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Abstract
The non-line-of-sight (NLOS) signal has different signal characteristics and error from multipath, and it may lead to signifi-
cant errors in the Global Navigation Satellite System (GNSS) positioning at the centimeter to millimeter range. However, the 
current multipath error mitigation methods for carrier phase observations do not distinguish them effectively. The multipoint 
hemispherical grid model (MHGM) is a method to model the multipath error in the spatial domain. We detect the NLOS 
carrier signal at a static station by the three-dimensional environment data and evaluate the reduction effects of the MHGM 
on multipath and NLOS errors. In our experiments, the MHGM reduces both multipath and NLOS errors significantly for 
the double-differenced residuals of carrier phase observations. But after using MHGM, the accuracy of NLOS observa-
tion is still significantly lower than that of multipath. We determine the accuracy difference between multipath and NLOS 
observations of the station, and propose two improved strategies based on the original MHGM which is also called strategy 
0: strategy 1 of eliminating NLOS signal and strategy 2 of reducing its weight in the GNSS data processing. Our kinematic 
positioning test indicates that with multiple satellite systems, strategies 1 and 2 improve the mean RMSE of positioning 
results by about 10% and 15–17%, respectively. With fewer satellite systems, strategy 1 of eliminating NLOS signals may 
lead to poor satellite geometry and cannot improve effectively, while strategy 2 of reducing the weight of NLOS signals is 
more robust and recommended.
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Introduction

The Global Navigation Satellite System (GNSS) is widely 
used in various fields. Meanwhile, many industries and users 
also put forward higher requirements for GNSS navigation 
and positioning accuracy. In recent years, with the research 
on high-precision GNSS data processing by different schol-
ars, some errors in GNSS positioning have been significantly 
mitigated, such as satellite clock error, and tropospheric and 
ionospheric errors. Meanwhile, since the multipath error is 

highly related to the station environment, it is hard to be 
eliminated by universal models. Therefore, the multipath 
error has become one of the main error sources in high-
precision GNSS data processing, which limits the applica-
tion of GNSS in many cases (Lau and Cross 2007; Zhang 
et al. 2019).

In order to mitigate the influence of multipath effect, 
many measures have been taken: Choose the station position 
with good observation environment that avoids obstacles, 
reflectors and radiation sources as much as possible; use 
special hardware equipments, such as choke rings (Filippov 
et al. 1998) and antenna ground planes (Tatarnikov et al. 
2005). In addition, the multipath error can also be mitigated 
by data processing algorithms. Among them, the sidereal 
filtering (SF) (Agnew and Larson 2007; Ragheb et al. 2007) 
and the lookup table (Cohen and Parkinson 1991) are widely 
used now. The SF method separates the multipath error 
according to the periodic repetition characteristics of the 
satellite orbit. However, different satellite orbit repetition 
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periods make the SF method complicated, and its effect 
will be reduced if the sampling rates are sparse. The lookup 
table, multipath stacking maps (Fuhrmann et al. 2015) and 
multipath hemispherical map (MHM) (Dong et al. 2016) 
model the multipath error in the spatial domain. However, it 
is not accurate enough to correct the multipath error by using 
the average of observation residuals. By fitting the trend of 
multipath error in the hemispherical grid, Wang et al. (2019) 
further proposed the trend surface analysis-based multipath 
hemispherical map (T-MHM), and Lu et al. (2021) tested 
its performance in precision point positioning. In addition, 
Wang et al. (2020) proposed the multipoint hemispherical 
grid model (MHGM), which uses the double-differenced 
(DD) carrier phase observation residuals to model the mul-
tipath error. This method is applicable to different GNSS 
systems, different satellite constellations and various exist-
ing data processing modes of GNSS network solution.

Generally, we consider that the multipath effect is caused 
by the direct and reflected or diffraction signals of satellite 
entering the receiver antenna together. However, in densely 
built area or other complex environments with serious block-
ing, satellite signal that cannot be received directly due to 
obstructions can also enter the receiver antenna indepen-
dently through reflection or diffraction, which is called non-
line-of-sight (NLOS) signal (Bradbury et al. 2007; Groves 
and Adjrad 2017). On the one hand, the NLOS signal has 
different signal characteristics from multipath effect. Mul-
tipath effect is generated by the superposition of direct, 
reflected and diffraction signals, while NLOS signal does 
not contain direct signal (Hsu 2018).

