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Abstract

The accurate global navigation satellite system (GNSS) positioning in the dense urban areas is still a challenge, especially for low-cost
receivers. The multipath effects and non-line-of-sight (NLOS) receptions from surrounding buildings will significantly degrade the posi-
tioning performance. Due to the increasing channel number in GNSS chip, the low-cost receiver tends to be capable of acquiring multi-
frequency signals, including the new L5-band signal. Because of the higher chipping rate, the GNSS L5-band measurement is less affected
by the multipath effect, whereas the measurement number is limited in the current stage. On the contrary, the availability of the conven-
tional L1-band measurement is sufficient to achieve a good dilution of precision (DOP). Based on the complementary characteristics, a
GNSS L1/L5 bands integrated positioning algorithm is developed in this study to improve the positioning performance in urban areas. A
modified weighting model based on carrier-to-noise ratio and satellite elevation angle is employed to assign proper weighting between
L1-band and L5-band measurements. Meanwhile, the dMP5 feature from dual-frequency measurement and the consistency check algo-
rithm are employed to detect and exclude outliers, which are possibly NLOS receptions. Experimental results and analyses indicate that
the developed DFE-CCWLS method can significantly improve the positioning accuracy, achieving the root-mean-square error less than
10 m for most of the urban scenarios.
� 2020 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Most public or private services nowadays utilize the
location information from users to improve efficiency and
quality, namely the location-based service (LBS)
(Küpper, 2005). Among various positioning systems, the
global satellite navigation system (GNSS) provides a global
coverage satellite-based positioning, navigation, and timing
service. As the only approach providing all-weather abso-
lute positioning solutions, the GNSS plays an essential role
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in LBS (Chen et al., 2017). The performance of LBS tightly
relies on the accuracy of the positioning system (Türk,
2006). In open-sky areas, the GNSS is capable of achieving
a sub-meter-level positioning accuracy (Basiri et al., 2014),
which satisfies most of the LBSs. However, GNSS posi-
tioning accuracy can be easily affected by the environment.

In urban areas, the multipath (MP) effect and the non-
line-of-sight (NLOS) reception are the main issues degrad-
ing the GNSS performance (Zhu et al., 2018). For the MP
effect, the receiver receives not only the direct satellite sig-
nal, but also the reflected signals from nearby building sur-
faces. A statistical analysis shows the MP delay follows a
Gamma distribution (Chen, 2018). The NLOS reception
only receives the reflected signal while the direct signal is
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blocked by the obstacles (Groves, 2013). The additional
traveling distance of the reflected signals will introduce
enormous errors in the GNSS pseudorange measurements.
Without proper error mitigation techniques, the position-
ing accuracy can be degraded with over 50 m error (Hsu,
2018).

An applicable MP effect mitigation approach is to
employ GNSS L5-band measurements. The L5-band signal
is designed with a higher chipping rate (shorter chip length)
comparing to that of the L1-band signal (Leclère et al.,
2018). As the characteristic of autocorrelation of Gold
code, the reflected signal with a delay exceeding a chip
length has no interference to the GNSS pseudorange mea-
surement. In the other words, reflected signal coming from
about 30 and 300 m away have no impact on L5-band and
L1-band, respectively. In theory, the L5-band signal natu-
rally has a much better resistibility to multipath comparing
to that of the conventional L1-band signal (Spilker and
Van Dierendonck, 2001).

Besides, the GNSS L5-band measurements are already
available on the low-cost consumer-level receivers. The
GNSS signal band currently used in the low-cost receiver
is shown in Fig. 1. Usually, the commercial receiver cap-
able of receiving the L1 C/A, B1I and E1 signals from
GPS/QZSS, BDS, and Galileo, respectively. For the latest
receiver employing the lower L-band signal
(1176.45 MHz), it is capable of receiving L5, B2a and
E5a signals in addition to the preceding signals. The com-
bination of GPS/ Galileo /BDS can also achieve a satisfac-
tory satellite geometrical distribution for positioning
(Zhang et al., 2019). Therefore, the GNSS L5-band signal
has excellent potential to contribute to civilian positioning
applications. The remaining issue is how to make use of the
benefits from the L5-band signals.

In this paper, a new GNSS L1/L5 bands integrated posi-
tioning algorithm is developed to improve the positioning
performance in the urban areas. The contributions of the
developed system are threefold: (1) the GNSS L1-band
and L5-band signals are complementarily integrated by a
modified weighted-least-square approach to mitigate the
MP effect; (2) the dMP5 feature is extracted from the
dual-frequency measurements to detect and exclude out-
liers before positioning; (3) L1/L5 bands integrated consis-
tency check is employed to detect and isolate outliers
during positioning.
Fig. 1. Spectrum of GNSS signals band.
The remainder of this paper is organized as follows: Sec-
tion 2 gives the related literature review. Section 3 details
the features that we used to detect MP effects. The L1/L5
bands integrated positioning algorithm is given in Section 4,
which is followed by experiment setup and results. Finally,
the concluding remarks and future work are summarized.

