.
Localization is definitely a key one. Undoubtedly, global
positioning system (GPS) sensor will provide absolute localization
for almost all the future land vehicles. In terms of driverless car,
1.5 meters of positioning accuracy is the minimum requirement
since the vehicle has to keep in a driving lane that usually wider
than 3 meters. However, the skyscrapers in highly-urbanized
cities such as Tokyo and Hong Kong, dramatically deteriorate
GPS localization performance, leading more than 50 meters of
error. GPS signals are reflected at modern glassy buildings which
caused the notorious multipath effect. Fortunately, the number of
navigation satellite is rapidly increasing in a global scale since the
rise of multi-GNSS (global navigation satellite system). It provides
an excellent opportunity for positioning algorithm developer of
GPS sensor. More satellites in the sky implies more measurements
to be received. Novelty, this paper proposes to take advantage of
the fact that clean measurements (refers to line-of-sight
measurement) are consistent and multipath measurements are
inconsistent. Based on this consistency check, the faulty
measurements can be detected and excluded to obtain better
localization accuracy. Experimental results indicate that the
proposed method can achieve less than 1 meter lateral positioning
error in middle urban canyons.

Index Terms— GPS; GNSS; Multipath; Localization;
Navigation; Autonomous Driving; Urban Canyon; Land
Application

I. INTRODUCTION

utonomous driving requires accurate locating service
Aprovided by sensors in all environments [1, 2]. Global
positioning system (GPS) sensor provides absolute localization
service in all outdoor areas in all weather conditions [3]. In
open-sky areas, GPS sensor can achieve up to sub-meter

positioning accuracy if differential correction is available [4, 5].

However, particularly in Asian highly-urbanized city, dense
skyscrapers and narrow streets strongly challenge the GPS
localization performance in two aspects, blockage and
reflection [6]. The number of GPS satellite, which its elevation
higher than 10 degrees and not blocked by obstacles, is very
limited in the challenging environments. Urban canyons
typically block many line-of-sight (LOS) signals. Fortunately,
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with the rise of multi-GNSS (global navigation satellite system),
the navigation signal availability in urban environments has
been greatly enhanced, making it easy to receive American
GPS, Russian GLONASS, Chinese Beidou, and Japanese
QZSS signals at the same time [7]. The number of visible
satellites in such environments could now be between 15 and
30, especially for Asia Pacific region [8]. However, at
meanwhile, it also increases the number of multipath-effected
signals. Thus, GNSS performance in highly urbanized area can
still be deteriorated to about 50 meters [9].

There are several approaches to deal with the multipath
effects. Conventionally, GPS sensor manufacturer designs
special correlator, leading sharper correlation shape to mitigate
multipath effect. [10-12]. It is effective in dealing with middle
or long range multipath, but not in reducing the short one,
which could still induce a few tens of meter in pseudorange
error. In addition, this conventional technique offers little
improvement on non-line-of-sight (NLOS) reception.
Approaches to NLOS mitigation are therefore needed. Novel
receiver-based technique, vector tracking, is proposed to utilize
the dynamic model of receiver to predict the code/carrier
frequencies [13]. This characteristic can detect both multipath
and NLOS signals to further mitigate their effect of localization
accuracy [14]. Even through the main benefit of vector tracking
is information exchange among the channels, but this sharing
procedure could be the source of a new problem for the receiver
[15]. This new problem of vector tracking is that tracking error
in a channel can potentially influence other channels and
resulting in degradation in the positioning accuracy.

Recently, sensor integration became a major research
stream. To compensate the effect of GPS outage caused by
multipath and NLOS, GPS integrates with other sensors or
additional information such as low-cost MEMS level inertial
navigation system (INS) [16-21], magnetometer and other
sensors [22, 23] and 3D digital maps [24-26]. This paper aims
to enhance GPS performance before its integration with other
sensors. The inspiration is that the opportunity provided by
existing multi-GNSS enables the number of LOS GNSS
(visible) satellites is more than 10 even in the case of urban
canyons [8]. It is possible to use only LOS satellites in these
problematic environments, however, it is difficult to distinguish
the signal type, namely LOS, NLOS and multipath, without the
help of 3D building models [27, 28] or camera attached on the
top of vehicle [29, 30].