On the other hand, NLOS signal has different ranging 
error from multipath effect. The multipath error might be 
positive or negative (Groves and Adjrad 2017). For pseudor-
ange observation, the reflected signal distorts the code corre-
lation process in the receiver, and the resulting ranging error 
can be up to half a code chip (Bradbury et al. 2007). For the 
carrier phase observation, multipath effect offsets the carrier 
phase through the additional path delay of the reflected sig-
nal, and the theoretical maximum ranging error could reach 
one-fourth of the carrier wavelength (Hofmann-Wellenhof 
et al. 2008). However, the pseudorange measurement error 
caused by NLOS signal is always positive and equals to the 
additional path length of the reflected signal compared with 
the blocked direct signal, which usually ranges from several 
meters to tens of meters (Jiang and Groves 2014). For the 
ranging error of NLOS carrier signal, some researchers said 
that it is similar to the NLOS pseudorange error (Groves and 
Jiang 2013), but there is little research on it at present.

In order to detect and mitigate the NLOS signal recep-
tion, researchers have proposed many different methods. As 
a hardware-based approach, the dual-polarization antenna 
technique (Jiang and Groves 2014) combines coaxial right-
hand circularly polarized (RHCP) and left-hand circularly 

polarized (LHCP) sensitive antennas. By comparing the out-
put measurements of the two types of antennas, the dual-
polarization antenna can distinguish NLOS signal, multipath 
signal and pure direct signal effectively. However, depending 
on special hardware equipment, dual-polarization antenna 
technique is not a universal method. In terms of data pro-
cessing algorithms, the consistency checking (Groves and 
Jiang 2013) is a method to detect NLOS and multipath sig-
nals based on the consistency among observations, which 
needs no additional hardware. When most signals are 
received through the direct path, the NLOS and multipath 
signals can be successfully detected by consistency check-
ing method. However, in the densely built area with serious 
NLOS signal reception and multipath interference, consist-
ency checking method will become unreliable. In addition, 
Hsu et al. (2015) proposed that the vector tracking algorithm 
can also mitigate the influence of NLOS and multipath sig-
nals, and tested its performance under the situation of long-
path-delay NLOS signal reception. The vector tracking algo-
rithm combines tracking GNSS signals with calculating the 
user positions, which is suitable for both static and dynamic 
scenes, but they only tested NLOS pseudorange signal.

With the rapid development and wide application of three-
dimensional (3D) building models, they are increasingly 
used to assist navigation and improve positioning accuracy 
in densely built area. 3D building models combined with 
user’s location can determine satellite visibility, which can 
be used to detect NLOS signal reception. However, mem-
ory space required to store the massive data of 3D build-
ing models, and the huge amounts of calculation consumed 
by testing satellite visibility frequently, makes it difficult to 
be applied in practice. Wang et al. (2012, 2013) proposed 
building boundary method for determining satellite visibil-
ity: According to 3D building models and user’s location, 
generate the building boundaries from user’s perspective in 
advance, which are expressed by the elevation angle of the 
building edge at each azimuth. Therefore, satellite visibility 
can be determined by comparing the elevation angle of the 
satellite with building boundary at the same azimuth. The 
building boundary method significantly reduces the large 
storage space and calculation, which is required by using 
the original data of 3D building models directly. However, 
if there is space below the building boundary that allows 
satellite signal to pass through, such as overhead bridge, arch 
and other building structures, the building boundary method 
may not predict satellite visibility correctly.

Although NLOS signal reception is gradually regarded as 
one of the error sources which cannot be ignored in GNSS 
positioning, at present, most studies on NLOS signal are 
about pseudorange observations. In the GNSS position-
ing at the centimeter to millimeter range, the NLOS signal 
reception may lead to significant errors, and its error charac-
teristics are different from multipath. However, the current 
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multipath error mitigation methods for carrier phase obser-
vations do not effectively distinguish multipath and NLOS 
signals.

We focus on improving the accuracy of GNSS data pro-
cessing by optimizing the multipath error mitigation method. 
First, the method for detecting NLOS carrier signal at the 
static station by 3D environment data is proposed. After-
ward, we propose two improved strategies based on the 
original MHGM, i.e., strategy 0: eliminating NLOS sig-
nal or reducing its weight. Then we introduce the experi-
mental design. In the experiment part, we evaluate the 
MHGM's reduction effects on DD carrier phase residuals, 
and compare the accuracy difference between multipath and 
NLOS observations after using MHGM. In the positioning 
test, we compare the two improved strategies with strategy 
0, to test the effectiveness of the multipath error mitigation 
methods we proposed. Finally, some conclusions and sug-
gestions are summarized.