2. Research background

For the MP or NLOS effect mitigation, a traditional
method is to adjust the weighting of each GNSS measure-
ment during positioning based on the carrier-to-noise ratio
(C=N 0) and elevation angle (Realini & Reguzzoni, 2013).
By testing the measurement residual during positioning,
the outliers can be detected and excluded from measure-
ments (Groves & Jiang, 2013; Hsu et al., 2015b). Since
the NLOS and MP effects are caused by the signals reflect-
ing from the building surface, many recent studies utilize
the 3D building model to mitigate those effects, namely
the 3D mapping aided (3DMA) GNSS. The 3DMA GNSS
shadow matching conducts positioning by matching the
satellite visibility with the building boundary (Wang
et al., 2015). Moreover, the 3DMA GNSS ray-tracing cor-
rects the NLOS delay by simulating the reflected signal
with the 3D building model, achieving the positioning per-
formance with less than 10 m error (Hsu et al., 2016). How-
ever, besides requiring a large scale of the 3D building
model, the 3DMA GNSS also significantly increases the
computational load (Ng et al., 2019).

From the hardware perspective, the antenna array can
adjust its gain pattern to isolate the reflected signals,
namely the beamforming technique (Nobuaki et al., 2017;
Seco-Granados et al., 2005). The antenna with a wave-
absorbing shield can also mitigate the MP effect (Ge
et al., 2019). Furthermore, the direct GNSS signal is
right-handed circular polarization (RHCP), while the
reflected signal will be shifted to left-handed circular polar-
ization (LHCP). Therefore, a dual-polarization antenna
can distinguish the reflected signal from the direct signal
and mitigates its effect (Groves et al., 2010; Jiang &
Groves, 2014). However, these methods only partially mit-
igate the NLOS and MP effects, while requiring additional
devices.

Instead of aided by additional information or devices,
the GNSS L5-band measurement is designed with a better
positioning behavior naturally. In addition to a higher
chipping rate as 10.23 Mchip/s (Leclère et al., 2018), the
L5-band signal also has a shorter wavelength to reduce
the waveform distortion. As a result, the L5-band signal
can achieve a higher accuracy on the code and carrier phase
measurements (Lohan & Borre, 2016; Meurer et al., 2009).
The advantages of employing the L5 signal-to-noise ratio
for multipath reflectometry are also investigated (Tabibi
et al., 2015). Moreover, the L5-band signal experiences a
different ionospheric delay than the L1-band signal, due
to the different wavelengths (Leick et al., 2015). The iono-
spheric delay can be eliminated by the linear combination



Fig. 2. The elevation angle and C=N 0 based weighting surface from
goGPS (Realini & Reguzzoni, 2013), comparing to the pseudorange
RMSE in an open-sky scenario. Pink and red circles denote the data is
lower and higher than the surface, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 3. The skyplot in an urban canyon. The green and red circles denote
the LOS and NLOS signal, respectively. The shaded area denotes the
surrounding buildings. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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of dual-frequency signals (van der Marel & de Bakker,
2012). The L1/L2/L5 bands triple frequency measurement
has great potential to improve the performance of single-
point-positioning (Li et al., 2013) or the advanced receiver
autonomous integrity monitoring (El-Mowafy, 2017).
Besides, the GNSS precise point positioning technique
(PPP) has been developed to achieve centimeter-level posi-
tioning accuracy (Zumberge et al., 1997). The triple fre-
quency measurement can be applied to PPP, achieving
faster convergence (Deo & El-Mowafy, 2018; Guo et al.,
2016). The benefits of the L5 signal have also been
employed by the high-end multi-frequency geodetic recei-
ver (Spilker and Van Dierendonck, 2001), in order to per-
form better PPP (Qin et al., 2019) or real-time kinematic
(RTK) positioning (Luo et al., 2016). Moreover, GNSS sig-
nals with different wavelengths will behave differently on
the C=N 0 of the multipath affected signals. This character-
istic has been utilized as a feature to detect the MP effect
for the geodetic GNSS receiver in the urban area (Strode
& Groves, 2016).

Recently, the acquisition of GNSS L5-band signal is
available on the new generation low-cost receiver, aiming
to provide a better positioning performance. Even for the
smartphone, the positioning accuracy can be improved by
double differencing the dual-frequency measurements with
a reference receiver (Warnant et al., 2018). Another study
also shows that the multi-constellation dual-frequency
measurements provide more accurate clocks and orbital
data for smartphones (Crosta et al., 2018). However, the
total number of the L5-band signals available is limited
in the current stage, especially for the urban scenario with
building blockage. It may distort the dilution of precision
(DOP) and degrades the positioning performance (Hsu
et al., 2015a). Therefore, it is necessary to develop a posi-
tioning strategy utilizing the benefits of L5-band signals
while compensating its limitations.