A potential solution is to apply consistency check, which is
based on multipath/NLOS contaminated measurement is not
consist with other clean measurements [31]. The fault detection
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using the idea consistency-checking is able to detect the
multipath effects. Famous receiver autonomous integrity
monitoring adopts the same working principle to calculate the
integrity for GPS receiver [32-34]. Toyota ITS team also
releases a report to show the effeteness of consistency check to
exclude multipath range error for vehicle application [35]. In
2015, a simulation result of multiple fault detection and
exclusion (FDE) with large number of pseudorange
measurements is released to show its capability in the area that
high probability of measurement fault [36]. The objective of
this study is to develop practical multiple FDE algorithms
based on consistency check and evaluate them in real urban
environments in terms of localization accuracy.

This paper uses measurements of GPS, GLONASS, Beidou,
and QZSS collected by land vehicle. Marunouchi, close to
Tokyo train station, a metropolitan highway, and Ginza are
selected as the study areas due to their density of buildings and
skyscrapers. The research team of Tokyo University of Marine
Science and Technology has previously shown the
effectiveness of the signal quality constraints and the
differential GNSS (DGNSS) system in urban environments
[37]. This study extends this previous work and implements the
consistency check based multiple FDE algorithm. With the aid
of DGNSS, the offset between different constellation systems
can be cancelled. Thus, all the GNSS measurements are
synchronized, which improves the consistency check algorithm.
Two FDEs are proposed: greedy and exhaustive FDEs. The
greedy search FDE excludes the biased satellites one by one
until the test statistic satisfies the chi-squared threshold. It is a
computationally effective algorithm that can be implemented in
real-time. The exhaustive FDE tests all the possible subset of
satellites to find the most consistent group of satellites, which
can be regarded as the theoretically optimal result in terms of
the consistency check. Although its computational load is
excessive, it can be used to understand the limitation of single
frequency pseudorange level positioning.

In Section 11 of this paper, we introduce the consistency
check based fault detection algorithm. The developed greedy
and exhaustive FDEs are introduced in Section I11. Experiment
setup and results are shown in Section 1V. Finally, conclusions
and implications of this study are summarized in Section V.

Il. FAULT DETECTION BASED ON CONSISTENCY CHECK
The geometric relationship between receiver position and

satellite position can be linked by the pseudorange
measurement. The linearized equation can be expressed as:

p=0Gx+¢ Q

where p denotes the pseudorange measurement, G denotes the
observation matrix, which consists of the unit LOS vector
between the satellite and assumed receiver position, and x is
the receiver states, shown in (2). € is an error term and shown in

(3).
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The receiver state is defined as the receiver position in three
directions and the receiver clock bias relative to GPS system
time. The error is assumed to be Gaussian with zero mean and a
known covariance. The covariance is usually calculated by the
inverse of a weighting matrix W. The error of each satellite is
assumed to be independent of each other. With the weighted
least squares (WLS) estimation, the receiver states can be
estimated using (4).
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The K matrix is the weighted pseudo-inverse of the G matrix.
The consistency between measurements can be judged by the
pseudorange residual as:

E=p—-G % (5)

If an enormous error is contained in one of the pseudorange
measurements, it will affect the goodness of the least squares fit
because of the inconsistency with other, clean pseudorange
measurements. The weighted sum of the square error (WSSE)
is calculated and used as a test statistic to indicate the goodness
of the least squares fit. The WSSE can be calculated by [34]:

WSSE = eTW# (6)