NLOS carrier signal detection by 3D 
environment data

Referring to the building boundary method, we transform 3D 
environment data to the hemisphere of the static station for 
presentation. Based on this, we can determine satellite visi-
bility and detect the NLOS carrier signal. The hemisphere at 
the station is established with the phase center of the antenna 
as the origin and is divided into grids according to the azi-
muth and elevation angles. The azimuth angle range of the 
hemisphere is set from 0° to 360°, and the elevation angle 
range is set from E0 to E1, where E0 is generally set as the 
satellite cutoff elevation angle. For the hemispherical grid, 
the division intervals of azimuth and elevation angles are 
set to dA and dE, respectively, which indicate the density of 
the grid division. An example of the grid division of a hemi-
sphere is given below (E0 = 20°, E1 = 80°, dA = dE = 20°).

In order to obtain the 3D environment data around the 
station, including buildings, trees and other objects that may 
block satellite signals, techniques such as close-range pho-
togrammetry and 3D light detection and ranging (LiDAR) 
can be used. Taking 3D LiDAR as an example, it collects 3D 
environment data in the form of point cloud. According to 
the coordinate of a laser point, we can calculate its azimuth 
and elevation angles at the station, and map it to the cor-
responding grid cell of the hemisphere as shown in Fig. 1. 
Then the number of laser points mapped to each grid cell 
is recorded and expressed as N. Due to the limitation of 3D 
LiDAR itself, the influence of the measurement environment 
and other factors, the point cloud inevitably has noise points 
(Deng et al. 2016). In order to avoid the influence of noise 
points on determining satellite visibility, we set an empirical 
value N0 as the minimum threshold for the number of laser 

points, to judge whether there are obstructions in the direc-
tion of the grid cell, which is indicated by gray and white 
colors as shown in Fig. 1.

Figure 2 further shows the specific details of detecting 
NLOS signal by transforming 3D environment data to the 
hemisphere of the station. First the azimuth and elevation 
angles of the satellite is calculated according to its coordi-
nate, then its position on the hemisphere can be determined. 

Fig. 1   An example of the grid division of a hemisphere. All the 
grid cells are filled with gray or white to indicate whether there are 
obstructions in the corresponding directions

Fig. 2   Detecting NLOS signal by transforming 3D environment data 
to the hemisphere of the station
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If the number N of laser points in the direction of corre-
sponding grid cell is fewer than N0, it indicates that there is 
no obstruction in the grid cell’s direction (white grid cell, 
as shown in Fig. 2), which means that the satellite signal 
contains direct signal. Conversely, if the number N of laser 
points is greater than N0, it indicates that there are obstruc-
tions in the grid cell’s direction (gray grid cell, as shown 
in Fig. 2), which means that the satellite signal is NLOS 
signal. For the hemispherical grid in this section, its division 
intervals dA and dE are determined according to the number 
of laser points and surrounding obstructions and can be dif-
ferent from the MHGM in the next section.

Multipath error mitigation method 
considering NLOS signal

As mentioned in Introduction, we further process the NLOS 
signal based on the MHGM. Therefore, it is necessary to 
introduce the principle of MHGM in detail. After that, the 
improved multipath error mitigation method strategies con-
sidering NLOS signal are presented.

Multipoint hemispherical grid model

Assuming that the multipath effect is caused by a single 
reflected signal, the error M of carrier phase observation can 
be described by the following formula (Elosegui et al. 1995)

where λ is the wavelength of satellite signal, α is the attenu-
ation coefficient of the reflected signal, H is the antenna 
height and ε is the incident angle of reflected signal. Accord-
ing to Eq. (1), for the satellite signal with certain wavelength, 
the multipath error depends on the attenuation coefficient 
and the spatial relationship among satellite, receiver antenna 
and reflector. In other words, if the receiver antenna and 
surrounding observation environment remain unchanged, 
the multipath errors caused by different satellite signals of 
the same frequency only depend on their positions in the 
sky, but have nothing to do with the observation time or a 
specific satellite.