A straightforward method to fulfill the target is integrat-
ing the L5-band measurements with the L1-band measure-
ments through a proper weighting. Fig. 2 shows the
weighting model for the conventional weighted-least-
squares (WLS) positioning method (Realini & Reguzzoni,
2013), as well as the pseudorange errors of L1-band signals.
In this paper, the pseudorange errors are estimated with the
measurements and true locations of the receiver and a ref-
erence station by the double difference (DD) approach (Xu
et al., 2019). The weighting surface based on C=N 0 and ele-
vation approximates the pseudorange error in root-mean-
square (RMSE), in order to adjust each measurement’s
weighting. As Fig. 2 shows, the model works well for L1-
band measurement. However, the conventional weighting
model developed for L1-band measurements may not fit
the L5-band measurements, since they have different error
behavior. Moreover, the enormous outliers, such as the
NLOS receptions in urban, are also required to be detected
and isolated before-hand. These challenges are the motiva-
tion of this research.
3. Features for multipath and NLOS mitigation

3.1. Carrier-to-noise Ratio C=N 0

The C=N 0 in the GNSS measurement is an indicator of
the received signal strength. Comparing to the direct signal,
the power of the reflected signal will be reduced depending
on the reflection coefficient (Suzuki & Kubo, 2012). As a
result, the MP or NLOS degraded measurement may
obtain a lower C=N 0, which can be identified by comparing
with the C=N 0 behavior in the open-sky areas.

3.2. Elevation Angle El

The GNSS measurement performance is also related to
the corresponding satellite elevation angle El. Shown with
the skyplot in the urban area (Fig. 3), the satellite signal
with a lower elevation has a high possibility of being
blocked by the buildings, as the NLOS reception. On the



Fig. 4. The flowchart of the GNSS L1/L5 bands integrated positioning
algorithm.
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contrary, the satellite signal with a higher elevation is less
likely to be blocked by buildings. Moreover, based on the
law of reflection, the signal with higher elevation is harder
to be reflected, since it requires the building being high
enough to have a valid reflecting point (Hsu, 2018). Hence,
the satellite elevation can be used as a feature indicating
whether a measurement is reliable. In this study, an eleva-
tion mask of 10 degrees is employed to exclude the unreli-
able measurements beforehand.

3.3. dMP5

For the jth satellite, the pseudorange and carrier phase

measurements can be expressed as qj
L and /j

L, respectively.

qj
L ¼ rj þ c dtu � dtj

� �þ I jL þ T j þ Ej
L ð1Þ

/j
L ¼ rj þ c dtu � dtj

� �� IjL þ T j þ kLN �j
L þ ejL ð2Þ

where r is the actual range between receiver and satellite,

dtu is the receiver clock bias, dtj is the satellite clock offset,
I and the ionospheric error; T is the tropospheric error, k is
the wavelength. N � is the phase ambiguity term, including
the integer ambiguity, hardware biases and initial frac-
tional terms. c is the speed of light. The signal type L equals
to 1 for L1-band, or 5 for L5-band.E and e denote other
errors on the pseudorange and the carrier phase, respec-
tively, including the measurement noise, multipath interfer-
ence and NLOS delay. Since the ionospheric delay is
related to the wavelength f L of different signals (Leick
et al., 2015), the L5-band ionospheric delay can be esti-

mated by applying Uk
1 � Uk

5, as follows.

Ij5 ¼
a

a� 1
/j

1 � k1N �j
1 � ej1 � /j

5 þ k5N �j
5 þ ej5

� � ð3Þ

where a ¼ f 1
2=f 5

2. Then, the variable MP5 is derived by

applying qj
5 � Uj

5 and substituting the preceding expression

of Ij5 (Abou Galala et al., 2018; Estey & Meertens, 1999), as
follows.

MP5 � qj
5 � 2a

a�1

� �
/j

1 þ 2a
a�1

� 1
� �

/j
5

¼ Ej
5 þ Bj

5 � 2a
a�1

� �
ej1 þ 2a

a�1
� 1

� �
ej5

ð4Þ

Bj
5 ¼ � 2a

a� 1

� �
k1N �j

1 þ
2a

a� 1
� 1

� �
k5N �j

5 ð5Þ

Bj
5 is the ambiguity related term that remains a constant

unless the occurrence of cycle slip. To eliminate the con-
stant term, we derive a feature from the difference between
the MP5 on adjacent epochs.