The pseudorange residual is assumed as a normally distributed
zero mean random variable if all the measurements are clean.
Thus, the WSSE can be tested by the chi-square test using an
appropriate degree of freedom (DOF) and probability of false
alarm (Pra). The threshold of the chi-square test can be
calculated as the equations below [34]:
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where CT is the threshold value of the chi-square test, Nsy
denotes the number of satellites in the new subset of satellites,
and Ng;4:. denotes the number of unknowns in the state. If
multipath-effected measurement presented in measurements,
there is 1 — Py, of probability that the measurements cannot
pass the chi-squared test. To conduct the fault detection, at least
one DOF is required, i.e. DOF = 1,. If the test statistic is
smaller than the threshold, the solution is valid. On the contrary,
if the WSSE is larger than the threshold, a fault exclusion
technique is required. In the estimation theory, the calculation
of the WSSE is based on the L, norm minimization. L, norm
minimization is able to give a stable and non-sparse solution
with efficient computational load [38, 39]. The purpose of the
consistency-check is to find a group of good quality



measurements, namely a self-consistent group (the sparsest
solution).

In implementation of the fault detection, an iterative WLS is
used to obtain the receiver states. The initial guess of the
receiver state is x, and the state is defined as the correction to
the receiver position and clock bias. (9) shows the estimated
state in the iterative WLS.
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This paper applies a C/No-based weighting method [40]:

w® = const - 10-¢/No® /10 (10)
where C/Ny is the carrier noise ratio measured by the receiver
and const = 1.1x10* is a constant [40]. In urban areas, the C/No
based weighting method is more appropriate than the elevation
based weighting method because the NLOS reception usually
has a weak C/No but enters at a relatively high elevation angle
[27]. After obtaining 6X, the receiver state can be updated by
X = xo + 8%. The iteration stops if the position is converged,
i.e. ||6%|| < 10~7 in this study. The pseudorange residual can
be calculated using the estimated receiver state by iterative
WLS, as shown in (11).
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where p§k> denotes the corrected pseudorange from the k"
satellite and can be expressed by (12). The raw pseudorange
measurement collected from the receiver, p, is biased. We
apply the DGNSS correction to eliminate the ionospheric,
tropospheric, and satellite orbit and clock error for GNSS
pseudorange measurements. For GLONASS or Beidou
measurements, the system time offset between the GPS and the
other constellations is also provided in the DGNSS correction

6p,(3’2NSS. Therefore, all the corrected GNSS pseudorange
measurements are synchronised to GPS system time. In
addition, the estimated receiver clock offset is also used to
correct the pseudorange. #%) denotes the geometric distance
between the k™ satellite to the estimated receiver position. The
geometric distance 7% is calculated by (13). Then, we
substitute (11) into (6) to obtain the WSSE. To reduce the
computational load, the value of the chi-square threshold is
calculated in advance and used as constant value. In this study,
the number of states is 4, therefore, we need at least 5 satellites
to conduct the consistency check based fault detection. This
single fault assumption may not be true in urban environments.
However, based on the consistency check, the LOS
measurements are consistent and the multipath measurements
are inconsistent. ldeally, the number of LOS measurements
should be more than that of multipath or NLOS effected
measurements. Thus, based on this consistency check, the

faulty measurements can be detected and excluded to obtain
better accuracy.

I1l. MULTIPLE FAULTS EXCLUSION

After detected the existence of faulty measurements, the
exclusion of it has to be conducted. There are two FDE methods
developed, exhaustive and greedy searches. The former and
latter ones represent the theoretically and practical performance
of the consistency-check based FDE, respectively.