Based on the characteristics of the multipath error in 
the spatial domain described above, Wang et al. (2020) 
proposed the MHGM. The MHGM is also established on 
the hemisphere at the station, with the phase center of the 
antenna as the origin. Unlike the grid division scheme in 
the above section, the MHGM sets the model parameters at 
the grid points, representing the multipath errors caused by 
the satellite signals with the azimuth and elevation angles 
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corresponding to the grid points. Taking satellite j and sta-
tion m for an example, satellite j is projected on the hemi-
sphere at station m along its signal propagation direction, 
and its elevation and azimuth angles are (E, A). Further-
more, the spatial relationship between the pierce point of 
satellite j and the adjacent grid points is determined, while 
the grid points adjacent to the pierce point may be four or 
three as shown in Fig. 3. According to the plane interpola-
tion method, the multipath error Vj

m of satellite j at station m 
can be described by the model parameters at adjacent grid 
points.
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Similarly, if the pierce point of satellite j has three adja-
cent grid points, as shown on the part within blue dashed 
line in Fig. 3, it is assumed that the model parameters of the 
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Fig. 3   Distribution of the hemispherical grid points. The multipath 
error Vj

m can be expressed by the model parameters of four or three 
adjacent grid points
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and azimuth angles of them are (E1, A1), (E2, A2) and (E2, 
A3), respectively. According to the bilinear interpolation 
method, the multipath error Vj

m of satellite j at station m can 
be expressed as:

where u =
(A−A1)(E2−E)−(E−E1)(A3−A1)

(E2−E1)(A2−A3)
, v =

(A2−A1)(E−E1)−(E2−E1)(A−A1)

(E2−E1)(A2−A3)
.

In order to eliminate other errors in GNSS carrier phase 
observations, we chose the DD observation model. Taking 
stations m, n and satellites j, k for an example, making differ-
ence between observations at stations m and n can eliminate 
satellite clock error, most of the satellite orbit, ionospheric 
and tropospheric errors, while making difference between 
observations of satellites j and k can further eliminate the 
receiver clock error. Therefore, we consider that the DD 
carrier phase observation residuals in the ambiguity-fixed 
periods only contain multipath errors, NLOS signal errors 
and observation noises. We call these residual errors as mul-
tipath error collectively.

According to Eq. (2) or (3), the multipath error Vj
m of 

satellite j at station m is described by the model parameters 
of adjacent grid points. Similarly, the other three multipath 
errors of satellite j and k at station m and n are generated, 
then the DD residual s can be expressed as:

According to the above observation equation, using the DD 
residuals of different periods, satellites and stations, the 
model parameters at all grid points are solved by least-square 
estimation. When applying MHGM, use the model parame-
ters of adjacent grid points to calculate the multipath error of 
the satellite at the station, and then, correct the observation.

Improved strategies of multipath error mitigation 
considering NLOS signal

As mentioned in the above section, for the DD carrier phase 
observation in the ambiguity-fixed period, we use 3D envi-
ronment data to detect whether its original observations are 
NLOS signals. Based on this, we can classify the DD obser-
vations and then compare the root mean square (RMS) of 
various DD residuals (see the section of error characteristics 
analysis for more details). The test results show that: After 
using MHGM, the RMS of DD residuals with NLOS signals 
is significantly reduced, but still higher than that without 
NLOS signals, which means that the accuracy of NLOS 
observation is still lower than that of multipath observa-
tion. We further evaluate the accuracy difference between 
NLOS and multipath observations, and then calculate the 
scale factor k between them according to the propagation 
of uncertainty.
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Therefore, based on the original MHGM, i.e., strategy 
0, we propose the following two improved strategies: Strat-
egy 1: By eliminating the NLOS observations, do not allow 
them to participate in multipath error modeling and sub-
sequent GNSS data processing. Strategy 2: According to 
the scale factor k, appropriately reduce the weight of NLOS 
observations in GNSS data processing. In the positioning 
test section, we compare the two improved strategies with 
strategy 0 to verify the effectiveness of the proposed mul-
tipath error mitigation methods. In addition, the method of 
detecting NLOS signal by 3D environment data is not lim-
ited to MHGM, but also applicable to SF, MHM and other 
multipath error mitigation methods.

Experimental design

We set up two stations A and B on the top floor of the Aca-
demic Experiment Building at Wuhan University. Two metal 
baffles were mounted in the northwest and southeast of sta-
tion A, to simulate a strong multipath and NLOS environ-
ment. Station B was in the normal condition, and the mul-
tipath effect and NLOS signal reception were very weak. 
The observation environments of stations A and B are shown 
in Fig. 4, and the hardware specifications of them used in the 
experiment are shown in Table 1.

