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Abstract: The BeiDou Navigation Satellite System (BDS) features a heterogeneous constellation so
that it is difficult to mitigate the multipath in the coordinate-domain. Therefore, mitigating the
multipath in the observation-domain becomes more important. Sidereal filtering is commonly used
for multipath mitigation, which needs to calculate the orbit repeat time of each satellite. However,
that poses a computational challenge and damages the integrity at the end of the multipath model.
Therefore, this paper proposes a single-difference model based on the multipath hemispherical map
(SD-MHM) to mitigate the BDS-2/BDS-3 multipath in a short baseline. The proposed method is
converted from double-difference residuals to single-difference residuals, which is not restricted
by the pivot satellite transformation. Moreover, it takes the elevation and the azimuth angles of
the satellite as the independent variables of the multipath model. The SD-MHM overcomes the
unequal observation time of some satellites and does not require specific hardware. The experimental
results show that the SD-MHM reduces the root mean square of the positioning errors by 56.4%,
63.9%, and 67.4% in the east, north, and vertical directions; moreover, it contributes to an increase in
the baseline accuracy from 1.97 to 0.84 mm. The proposed SD-MHM has significant advantages in
multipath mitigation compared with the advanced sidereal filtering method. Besides, the SD-MHM
also features an excellent multipath correction capability for observation data with a period of more
than seven days. Therefore, the SD-MHM provides a universal strategy for BDS multipath mitigation.

Keywords: BDS; multipath mitigation; single-difference residuals; multipath hemispherical map;
advanced sidereal filtering

1. Introduction

The BeiDou Navigation Satellite System (BDS) has completed the “three-step” strat-
egy [1]. BDS can provide real-time, convenient, and high-precision services for global users
in the positioning [2], navigation [3], and timing [4]. Short-distance relative positioning
is a crucial application module of BDS high-precision positioning service. Moreover, the
BDS positioning accuracy is equivalent to the GPS in relative positioning [5]. However,
the multipath is the primary error source that limits the high-precision application of
relative positioning and prevents it from reaching mm or higher level. Since the multi-
path is challenging to be parameterized, it is difficult to eliminate its influence using the
double-differenced technique. BDS has three different orbit types: the geostationary orbit
(GEO), the inclined geostationary orbit (IGSO), and the medium Earth orbit (MEO) [6].
Therefore, the multipath processing strategy will be more complicated than the Global
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Navigation Satellite System (GNSS) of the same orbit type, such as GPS and Galileo (except
GLONASS, which is the frequency division multiple access). The existing work for BDS
multipath mitigation is mainly based on the time-domain correlation and few studies have
focused on the BDS multipath spatial-domain correlation, especially the related studies on
BDS-2/BDS-3 multipath mitigation.

The multipath processing methods can be divided into hardware- and software-based
methods. The hardware-based methods mainly improve the receiver antenna [7–9], which
partially mitigate the multipath. However, the cost is high if these devices are widely
used. The software-based approaches consist of four categories. The first category is the
improved stochastic model [10–12]; these methods reduce the influence of multipath based
on the statistical significance of the observations. However, the multipath still exists in the
positioning results. The second category is the time–frequency analysis, such as wavelet
analysis [13], Vondrak filtering [14], and empirical mode decomposition with component
analysis [15]. However, these methods are only suitable for post-processing. The third
category is based on the multi-antenna solution, such as array antennas [16] and dual-
polarized antennas [17]. The hardware equipment is complicated, and it is difficult to fit
a complex environment with multipath effects. The last category is based on multipath
spatiotemporal correlation, which is also a current hot research topic. The modeling based
on multipath spatiotemporal correlation requires the environment and the position of
the receiver to be in a relatively stable situation. Therefore, these methods can be used
for mitigating the multipath in real-time. Sidereal filtering (SF) is a widely-used method
to model the historical multipath [18–21]. The SF applies the multipath time-domain
correlation to mitigate the multipath.