A. Exhaustive Search

If the test statistic calculated by all satellites in view cannot pass
the chi-square test, one or several satellites should be excluded
to find a group of healthy measurements. Ideally, we should test
all the possible group of satellites, namely all subsets, to find
the most consistent one. The subset with all satellites in view,
SVl can be expressed as:

svelt ={1,..,Ng,} (14)
The subsets of excluded satellites, SV€*, are expressed as:
ox SsVe* c SVa”
vsv {do f(SVeX) > 2 (15)
where dof (SVe*) = |SV| — |SVe*| — Nyrre  (16)

where |SV¢*| denotes the number of elements in the subset
SVe* . (15) shows that SV¢* is a subset of SV, In the
exclusion of a single satellite fault, the number of DOF should
be at least two, i.e., DOF = 2. This is because the fault
exclusion requires a second layer of consistency-check based
fault detection to verify that the new subset, after exclusion, is
fault-free. Fig. 1 shows the flowchart of the multiple FDE used.

fault detection

Generate all possible
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Fig. 1. Flowchart of the multiple FDE based on the exhaustive search.

The second layer of fault detection is the same as the fault
detection mentioned in Section 1. After the 2" fault detection
we can determine the subsets that passed the fault detection. If



there are multiple subsets that passed the chi-square test, the
subset with the largest number of measurements is selected, as
shown in (17):

SVex

maxNgy —

arg max{|SV* (i)||WSSE(SV¢*) < CT(DOF, Pr,)} a7
2

where i denotes the index of subset SV ¢*. If there are multiple
subsets with an identical number of measurements, namely
|SVietsngy| > 1, the subset with the minimum test statistic is
selected. As indicated in Appendix F in [41], the minimized
chi-square test statistic is a good choice for exclusion, thus, we
can identify the satellites that should be excluded using
equation (18).

SVt = arg min {(WSSE (SV iy, ()} (18)

where j denotes the index of subset SVi7%. v, - Ideally, the most
consistent solution can be found by finding the minimum test
statistic in all the possible subsets of satellites. However, the
computational load will be extremely high in the multi-GNSS
scenario. For example, the number of all the subsets in the case
of 20 satellites in view is the sum of the binomial coefficients
from using 6 to 20 satellites, namely C3J + C2J + --- + CZ2°.
This is not practical for real-time application but it can provide
a baseline to evaluate the practical fault exclusion algorithms.

B. Greedy Search

For the sake of fast calculation, we apply a greedy search fault
exclusion method. The greedy algorithm is used to find the
local optimal choice at each loop or stage. In other words, we
assume that only one satellite is contaminated at a time.
Although this assumption is not always true in urban
environments, simulation results indicate that the greedy search
algorithm shows similar performance to the exhaustive search
if only a small number of satellite faults exist. The simulation
assumes all faults have a similar probability of occurring and
are uncorrelated with each other, which is a valid assumption in
city environments. The main characteristic of the greedy search
based fault exclusion is to exclude the inconsistent
measurements one by one. The flowchart of the greedy search
based FDE is shown in Fig. 2. Firstly, if the test statistic
calculated by all the satellites in view cannot pass the
chi-square test, we generate subsets excluding only one satellite
from the group of survived satellites, SVs¥™7ived a5 shown in
(19).

SVe* SVsurvived
DOF (SVe*) > 2
|SVer| = 1

vSVex (19)

sysurvived g jnitialized by SV, Note that the number of
element in the subsets SV¢* in the greedy exclusion is always 1.
If several subsets pass the 2™ fault detection, then the subset
with the minimum test statistic is selected, as mentioned in (17)
and (18). If none of the subsets pass the check, we exclude

SV, = argmin{WSSE(SV°*(i))} from the Sysurvived The
l

iteration will stop until the remaining set of the measurements
is self-consistent or the DOF is insufficient.
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Y
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Fig. 2. Flowchart of the multiple FDE based on the greedy search.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Experiment setup