During days 15–30 of 2021, the carrier phase observation 
data of GPS, BDS and Galileo systems for 16 days were 
collected at stations A and B, with the sampling interval 
of 1 s. The antennas of the two stations and the surround-
ing environment remained unchanged. Again, theoretically, 

Fig. 4   Observation environments of stations A and B

Table 1   Hardware specifications of stations A and B

Station A B

Receiver Septentrio PolaRx5TR PANDA PD318
Antenna HG-GOYH7151 Trimble TRM55971.00
With baffles or not Yes No
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different satellite signals with the same frequency from the 
same hemispherical position generate same multipath errors 
at the static station (Dong et al. 2016). According to the 
frequency setting of GNSS, the frequencies of GPS’s L1 
and Galileo’s E1 signals are both 1575.420 MHz, so these 
observations can be used together to establish the MHGM. 
In addition, BDS’s B1 frequency is 1561.098 MHz and very 
close to them, so it is also taken into account (Tang et al. 
2021).

The Positioning and Navigation Data Analyst (PANDA) 
software is used for data processing, which is the IGS Anal-
ysis Center software platform. Under the data processing 
mode of GNSS network solution of PANDA software, the 
DD observation residuals of different periods, satellites and 
stations are obtained and used for modeling the MHGM. 
The models and parameters used in the data processing are 
listed in Table 2.

We set up a FARO 3D LiDAR on the top of the building 
and collected the environment data around station A from 
different angles as shown in Fig. 5. The original laser point 

cloud is in the space rectangular coordinate system, which 
is defined by the 3D LiDAR.

By collecting coordinates of the feature points and using 
the seven-parameter coordinate transformation method, the 
laser point cloud was converted to the topocentric coordinate 
system. According to the method of detecting NLOS carrier 
signal by 3D environment data, we mapped the laser points 
to the hemisphere of station A and recorded the number of 
laser points in each grid cell for detecting the NLOS signal. 
Here for the hemisphere of station A, set E0 = 0°, E1 = 89°, 
dA = dE = 1°, and set the minimum threshold N0 for the num-
ber of laser points to 5. The workflow diagrams of determin-
ing the obstructions around station using 3D LiDAR are 
shown in Fig. 6.

Analysis on error characteristics of multipath 
and NLOS signals

This section evaluates the MHGM’s reduction effects on DD 
carrier phase residuals first. Then we analyze the accuracy 
difference between multipath and NLOS observations after 
using MHGM. Finally, according to the accuracy differ-
ence between them, the strategies of improved MHGM are 
proposed.

Evaluation of MHGM’s reduction effects on DD 
carrier phase residuals

First we fix the coordinates of stations A and B and obtain 
the DD carrier phase residuals. For the MHGM in this 
experiment, the elevation angle range is set from 5° to 85°, 
and the division intervals of azimuth and elevation angles 
are both set to 2°. Considering the different orbital repetition 
periods of satellites, we establish the MHGM based on the 
first 10-day observation data in this experimental period and 
use the last 6-day observation data for verification.

Under the condition with and without using MHGM, we 
calculate the DD residuals of each epoch in the ambiguity-
fixed periods, respectively. In order to evaluate the reduction 
effects of MHGM on multipath and NLOS errors, use the 
method of detecting NLOS carrier signal by 3D environment 
data, so as to detect whether the undifferenced observations 
of station A are NLOS signals; then, divide the DD obser-
vations into two categories: category A of DD observation 
with only multipath signals but without NLOS signals and 
category B of DD observation with both multipath signals 
and NLOS signals, and their residuals: category A of DD 
residual and category B of DD residual. Under the condition 
with and without using MHGM, we calculate the RMS of 
the above two categories of DD residuals, respectively, by 
days and divide the experimental period into modeling days 

Table 2   Models and parameters for data processing

Parameter Model

Signal frequency GPS L1 + BDS B1 + Galileo E1
Cutoff elevation 7 degrees
Estimator Least square method
Observation weight Satellite elevation
Phase center pattern igs14.atx
Tropospheric delay GPT2 + Saastamonien + GMF
Satellite clock Broadcast + Process
Satellite orbit Broadcast
Receiver clock Estimated + White noise
Station displacement Solid earth tide + Pole 

tide + Ocean tide loading
Terrestrial frame ITRF2020

Fig. 5   Collecting environment data around station A by 3D LiDAR
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(the first 10 days) and verification days (the last 6 days) for 
statistic as shown in Fig. 7.