dMP5 ¼ DEj
5 �

2a
a� 1

� �
Dej1 þ

2a
a� 1

� 1

� �
Dej5 ð6Þ

If the signal is not affected by reflections, the dMP5 fea-
ture will be small, which only contains the effect of mea-
surement noise. For the signal with the MP or NLOS
effect, the magnitude of the corresponding dMP5 will be
significantly larger. Therefore, the dMP5 feature can be
used to detect the MP or NLOS degraded measurements.
3.4. Pseudorange Residual

The conventional method for the GNSS positioning is
to apply the iterative WLS with the pseudorange measure-
ments, using

Dx ¼ HTWH
� ��1

HTWDq ð7Þ
where the Dx is the state error, including the position differ-
ence and the receiver clock bias, H is the satellite geometry
matrix, W is the weighting matrix, Dq is the pseudorange
measurement vector. Then, the pseudorange residual dur-
ing estimation can be evaluated as follows (Hsu et al.,
2017).bEpr ¼ Dq�H � Dx ð8Þ

where bEpr ¼ bE1

L;
bE2

L; � � � ; bEj

L

� �T

is the vector consist of the

pseudorange residual for each satellite. The pseudorange
residual indicates the consistency between the measurement
and the estimation, which can be utilized to detect outliers.

4. The GNSS L1/L5 bands integrated positioning system
with outlier exclusion

To improve the positioning performance in the urban
area, a new GNSS L1/L5 bands integrated positioning
algorithm is developed in this section. The flowchart is
shown in Fig. 4. The main steps of the designed system
include: 1) dMP5-based outlier exclusion; 2) L1/L5 bands
integrated WLS positioning; 3) L1/L5 bands integrated
consistency check.

4.1. dMP5-based Outlier Exclusion

Since the least-squares-based positioning method is sen-
sitive to outliers, the feature dMP5 is employed to detect
and exclude outliers in advance. The measurement with a
dMP5 out of the interval l� 3r; lþ 3r½ � will be identified
as outliers. Here, based on the open-sky data, l and r
are heuristically tuned as constant values of

6:3809� 10�4 and 0:1034, respectively. After excluding
the outlier, only the survived measurements are used for
positioning.
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4.2. L1/L5 Bands Integrated WLS Positioning

The GNSS L5-band signal is naturally designed with a
better positioning performance, comparing to the L1-
band signal. In the developed system, only the L5-band
measurement is used to estimate the user position if it is
available for a satellite. However, the number of satellites
supporting the L5-band signal is still limited in the current
stage, resulting in a bad satellite geometry. To compensate
for this limitation, we integrate the L5-band measurements
with the measurements from L1-band only satellites during
positioning. Here, the WLS positioning method is used to
adjust the confidence of each measurement.

A modified weighting model is developed for the L1/L5
bands integrated measurements, thereby obtaining an
appropriate weighting matrix during WLS positioning.
Since the chip length of the L5-band signal is ten times
shorter than the L1-band signal, the multipath effect on
the L5-band measurement is also ten times smaller than
the L1-band measurement. Hence, the RMSE of L5-band
measurements can be approximated by the L1-band
weighting model (Realini & Reguzzoni, 2013) with a tuning
factor of 10, as follows.

W ¼ diag s1L; s
2
L; � � � ; sjL

� ��1 ð9Þ

s5 ¼ 1

10
s1 � s1;open
� �þ s5;open ð10Þ

s1 ¼
1

sin2El
10�

CN0�T
a A

10�
F�T
a
� 1

� �
CN0�T
F�T þ 1

� �� �
; CN 0 < T

1; CN 0 � T

(
ð11Þ

where CN 0 denotes the satellite carrier-to-noise ratio C=N 0,

sjL is the measurement RMSE predicted from features C=N 0

and El.s1;T ¼ s5;T ¼ 1 denotes the sjL of healthy measure-
ments with C=N 0 � T . F defines the C=N 0 value of a mea-
surement that is specifically weighted based on only the
parameter A. a controls the bending of the surface. In this
study, the parameters controlling the surface are tuned as
T ¼ 50; F ¼ 20;A ¼ 50; a ¼ 30 based on experimental
data, in order to make the model better fit the L1-band
measurement behavior in the urban environment. Benefit
from the reliability of the L5-band signal and the availabil-
ity of the L1-band signal, the GNSS L1-band and L5-band
measurements are complementarily integrated for a better
positioning performance in urban areas.
Fig. 5. Locations and sky-plots of different scenarios in the experiment.
4.3. L1/L5 Bands Integrated Consistency Check

During the WLS positioning, the GNSS measurements
are normally within the user-equivalent range error
(UERE) rUERE 	 7 m (Kaplan & Hegarty, 2017), and con-
sistent with each other to estimate the user positioning
close to the actual location. However, a few measurements
may be degraded by the MP or NLOS effect, introducing
significant positioning error. These degraded measure-
ments will be inconsistent with the estimation comparing
to the healthy measurements, resulting in a large pseudor-

ange residual bEj

L. Then, the outliers can be detected based
on the weighted sum of square residual Z, and comparing

the
ffiffiffi
Z

p
with a chi-square test threshold W by inverting

the incomplete gamma function (Hsu et al., 2017; Walter
& Enge, 1995) as follows.