This study used the raw experimental GNSS data and ground
truth data provided by the SIP-adus project. SIP-adus stands for
strategic innovation promotion program of automated driving
systems. It is initiated by cabinet office, government of Japan,
to accelerate the development on automated driving. GNSS
antenna and receiver were set up in a moving vehicle as a rover.
The reference station for differential GNSS was set within 4
kilometres of the vehicle path. Regarding the ground truth, the
positioning solutions calculated by mobile mapping system
were used. The rover, the reference station, Trimble
multi-GNSS receivers (SPS855 and NetR9, respectively), and
Trimble multi-GNSS antennas were used. Satellite
constellations included GPS, GLONASS, BeiDou, and QZSS.
Rover moving tests were performed in a city urban
environment in Tokyo, Japan, on the 13" and 14™ of December
2014 and L1 raw data were obtained at approximately 66 and
48 minutes, respectively, at a frequency of 5 Hz. The
experimental routes are shown in Fig. 3. The vehicle drove
through all typical environments in Tokyo city, including
open-sky, middle canyons, and deep urban canyons. The
following three methods were compared:

1). DGNSS using all satellites in view,

2). DGNSS + FDE based on a greedy search, and

3). DGNSS + FDE based on an exhaustive search (theoretical
best result).
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Fig. 4. Flowchart of the testbed.

Fig. 4 shows the flowchart of the testbed. The detailed signal
quality check and generation of the DGNSS correction can be
found in [37]. We evaluated performance based on the lateral
positioning error. The results shown in this paper are single
point positioning, in other words, results are independent
between different epochs of data.

B. All Environments

The experimental results of the multiple FDE based on the
greedy search are shown in Fig. 5. The green points indicate the
results that passed the consistency check without excluding any
satellites, i.e., they are identical to the results of DGNSS using
all satellites. The red points indicate the results that passed the
consistency check after excluding faulty satellites. The blue
points indicate the results that did not pass the consistency
check due to an insufficient number of healthy measurements.
In the top panels of Fig. 5, the lateral errors of the red points are
lower than that of the green and blue points in most cases. The
middle panel shows that exclusion of one or two satellites is
sufficient to find a self-consistent group of satellites, especially
in open-sky areas. Note that a few red points in the middle and
urban canyon environments have larger positioning errors than
the green points. The reason for this will be discussed in the
next subsection.

deep urban canyon
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Fig. 5. Experimental results of 1213 using the multiple FDE based on the
greedy search

TABLE | shows the performance comparison using the three
methods. DGNSS can achieve 1.45 metres of mean error. By
applying the consistency check based on the greedy search, the
mean error can be reduced to 1.03 metres. However, the



availability is lost little if FDEs are applied. The performance of
the FDE based on the greedy search is very similar to that based
on the exhaustive search, in terms of the mean error. The
percentage of all solutions with less than 1.5 metres of error
increases by approximately 5.0 % with the aid of FDEs. With
respect to the results with a large positioning error, both FDEs
can reduce the error by approximately 1.4 %. FDE can greatly
facilitate the performance of the DGNSS, making it suitable for
use in autonomous driving applications. For these applications,
middle and urban canyons are the most challenging
environments. The next subsections are focused on the
evaluation of middle and deep urban areas.

TABLE |
PERFORMANCE OF THE THREE METHODS USING ALL DATA

similar, except for the maximum error. Fig. 6 shows plots of the
positioning error of the DGNSS method and the two FDE
methods. The consistency-check based FDEs are able to reduce
the jumping error. To compare the red points and blue circles in
Fig. 6, a few of the greedy search points clearly show a large
positioning error for both middle urban canyons. We select the
Ginza case (top panel in Fig. 6) to discuss the difference
between the two FDE methods.
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C. Middle Urban Canyon

TABLE 1l shows the performance of the three methods in
middle urban canyons.

Fig. 6. Lateral positioning error of the greedy and exhaustive searches in
middle urban canyons.