Without MHGM, the RMS of category A of DD residuals 
is very stable in the experimental period, and its mean value 
is 10.0 mm, while the RMS of category B of DD residuals 
is unstable, and its mean value is 35.1 mm. It indicates that 
the magnitude of NLOS error is much larger than that of 
multipath error, and the numerical stability of NLOS error 
is weaker than that of multipath error. With MHGM, the 
mean RMS of category A of DD residuals is 3.1 mm, which 
is 68.6% lower than that without MHGM; the mean RMS 
of category B of DD residuals is 6.7 mm, which is 80.9% 
lower than that without MHGM. The experimental results 
show that MHGM can mitigate not only multipath error, but 
also most NLOS error.

The modeling results of MHGM at station A are shown in 
Fig. 8. Large areas with azimuth angles of about 70°–160° 
and 250°–330° show high model values, which is consistent 

with the orientation of the metal baffles mounted at station 
A as shown in Fig. 4. Theoretically, the direct signal of sat-
ellite cannot pass through the metal baffles, but there are 
observation residuals from these directions to participate 
in the modeling, and their model values are greater than 
0. This indicates that station A did receive NLOS signals 
and their errors are positive, which is consistent with the 
theoretical error characteristics of NLOS signal, and further 
proves that MHGM can model NLOS error. In addition, it is 
noted that the model values in the area with azimuth angle 
about 300° at the bottom of the metal baffle are negative, 
but there are no observations from these directions. This is 
because there are constraints among model parameters of 
adjacent grid points. Therefore, when solving the MHGM 
by the least-square estimation, these grid points will have 
abnormal estimation values. However, this basically does 
not affect the reduction effects of MHGM.

Fig. 6   Workflow diagrams of 
using 3D LiDAR to determine 
the obstructions around station
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Besides, Fig. 8 also displays the region of obstructions 
determined by 3D environment data in the form of dot 
matrix, to show the filtering effect of threshold N0 on laser 
points. The red dot matrix represents the region where the 
number of laser points is greater than the threshold N0, while 
the purple dot matrix represents the region where the num-
ber of laser points is fewer than the threshold N0. It should 
be noted that the dot matrix here only represents the region, 
but not the real laser points.

Accuracy difference between the multipath 
and NLOS observations after using MHGM

As shown in Fig. 7, after using MHGM, the RMS of category 
B of DD residuals is still higher than that of category A, which 
indicates that the accuracy of NLOS observation is still lower 
than that of multipath observation. Next according to the num-
ber of undifferenced NLOS signals of station A, category B of 
DD observations is further divided into the following two cat-
egories: category BI of DD observation with one NLOS signal 
and three multipath signals; and category BII of DD observa-
tion with two NLOS signals and two multipath signals. With 
MHGM, we calculate the RMS of category A, category BI and 
category BII of DD residuals, respectively, by days, and the 
results in modeling days are shown in Fig. 9.

With MHGM, the RMS of both category BI and category 
BII of DD residuals is higher than that of category A in the 
modeling days. The mean RMS of category A of DD residuals 
is 3.0 mm; and the mean RMS of category BI of DD residu-
als is 6.0 mm, which is about twice that of category A, while 
the mean RMS of category BII of DD residuals is 7.6 mm, 
which is about 2.5 times that of category A. Then according to 
the propagation of uncertainty, we quantitatively evaluate the 
accuracy difference between multipath and NLOS observations.

It is assumed that when the ambiguity is fixed and other 
errors are corrected (including using MHGM), the root mean 
square error (RMSE) of NLOS observations is still several 
times that of multipath observations, i.e.,

where mNLOS is the RMSE of NLOS observations; mmultipath 
is the RMSE of multipath observations; and k is the scale 

(5)mNLOS = k × mmultipath

Fig. 7   RMS of the two categories of DD residuals with and without 
MHGM

Fig. 8   Modeling results of MHGM at station A. Dot matrix represents the region of obstructions determined by 3D environment data
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factor that represents the accuracy difference between mul-
tipath and NLOS observations.

According to the propagation of uncertainty, the 
RMSE of category A of DD observations, namely mA, is 
expressed as:

And the RMSE of category BI of DD observations, namely 
mBI, is expressed as:

Similarly, the RMSE of category BII of DD observations, 
namely mBII, is expressed as:

We use the RMS of various observation residuals as the 
RMSE of these observations and obtain k ≈ 3.5 by combin-
ing Eqs. (6), (7) and (8). It means that after using MHGM, 
the RMSE of NLOS observations is still about 3.5 times that 
of multipath observations. In addition, it should be noted 
that the scale factor k obtained here is only applicable to 
describing the situation of station A.