The GPS constellation in space repeats nearly a sidereal day (23 h 56 min 4 s), and
the satellite orbit types are the same. Various GPS multipath mitigation studies have
been conducted in the coordinate-domain and the observation-domain [22]. However,
the BDS features heterogeneous constellation, and the constellation operating periods are
complicated. Therefore, the BDS multipath mitigation method in the coordinate-domain
will no longer be applicable, and the multipath mitigation can only be performed in
the observation-domain. Based on the multipath correlation, the observation-domain
multipath mitigation methods can be categorized into two groups: (1) Time-domain
correlation-based. Ye et al. [23] converted the double-difference residuals to the single-
difference residuals based on the “zero mean” assumption and used the advanced side-
real filtering (ASF) method to effectively mitigate the multipath of the BDS-2 satellites.
Zhang et al. [24] proposed the pre-processing single-difference residuals based on Kalman
and Rauch–Tung–Striebel Smoother filters and mitigated the multipath by the ASF. How-
ever, mitigating the multipath based on time shift has restrictions, such as “end effect”
and inconsistent observation time. (2) Spatial-domain correlation-based. Dong et al. [25]
applied the dual-antenna receiver with a common clock to establish the single-difference
observation equations and constructed a multipath hemispherical map (MHM) using the
correlation of GPS satellites spatial-domain multipath. The MHM was not limited by the
time shift of each satellite orbit repeat time (ORT) and only needed to calculate the current
satellite position to directly mitigate the multipath, which improved the efficiency and
the positioning accuracy. Wang et al. [26,27] considered that the satellite tracks were not
strictly repeated and proposed a trend surface analysis-based multipath hemispherical
map that effectively mitigated the GPS multipath. Moreover, the correlation of satellite
spatial-domain multipath has been applied in precision point positioning [28] and dy-
namic relative positioning [29] to mitigate the multipath. Although the single-difference
residuals can conveniently establish a multipath model, the conventional receivers cannot
eliminate the receiver clock error, which makes it challenging to make the single-difference
observation equations.

Alber et al. [30] proposed the “zero mean” assumption that has been applied to GPS
and BDS multipath mitigation based on SF [31,32]. The “zero mean” assumption solved
some influencing factors of modeling the double-difference residuals for multipath mitiga-
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tion. Therefore, the multipath spatial-domain correlation and the “zero mean” assumption
are combined in this paper, and the SD-MHM method based on the single-difference resid-
uals and MHM is proposed to mitigate the BDS-2/BDS-3 multipath that is suitable for the
conventional receivers. The proposed method reconstructs the double-difference residuals
into single-difference residuals and implements multipath mitigation on each BDS satellite.
Real field data were used in the experiments and the results suggest that the proposed
SD-MHM method outperforms other state-of-the-art methods in mitigating the multipath
and improving the positioning accuracy.

This paper is organized as follows. In Section 2, the specific steps of building a single-
difference multipath model are described; moreover, the ASF and SD-MHM are introduced.
The orbital repeat time of BDS satellite is displayed in Section 3. The experiments and
results are analyzed in Section 4. A discussion is made in Section 5. Section 6 gives
the conclusions.

2. BDS Multipath
2.1. Multipath Extraction

For short baseline positioning, the double-difference observation equations can be
established to eliminate or significantly reduce various errors such as orbit error, receiver
and satellite clock errors, tropospheric delay, and ionospheric delay using the double-
differenced technique. However, multipath is only related to the geometric relationship
of the receiver, reflection, and satellite positions. Since there is no correlation among
the stations, the double-differenced technique cannot mitigate the multipath. When two
stations receive n + 1 common-view satellites, there are n double-difference observation
equations of B1 carrier phase observations that can be expressed as:

λ∇∆Φip = ∇∆ρip + λ∇∆Nip +∇∆δmth +∇∆ε (1)

where λ is the wavelength of the B1 carrier phase; ∇∆ is the double-difference operator;
∇∆Φip,∇∆ρip,∇∆Nip,∇∆δmth , and∇∆ε are the carrier phase, the distance between satel-
lites and stations, the integer ambiguities, the multipath values after double-difference, and
the random noise, respectively; i denotes the ith satellite; and p denotes the pivot satellite.

To calculate the baseline vector conveniently, it is necessary to linearize the double-
difference observation equation. The linearized observation equation of the carrier phase
can be expressed as:

V = Ax + By− L (2)

where x is a 3× 1 order unknown baseline vector; y is the n× 1 order integer ambiguity after
double-difference; A and B are the design matrices of order n × 3 and n × n, respectively;
L is the n * 1 order the constant term of carrier phase; and V is the double-difference
residuals. In short baseline, the double-difference residuals are mainly the multipath and
the noise.

As shown in Equation (2), the multipath with noise can be obtained by determining
the baseline vector and the ambiguities of the linear observation equation. Therefore,
the fixed integer ambiguities are essential. According to the principle of the least-square
ambiguity de-correlation adjustment (LAMBDA) algorithm, fixing all the ambiguities is
not necessary for positioning, and it is almost impossible to fix all the ambiguities [33].
Moreover, the increase in the number of ambiguities increases will reduce both the search-
ing space and computational efficiency. Therefore, it is recommended to use the partial
ambiguity resolution (PAR) [34] to fix the integer ambiguities. The PAR has the advantages
of simplicity and a high success rate for fixing the ambiguities. Meanwhile, the search
space is reduced when there are many common-view satellites improving the operational
efficiency of ambiguities searching.
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The double-difference residuals can be obtained by first calculating the baseline vector
values and the integer ambiguities, and then substituting them into Equation (2). Under
the least square criterion, the solution of Equation (2) is expressed as:

min
{
‖ Ax + By− L ‖2

Q−1 , x ∈ R, y ∈ Z
}

(3)

where Q is the variance-covariance matrix of the baseline vector and integer ambiguity;
R is the real value of the baseline vector; and Z is the real value of the double-difference
integer ambiguities.