As shown in the grey box in Fig. 7, the error of the blue circles
is larger than that of the green crosses.
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TABLE Il

PERFORMANCE OF THE THREE METHODS IN THE MIDDLE URBAN CANYON.
All data DGNSS DGNSS DGNSS
(2954+2505 Greedy FDE Exhaustive
epochs) FDE
Mean error 1.75m 0.76 m 0.67m
Maximum error 27.25m 36.52 m 13.95m
Percentage 70.90 % 87.67 % 87.07 %
(<1.5 metres)
Percentage 80.40 % 93.50 % 93.26 %
(<3.0 metres)
Percentage 0 o 0
(>10.0 metres) 211 % 0.46 % 0.11%
Availability 95.38 % 95.38 % 95.38 %
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Firstly, no points in the middle urban canyons lack healthy
measurements, thus the availability of DGNSS and DGNSS +
consistency check are the same. In the middle urban canyon,
the DGNSS can achieve 1.75 metres of mean error.
Approximately 2.1 % of the results have a large positioning
error. With the aid of the greedy FDE, the percentage of the
large error is reduced to less than 0.5 %. This result indicates
that the consistency check algorithm is very useful for DGNSS
positioning in middle urban canyons because of the sufficiency
of healthy measurements. For application to autonomous
driving, it is important to obtain a performance where the lateral
error is smaller than half a lane width, namely less than 1.5
metres. The greedy FDE method results in more than 87.6 % of
measurements with this performance in middle urban canyons.
Performances of the greedy and exhaustive searches are very
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Fig. 7. Positioning results in the period that the exhaustive search outperformed
the greedy search.

This implies that the greedy search excludes a healthy
measurement instead of an erroneous one. The error of the red
points is smaller than that of the green circles, which indicates
that the exhaustive search excludes the faulty satellites
successfully. Fig. 8 is a rough skyplot that shows that the
greedy search first excludes R10 and then GO05. For the
exhaustive search, the first satellite excluded is also R10 in the
case of one satellite exclusion. However, in the case of two
satellite exclusions, the exhaustive search excludes R23 and



CO07. As can be seen from Fig. 8, the greedy search excludes
two satellites with higher elevation angle. This result shows
that, in some cases, the greedy FDE is not capable of finding the
most self-consistent group of healthy measurements.

Fig. 8. Skyplot showing the case where the greedy search excludes the wrong
satellites. Photo credit: Google Earth.

D. Deep Urban Canyon

Fig. 9 shows the positioning results of the three methods for
deep urban canyons. The bottom panel of the Fig 9. shows that
the number of received satellites was less than 10 in the
majority of cases, which resulted in poor satellite geometries.
TABLE 111 shows the performance of the three methods in the
deep urban canyon environment.
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Fig. 9. Positioning results in the period that exhaustive search outperformed

Availability 64.04 % 38.08 % 39.38 %

greedy search.
TABLE Il
PERFORMANCE OF THE THREE METHODS IN THE DEEP URBAN CANYON.
All data DGNSS DGNSS DGNSS
(1766 epochs) Greedy FDE Exhaustive
FDE
Mean error 12.17m 12.78 m 11.18 m
Maximum error 81.72m 108.18 m 108.18 m
Percentage 10.73 % 10.06 % 10.73 %
(<1.5 metres)
Percentage 24.86 % 20.73 % 22.66 %
(<3.0 metres)
Percentage 24.80 % 10.23 % 8.14 %

(>10.0 metres)

As shown in TABLE 111, DGNSS alone has only approximately
64 % availability, therefore, for 36 % of the time, the rover
receiver cannot receive more than 4 satellites. The mean error
of the DGNSS alone is 12.17 metres. The greedy FDE provides
very limited assistance in this environment. Compared to the
greedy search, the exhaustive search can reduce the mean error
by almost 1 metre. In terms of availability of the two FDE
algorithms, the greedy and exhaustive search can only provide
about 38.08 % and 39.38 %, respectively. Both FDEs are less
capable of finding the sparsest solution in the case of
insufficient healthy measurements. In order to investigate the
problems that both FDEs have in deep urban canyon, we
analyse the area in the grey box in Fig. 9. Firstly, we manually
construct basic 3D building models in the area of Tokyo station,
as shown in Fig. 10, and then use them to generate the skyplot
shown in Fig. 11.
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Fig. 11. Skyplot of satellites received in the area of the grey box in Fig. 10. G,
R and C indicate GPS, GLONASS and Beidou satellites, respectively.