Z ¼ bEpr
T
WbEpr ð12Þ

1� PFA ¼ 1

C J � NDxð Þ=2ð Þ
Z W2

0

e�ss
J�NDx

2 ds ð13Þ

where PFA is the probability of false alarm given as 10�4, J
and NDx are the number of GNSS measurements and
entries in the state vector, respectively. The measurement

set with
ffiffiffi
Z

p
> W will be identified as inconsistent and con-

taining outliers. Then, the consistency can be improved by
excluding the measurement that making the rest of mea-

surements achieving the smallest
ffiffiffi
Z

p
. The exclusion process

will be repeated until the
ffiffiffi
Z

p
of the remaining measure-

ments is lower than the threshold W. Finally, the receiver
positioning is estimated using those consistent enough
measurements with the modified WLS method.
5. Positioning performance and analysis

5.1. Experiment setup

To demonstrate the performance of the designed meth-
ods, several experiments were conducted in different urban
canyons of Hong Kong, as shown in Fig. 5 and Table 1.
The measurements were collected with the RINEX format
using the Allystar HD9300 GNSS receiver chip and their
patched antenna Allystar AGR 6303. Noted that the iono-
spheric delay is different between L1-band and L5-band
signals and hard to be modeled in the low latitude area.
To better demonstrate the benefit from the L5-band sig-
nals, the user atmospheric delay is estimated and corrected
based on the nearby reference station data. Assuming the
GNSS measurements from the reference station are
healthy, the receiver clock offset of the reference can be
estimated by the least-squares positioning. By further



Table 1
Characteristics of different Locations in the experiment.

Location Scenario Measurement Status

1 Away from one side
buildings

Light multipath effects

2 Close to one side buildings Severe multipath effects
3 Surrounded by buildings Multipath/NLOS effects

degraded
4 Surrounded by buildings Severe Multipath/NLOS effects

Fig. 6. The positioning results of Location 1, including the conventional
L1-band only least-squares method (L1-LS), the L5-band only least
squares method (L5-LS), the L1-band based weighted least squares
method (L1-WLS) and the developed L1/L5 bands integrated weighted
least squares method with outlier exclusion (DFE-CCWLS).
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knowing the reference station location, satellite position
from the ephemeris, and the satellite clock offset from mod-
els (Kaplan & Hegarty, 2017), the atmospheric delay of
each measurement on the reference station can be esti-
mated from (1) as follows.

ATMj
L ¼ qj

L � rj þ c dtu � dtj
� � ð14Þ

The collected data were post-processed and compared
the performance of different positioning algorithms on
two-dimensional (East-West and South-North), including:

(1) L1-LS: Least squares positioning with L1-band
measurements

(2) L5-LS: Least squares positioning with L5-band
measurements

(3) L1/L5-LS: Least squares positioning with L1 and L5
bands measurements, the L1-band measurement is
replaced by L5-band measurement if L5-band is
available.

(4) L1-WLS: Conventional weighted least squares posi-
tioning (T ¼ 50; F ¼ 10;A ¼ 30; a ¼ 30) (Realini &
Reguzzoni, 2013) with L1-band measurements

(5) DF-WLS: L1/L5-LS positioning method with the
modified weighting scheme
(T ¼ 50; F ¼ 20;A ¼ 50; a ¼ 30).

(6) DFE-CCWLS: the developed method combining
DF-WLS with dMP5/consistency check based outlier
exclusion.
5.2. Experiment results

The positioning performance of Location 1 is shown in
Fig. 6 and Table 2. In this scenario, the average received
satellite number is 19, including 9 satellites with L5-band
measurements available. The multipath effect is small,
resulting in a relatively accurate L1-band based positioning
performance. Although the L5-band measurements are
more accurate than L1-band, the L5-band measurement
number is limited, which degrades the horizontal-DOP
(HDOP) into 1.42. Therefore, the L5-LS only achieves an
accuracy similar to L1-LS. By complementarily integrating
the more accurate L5-band measurements with the L1-
band measurements with healthy HDOP, the L1/L5-LS
can achieve better performance. With a proper weighting
between L1 and L5 bands, the DF-WLS enhance the accu-
racy into 1.8 m of RMSE. Finally, by employing the dMP5
feature to detect and exclude outliers, the DFE-CCWLS
achieves the best accuracy, which is twice better than the
conventional L1-band based methods. Although the
HDOP of the DFE-CCWLS method is slightly increased
due to the outlier exclusion, it is much smaller comparing
to L5-LS and close to L1-LS, which guarantees a good
positioning performance.