Strategies of improved MHGM

Considering the accuracy difference between multipath and 
NLOS observations, we propose two improved strategies 
based on strategy 0:

(6)mA = 2 × mmultipath

(7)mBI =

�

3 × m2
multipath

+ m2
NLOS

=
√

3 + k2 × mmultipath

(8)mBII =
√

2 + 2 × k2 × mmultipath

Strategy 1: In the modeling stage, the NLOS signals of sta-
tion A are detected and eliminated first. Only multipath obser-
vation residuals are reserved for solving MHGM to improve its 
accuracy and effectiveness. In the GNSS data processing stage, 
NLOS observations are also detected and eliminated first, and 
then use the MHGM without NLOS signals to correct other 
multipath observations. The workflow diagram of strategy 1 is 
displayed in Fig. 10a.

Strategy 2: In the modeling stage, use all DD observation 
residuals in the ambiguity-fixed periods to establish MHGM. 
In the GNSS data processing stage, use MHGM to correct all 
observations first, and then, detect the NLOS signals at station 
A. After using MHGM, the RMSE of NLOS observations is 
still k times that of multipath observations, which indicates that 
the variance of NLOS observations is k2 times that of mul-
tipath observations. Therefore, based on the original method 
of determining weight by the elevation angle, the weight of 
NLOS observations is reduced to 1∕k2 ≈ 0.08 of the previous 
one, while multipath observations keep their original weight. 
The workflow diagram of strategy 2 is displayed in Fig. 10b.

Positioning test

We use the observation data in modeling days to establish 
MHGM. Strategies 0 and 2 use the same MHGM as that in the 
MHGM’s reduction effects evaluation section, while strategy 
1 use the MHGM without NLOS signals, and other settings 
are the same. The observations of GPS, BDS, Galileo systems 
and L1/B1/E1 frequencies in extrapolation days are used for 
positioning test under the real-time kinematic (RTK) process-
ing mode. Station A is set as the rover station and station B as 
the reference station, and the interval of positioning solution is 
set as 1 s. First we calculate the coordinates of station A under 
the above three strategies by days and take the average coor-
dinates as the reference values. Then we solve the positioning 
results of station A under RTK mode and calculate the coordi-
nate errors in the north, east and up directions. The RMSE of 
positing results in each direction is calculated in days as shown 
in Fig. 11.

Compared with strategy 0, the RMSE of station A under 
strategies 1 and 2 is generally reduced. In the extrapolation 
days, only the RMSE under strategy 1 in the north and east 
directions on day 26 is slightly higher than that under strategy 
0. The mean RMSE under strategy 0 in the north, east and up 
directions is 1.33 mm, 1.42 mm and 4.92 mm, respectively; the 
mean RMSE under strategy 1 in the north, east and up direc-
tions is 1.20 mm, 1.25 mm and 4.37 mm, and improved by 
9.7%, 10.7% and 11.0%, respectively, compared with strategy 
0; the mean RMSE under strategy 2 in the north, east and up 
directions is 1.14 mm, 1.18 mm and 4.04 mm, and improved by 
14.2%, 16.2% and 17.3%, respectively, compared with strategy 
0. In general, the improvements of mean RMSE under strategy 
2 are higher than that under strategy 1.

Fig. 9   RMS of the three categories of DD residuals with MHGM
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The statistical results shown in Fig. 11 are based on GPS, 
BDS and Galileo observations, and the number of available 
satellites is sufficient. In addition, we also concern about the 
performance of strategies 1 and 2 with fewer available satel-
lites. Therefore, with the GPS-only, BDS-only and GPS plus 
BDS observations, the mean RMSE under the above three 
strategies is calculated in the horizontal and vertical directions, 
respectively. Under different satellite systems, we calculate the 
improvements of mean RMSE under strategies 1 and 2 com-
pared with strategy 0 and the mean number of available satel-
lites in each epoch.