The grey colour denotes blockage by the buildings generated
from Fig. 10. The colour of satellites denotes the received
signal strength. In the selected area, there are 9 satellites
received, including 3 LOS, 2 multipath, and 4 NLOS signals.
Both FDE methods find the most consistent group of satellites
after excluding C09. However, there are still 3 NLOS and 2
multipath signals left. The consistency check method therefore
finds the most consistent but erroneous group of satellites. This



erroneous group of satellites results in a large faulty positioning
solution.

E. Discussion

The classified positioning results based on the number of
received satellites are shown in Fig. 12(a). Fig. 12(b) shows the
number of epochs for different numbers of satellites. TABLE
IV shows the environment definitions based on the number of
received satellites. Fig. 12(a) suggests that the FDE methods
show little improvement in open-sky scenarios. In middle urban
canyons, both FDE methods can greatly reduce the positioning
error, moreover, the performance of the greedy search is almost
the same as that of the exhaustive search. Where less than 10
satellites are received, the greedy search is less capable of
finding the sparsest solution. In the case where a very limited
number of satellites are received, i.e. 6, the consistency check
method cannot exclude all the erroneous satellites due to the
lack of healthy measurements.
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Fig. 12 (a) Mean lateral error of the proposed methods based on number of
received satellites. (b) Number of epochs based on number of received

satellites.
TABLE IV
DEFINITION OF SCENARIOS BASED ON NUMBER OF RECEIVED SATELLITES
Scenarios Open Middle Deep
sky urban urban
number of SV >18 18-10 <10

The low-cost sensor is more favourable for majority of
applications. Additional testing drives are also performed in
Tokyo city to collect data from a low-cost receiver, u-blox M8.
The area also contains many scenarios, including open-sky area,
middle-class urban and deep urban canyons. The commercial
receiver used currently cannot acquire Beidou and GLONASS
simultaneously. Thus, its number of received satellite is less
comparing with the geodetic receiver. Fig. 13 shows its result.
As can be seen, the performance of using GNSS receiver with
the proposed consistency check methods commercial is similar
to using geodetic receiver. The proposed methods also improve
the most when number of received satellite in between 10 to 15.
In the other words, the proposed methods are effective for both
geodetic and consumer level GNSS sensors.
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Fig. 13. (a) Mean lateral error of the proposed methods based on number of
received satellites using a commercial sensor. (b) Number of epochs based on
number of received satellites a commercial sensor.

V. CONCLUSIONS

With the rise of multi-GNSS, more satellites are available, even
in urban canyon environments. The possibility of using
consistency check to detect and exclude faulty satellites,
typically caused by multipath and NLOS, is therefore
increasing. This study implements two multiple FDE methods
and evaluates their performance in middle and deep urban
canyons for application to vehicles with GPS, GLONASS,
Beidou, and QZSS visibility. According to the experimental
results, the FDE based on the greedy search method can greatly
improve the positioning performance in middle urban canyons.
Furthermore, the result of the greedy search is similar to that of
the exhaustive search, which can be regarded as the
theoretically best performance that FDE can achieve. Both
greedy and exhaustive searches achieve sub-metre accuracy in
terms of the mean lateral positioning error. For the case of deep
urban canyons, both FDEs obtain only slight improvement and
the lateral error can be more than 10 metres. As shown in the
case study, there are more signals with visible LOS paths (LOS
+ Multipath) than not (NLOS). However, the strong multipath
effects still result in both FDEs finding a consistent but
erroneous group of satellites. Finally, we conclude that it is
very difficult to obtain a lane-level positioning performance
using only single frequency pseudorange level positioning in
deep or dense urban environments.
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