The positioning results of Location 2 are shown in Fig. 7
and Table 3. The average received satellite number is 17,
including 8 satellites with L5-band measurements available.
Since the receiver is close to tall buildings, the L1-band
measurements are severely degraded by multipath effects
and few NLOS receptions. Due to the limited measurement
number and the large HDOP in the urban scenario, the L5-
LS only achieves 10.2 m in RMSE. Without proper weight-
ing, the performance of L1/L5-LS is even worse than the
L1-WLS with C=N 0 and elevation based weighting. By
employing the modified weighting between L1-band and
L5-band measurements as well as the outlier exclusion
scheme, the DFE-CCWLS enhances the accuracy into
6.3 m RMSE while maintaining 1.20 HDOP.

For Location 3 in dense urban, the positioning results
are shown in Fig. 8 and Table 4. The average received satel-
lite number is 14, while only 3 satellites in average support
L5-band measurements. Since the buildings block many of
the satellites, the L5-band measurement number is not suf-
ficient for positioning. Moreover, using an equal weighting,
the L1/L5-LS performance will be dominated by the accu-
racy of the L1-band measurements, which limits the bene-
fits of L5-band. Due to the severe multipath effect in L1-
band measurements, the L1-WLS fails to achieve accurate
results by adjusting the weighting.

Differently, the DFE-CCWLS method complementarily
integrates L1-band and L5-band measurements with
proper weighting as well as excluding enormous outliers.
Its positioning behaviors are shown in details as Fig. 9,
including (a) the positioning error during different stages



Table 2
The 2D positioning RMSEs and HDOPs of different methods on location 1.

Method L1-LS L5-LS L1/L5-LS L1-WLS DF-WLS DFE-CCWLS

RMSE (m) 2.7 2.7 2.2 2.6 1.8 1.3
HDOP 0.76 1.42 0.76 0.76 0.76 0.84

Fig. 7. Positioning results of different methods on Location 2. Fig. 8. Positioning results of different methods on Location 3.
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of the DFE-CCWLS method; (b) the exclusion results
using dMP5 feature or consistency check and the corre-
sponding pseudorange errors; and (c) the measurement
weighting assigned by the DFE-CCWLS method compar-
ing to the pseudorange error. Here, DFE-WLS denotes
the method only employs the dMP5-based outlier exclusion
and the modified weighting scheme without consistency
check. Through evaluating the dMP5 values, the L5-band
measurements with higher error can be detected and
excluded for slightly better positioning accuracy. By apply-
ing the consistency check, some enormous outliers can be
further excluded. After that, the DFE-CCWLS method sig-
nificantly deweights the measurements suffering huge
errors, which achieves the best performance nearly three
times better than that of the L1-WLS method. Note that
the modified weighting is also employed during the consis-
tency check. The measurements are consistent enough
under the assigned weighting, even though some of the
degraded measurements are not excluded. However, the
DFE-CCWLS still contains enormous errors in few
epochs. It is due to the miss-detection of NLOS measure-
ments with an enormous error during consistency check
when the available LOS measurements are very limited.

For Location 4, which is the most challenging environ-
ment, the positioning results are shown in Fig. 10 and
Table 5. Here, the average received satellite number is 17,
with 5 satellites supporting the L5-band measurements.
The availability of L5-band measurements is limited,
Table 3
The 2D positioning performances on location 2.

Method L1-LS L5-LS L1/L5-LS

RMSE (m) 23.7 10.2 25.6
HDOP 1.06 4.38 1.06
resulting in poor L5-LS performance. Besides, many of
the L5-band measurements are severe NLOS receptions.
The modified weighting scheme may mistakenly assign
higher weights to those L5-band NLOS measurements than
those L1-band LOS measurements. Hence, the DF-WLS
method is unable to achieve better performance than L1-
WLS. Since over half of the measurements are NLOS
receptions, the consistency check may fail to detect outliers,
or even worse, mistakenly exclude healthy measurements,
which introduces enormous errors. As a result, the DFE-
CCWLS method may not be able to improve the position-
ing performance in this harsh environment. In summary,
the L5-band measurements have a great ability to resist
the multipath effect, but still unable to solve the severe
NLOS receptions.

5.3. Performance analysis

In this section, the performances of the L1-band and L5-
band measurements from the same satellite are analyzed
with different features. The pseudorange errors of L1-
band and L5-band measurements on different locations
(Fig. 5) are compared in Fig. 11. The measurements are
classified into LOS/MP or NLOS based on the 3D building
model and the ground-truth location. The accuracy of L1-
band LOS/MP measurement is significantly degraded due
to the multipath effects in the urban environment. How-
ever, the L5-band LOS/MP measurement from the same
satellite achieves a much lower variance. Therefore, the
L1-WLS DF-WLS DFE-CCWLS

13.1 7.9 6.3
1.06 1.06 1.20



Fig. 9. The positioning behaviour details of the DFE-CCWLS method on
Location 3, including (a) the positioning error during different stages; (b)
the exclusion results using dMP5 feature or consistency check and the
corresponding pseudorange errors; and (c) the measurement weighting
assigned by the DFE-CCWLS method comparing to the pseudorange
error.