As shown in Table 3, with GPS, BDS and Galileo observa-
tions, the mean number of available satellites in each epoch is 
32.8. Compared with strategy 0, the improvements of strategy 
1 in the horizontal and vertical directions are about 10%, while 
the improvements of strategy 2 are about 15–17%. With GPS 
plus BDS, BDS-only and GPS-only observations, the mean 

numbers of available satellites are reduced to 27.4, 19.0 and 
8.4, respectively, and the improvements of strategies 1 and 
2 are also reduced. Among them, strategy 1 has no obvious 
improvements and even performs worse than strategy 0. Espe-
cially with the GPS-only observation, the mean RMSE under 
strategy 1 in the horizontal direction is 27.7% higher than that 
under strategy 0. This shows that with multiple satellite sys-
tems, strategy 1 has a certain improvement compared with 
strategy 0; however, with fewer satellite systems, strategy 1 of 
eliminating NLOS signals may lead to poor satellite geometry 
and cannot improve effectively (Groves and Jiang 2013; Xin 
et al. 2022). With observations of double systems or single 
system, the improvement of strategy 2 in the horizontal direc-
tion is reduced to about 5–8%, while the improvement in the 
vertical direction still remains 10–15%. This indicates that 
compared with strategy 1, strategy 2 of reducing the weight of 
NLOS signals is more robust.

Fig. 10   Workflow diagrams of the two strategies of improving the MHGM. Strategy 1 eliminates the NLOS signals, while strategy 2 reduces 
their weight
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Conclusion

NLOS signal has different error characteristics from multipath 
and may lead to significant errors in the GNSS positioning at 
the centimeter to millimeter range. However, the current mul-
tipath error mitigation methods for carrier phase observations 

do not effectively distinguish multipath and NLOS signals. 
We collected the environment data around a static station and 
mapped it to the hemisphere of the station so as to detect the 
NLOS carrier signal.

The experimental analysis in the section of error char-
acteristics analysis indicates that: Without using MHGM, 
the magnitude of NLOS error is much larger than that of 
multipath error, and the numerical stability of NLOS error 
is weaker than that of multipath error. With MHGM, the 
RMS of observation residuals with only multipath sig-
nals is reduced by 68.6%, while the RMS of observation 
residuals with NLOS signals is reduced by 80.9%. It shows 
that the MHGM can mitigate not only multipath error, but 
also most NLOS error. In addition, the modeling results 
of MHGM indicate that the NLOS error is positive, which 
is consistent with the theoretical error characteristics of 
NLOS signal.

After using MHGM, the accuracy of NLOS observa-
tions is still significantly lower than that of multipath 
observations. According to the propagation of uncertainty, 
we solve the accuracy difference between multipath and 
NLOS observations of station A, which is expressed as 
scale factor k, and propose two improved strategies based 
on strategy 0: strategy 1 of eliminating NLOS signal and 
strategy 2 of reducing its weight.

In the positioning test section, we solve the kinematic 
positioning results under different strategies and evaluate 
the improvements of strategies 1 and 2 compared with 
strategy 0. With multiple satellite systems, the improve-
ments of strategy 1 in the horizontal and vertical direc-
tions are about 10%, while the improvements of strategy 
2 are about 15–17%. With fewer satellite systems, strategy 
1 of eliminating NLOS signals may lead to poor satellite 
geometry and cannot improve effectively, while strategy 
2 of reducing the weight of NLOS signals is more robust. 
Since the strategy 2 can always improve the effectiveness 
of MHGM under the condition of different satellite sys-
tems in our test, it is more recommended.

Fig. 11   RMSE of kinematic positioning results of station A in three 
directions

Table 3   Improvements of mean 
RMSE under strategies 1 and 
2 compared with strategy 0 
and mean number of available 
satellites under different satellite 
systems

Satellite systems Strategy Improvements of mean RMSE com-
pared with strategy 0

Mean number of 
available satel-
lites

Horizontal direc-
tion (%)

Vertical direction 
(%)

GPS + BDS + Galileo Strategy 1 10.3 11.0 32.8
Strategy 2 15.2 17.3

GPS + BDS Strategy 1 1.2 2.1 27.4
Strategy 2 8.2 11.3

BDS Strategy 1 1.0  − 1.4 19.0
Strategy 2 4.7 11.9

GPS Strategy 1  − 27.7  − 1.3 8.4
Strategy 2 7.0 14.3
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The multipath error mitigation method we proposed is 
temporarily not applicable to the dynamic scenes. However, 
in static environments which need continuous observation and 
may have serious obstructions, such as dams and bridges, it can 
help to obtain real-time deformation information of millimeter 
level through kinematic positioning.
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