Fig. 10. Positioning results of different methods on Location 4.

Table 4
The 2D positioning performances on location 3.

Method L1-LS L5-LS L1/L5-LS L1-WLS DF-WLS DFE-CCWLS

RMSE (m) 39.7 n/a 40.2 20.5 9.6 7.5
HDOP 0.99 n/a 0.99 0.99 0.99 1.16
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L5-band measurements are naturally better in resisting
multipath effects comparing to the L1-band measurements.
For the NLOS measurements, although the L5-band signal
has no contribution to reducing NLOS delay, the variance
of the delay is significantly reduced. It is possibly due to the
existence of multiple NLOS receptions in the urban areas.
The final NLOS delay becomes a coupling effect of multiple
reflected signals, namely the NLOS-multipath effect. Since
the L5-band measurements are better on resisting multi-
path effects, the NLOS-multipath delay variance is signifi-
cantly reduced, which is beneficial to outlier detection.

Then, the dMP5 features of the measurements on differ-
ent locations are shown in Fig. 12. On all the locations, the
dMP5 features of most healthy measurements are very
close to zero and within the threshold. On the other hand,
based on the dMP5 features exceeding the proposed thresh-
old, many outliers can be correctly detected and excluded.
The overall classification accuracy using dMP5 features is
96.8%, and 44.6% of the outliers can be correctly detected.
Although 1.9% of the healthy measurements are mistak-
enly excluded as outliers, the measurement number is suffi-
cient to maintain the positioning performance after
combining L1-band measurements. A one-day experiment
is also conducted in a dense urban environment to evaluate
the performance of the dMP5 feature. The dMP5 values of
different measurements during the experiment are shown in
Fig. 13. The one-day experiment result is consistent with
the preceding analysis, especially with Location 4, where
most of the healthy measurements are within the dMP5
threshold. However, misclassification and miss-detection
still occur when using the dMP5 feature to exclude outliers.
Therefore, we further employ the consistency check in our
method to exclude those remained NLOS measurements.

After that, the performance of the modified weighting
model in the DFE-CCWLS is analyzed with respect to
the pseudorange RMSE on the Location 1, 2 and 3 without
severe NLOS receptions. Since the weighting scheme on
both L1-band and L5-band measurements are modified
comparing with the conventional L1-WLS method, the
weighting performance on L1-band and L5-band measure-
ments will both be analyzed. As Fig. 14 shows, the conven-
tional model may under-estimate the L1-band pseudorange
error from multipath effect or NLOS receptions in the
urban environment. Moreover, the conventional model
may over-estimate the RMSE of L5-band measurements,
which is less affected by multipath interference. By provid-
ing different weighting based on the signal type, our mod-
ified weighting model can better approximate the



Fig. 11. The pseudorange errors of all the L1-band and L5-band
measurements on different locations. The green markers denote the
measurements from the visible satellites, including LOS and MP
measurements. The red markers denote the measurements from the
satellites blocked by buildings, possibly NLOS receptions. (For interpre-
tation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 12. The dMP5 value of measurements on different locations. The
measurements with pseudorange errors below 10 m are denoted as healthy
measurements with green markers. Otherwise, the measurements are
denoted as outliers with red markers. The blue lines on the right denote the
threshold used to detect outliers. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 13. The dMP5 values of all the measurements during the one-day
experiment.

Fig. 14. The C=N0 and El based weighting surface of the conventional
model and the modified model with respect to the pseudorange RMSE.

Table 5
The 2D positioning performances on location 4.

Method L1-LS L5-LS L1/L5-LS L1-WLS DF-WLS DFE-CCWLS

RMSE (m) 12.4 142.3 12.9 8.4 14.2 19.1
HDOP 0.76 6.96 0.76 0.76 0.76 0.91
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pseudorange RMSE in urban for both L1-band and L5-
band measurements. Noted that some of the L5-band mea-
surements are severe NLOS receptions and unable to be
appropriately deweighted. However, these outliers are very
inconsistent with most of the L5-band measurements.
Therefore, the outliers can be easily detected and excluded
by the consistency check.

Finally, the pseudorange residuals during the modified
WLS positioning are analyzed to evaluate its performance
on outlier detection. As Fig. 15 shows, due to the multipath
effects, the L1-band measurements are inconsistent, result-
ing in large residuals. On some epochs, the residuals of the
LOS/MP measurements can be even larger than that of the
NLOS measurements. Hence, it is difficult to detect NLOS
receptions based on pseudorange residuals. Since the L5-
band measurements are better on resisting multipath
effects, most of the measurements are healthy and consis-
tent, except NLOS receptions. Therefore, the NLOS recep-
tions can be easily detected by abnormally large residuals.
However, for Location 4, where most of the L5-band mea-
surements are NLOS receptions, the pseudorange residuals
Fig. 15. The pseudorange residual of each measurement during the
modified WLS positioning on different locations.



Fig. 17. Comparison of the 2D positioning errors from different methods
during the dynamic experiment.
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of all the measurements have similar magnitudes and over-
lapped. Although some of the measurements may have
fewer errors, it is hard to be distinguished by the residuals.
In summary, with better multipath effect resistance, the L5-
band measurements can improve the performance of out-
lier exclusion. However, its performance is still similar to
L1-band measurements for the location with severe NLOS
receptions.

5.4. Dynamic experiment result

A dynamic experiment is conducted to validate the
developed DFE-CCWLS method for more general cases.
The GNSS receiver is mounted on top of the vehicle, which
is driven in a dense urban environment. The true location
of the vehicle is recorded by the solution from the high-
end GNSS/INS integrated navigation sensor (NovAtel
SPAN-CPT). The experiment trajectory and the solutions
from different methods are shown in Fig. 16. The 2D posi-
tioning error and received satellite numbers during the
experiment are shown in Fig. 17. The overall positioning
performance is summarized in Table 6. By assigning differ-
ent weights on measurements, the L1-WLS can improve
the positioning accuracy from 37.2 m to 31.1 m of RMSE.
In this dense urban scenario, the DF-WLS may mistakenly
increase the weighting of some NLOS degraded L5-band
measurement, resulting in a positioning performance worse
than the L1-WLS method. However, by employing the
dMP5 feature and consistency check to exclude NLOS
measurements, the DFE-CCWLS method can make use
of the modified weighting scheme and achieve the best
overall performance. Especially around epoch 111, three
measurements are containing nearly 100 m NLOS errors.
Two of them are L5-band measurements excluded by the
dMP5 feature and consistency check, respectively. The
remaining one is the L1-band measurement, which will be
Fig. 16. Positioning results of different methods in the dynamic test.
significantly deweighted by the modified weighting scheme.
Hence, the DFE-CCWLS performs much better than the
L1-WLS around that period. Nevertheless, the DFE-
CCWLS sometimes still introduces enormous errors due
to the miss-detection of the NLOS measurements when
nearly half of the measurements are NLOS receptions.
6. Conclusions and future work

In this study, a new GNSS L1/L5 bands integrated posi-
tioning algorithm with outlier isolation is developed for
receivers used in urban areas. The developed DFE-
CCWLS method firstly employs the dMP5 feature to
exclude 44.6% of the outliers before positioning. After that,
a modified weighting scheme is employed to assign different
weights on L1-band or L5-band measurements based on
the C=N 0 and El. The modified weighting scheme can
appropriately down-weight the measurements with enor-
mous pseudorange errors in order to improve the position-
ing performance. Finally, we apply the consistency check
during the modified WLS positioning to detect and isolate
the outliers, possibly NLOS receptions. As a result, the
DFE-CCWLS method can significantly improve the posi-
tioning accuracy for the urban scenarios. For the urban
scenarios without severe NLOS receptions, the DFE-
CCWLS method achieves a positioning RMSE less than
10 m, which is at least twice better than that of the conven-
tional method.

Due to the limited availability of the L5-band supported
satellites in the urban area, it is hard to compare the L5-
band measurement performance from different constella-
tions. The comparison between constellations will be con-



Table 6
The 2D positioning performances during the dynamic experiment.

Method L1-LS L5-LS L1/L5-LS L1-WLS DF-WLS DFE-CCWLS

RMSE (m) 37.2 128.6 37.5 31.1 33.5 27.1
HDOP 0.99 3.83 0.99 0.99 0.99 1.21
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ducted in the future when more satellites are supporting the
L5-band signal. Although the L5-band measurement has
great benefits on resisting multipath effect, it is still unable
to solve severe NLOS receptions. Different from the DFE-
CCWLS method, the 3DMA GNSS positioning method
has an excellent performance in terms of NLOS mitigation
but less effective with multipath effects. The 3DMA GNSS
ray-tracing technique can correct the NLOS delay based on
the surrounding building geometries, achieving the posi-
tioning performance with less than 10 m error in the urban
scenario. However, the multipath effect is related to the
phase change of the reflected signal, which is hard to be
appropriately modeled by 3DMA GNSS. Therefore, the
complementary integration of the DFE-CCWLS and the
3DMA GNSS is worth to be studied in the future.
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