2.2. Single-Difference Multipath Modeling

The satellite with the maximum elevation angle is selected as the pivot satellite, which
can reduce the influence of the error term of the pivot satellite. The double-difference ob-
servation equation will frequently change the pivot satellite, making the double-difference
residuals more complicated. Moreover, the satellite ORT is not a constant, which results in
the inconsistent time nodes of the pivot satellite in the two revisit periods. Furthermore,
using the double-difference residuals as the multipath models will have many limiting
factors. Therefore, the double-difference residuals are converted into the single-difference
residuals using the transformation matrix, which follows the “zero mean” assumption
(∑ wisi

AB = 0). The reconstructed single-difference residuals can be expressed as:


s1

AB
s2

AB
s3

AB
· · ·
sn

AB

 =


∑ wisi

AB
dd12

AB
dd13

AB
· · ·

dd1n
AB




w1 w2 w3 · · · wn
1 −1 0 · · · 0
1 0 −1 · · · 0

· · ·
1 0 0 · · · −1


−1

(4)

where sn
AB are the reconstructed single-difference residuals; dd1n

AB are the extracted double-
difference residuals; and wi is the weight factor of the ith satellite observation that obeys
the elevation angle stochastic model wi = sin2(θ).

Once the double-difference residuals are converted to the single-difference residuals,
multipath modeling is performed on the single-difference residuals using ASF and SD-
MHM to mitigate the BDS multipath. Moreover, the multipath mitigation capabilities of
the two methods in BDS-2/BDS-3 are analyzed. Figure 1 shows the framework of the two
methods for multipath mitigation.

The multipath modeling process comprises three steps: (1) The average baseline
vector is calculated and substituted into the double-difference linear observation equation
to obtain the double-difference residual. (2) The double-difference residuals are converted
into single-difference residuals based on the “zero mean” assumption. (3) The single-
difference residuals are denoised based on a low-pass filter to complete the single-difference
modeling. The ASF modeling process first needs to calculate all satellite ORTs of the current
satellite constellation, and the single-difference model after denoising is time-aligned by
the time shift of ORT. Then, the aligned single-difference residuals are transformed into
the double-difference residuals to mitigate the multipath. The SD-MHM method requires
only the single-difference residuals of the current constellation into the grid corresponding
to the elevation angle and the azimuth angle. In the SD-MHM processing stage, the
elevation and the azimuth angles of the satellites are calculated, the nearest grid position
is searched based on the k-nearest neighbor (KNN) search [35], and the multipath model
of the corresponding position is obtained. Finally, the double-difference residuals are
transformed to mitigate the multipath in real-time.
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Figure 1. The framework of the ASF and SD-MHM construction and multipath mitigation.

3. Orbital Repeat Time of BDS Satellites

Multipath is related to the geometric relationship among the receiver, reflection source,
and satellite positions in a stable environment. It is necessary to consider the operating
period of the BDS satellite to calculate the ORT using the ASF method. Moreover, the
heterogeneous constellation of BDS has three orbit types, namely GEO, IGSO, and MEO,
and the operating periods of various satellites need to be considered separately. Among
the three types of orbits, the GEO and IGSO ORTs are approximately a sidereal day, and the
MEO ORTs are approximately seven sidereal days. Therefore, it is necessary to calculate
the time shift of the ORT for each satellite. As the orbit radius and the angular velocity
correction are given by the broadcast ephemeris, the angular velocity of the satellite at that
moment can be calculated as follows:

ω =
√

GM/a3/2 + ∆ω (5)

where ω and ∆ω are the angular velocity of the satellite and the correction parameter of the
angular velocity, respectively;

√
GM is the square root of the product of the gravitational

constant and the mass of the earth, and its value is 1.996498× 107; and a is the square of the
semimajor axis of the satellite orbit ellipse. Then, the operating period of the satellite can
be obtained based on the angular velocity of the satellite. The time shifts of the GEO/IGSO
and MEO satellite operating periods are:

∆TGEO/IGSO = 86, 400− 2π/ω (6)

∆TMEO = 7× 86, 400− 2π/ω (7)

This experiment was carried out based on the broadcast ephemeris from 3 July
2019, to 21 June 2020 (355 days) broadcast by the IGS Data Center of Wuhan University
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(ftp://igs.gnsswhu.cn/). Figures 2 and 3 show the calculated time shifts of the GEO, IGSO,
and BDS-2/BDS-3 MEO ORTs, respectively.
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Figure 2 shows that the calculated time shift at a different time of each day fluctuates
significantly, caused by tidal gravity. For IGSO, there is a significant time leap of approxi-
mately 50 s in the time shift of each satellite about every six months on average. Figure 3
delineates the time shifts of the MEO ORTs of BDS-2/BDS-3. Among them, the fluctuation
of the MEO time shift of BDS-2 is complicated and has a certain trend. The fluctuation of
the MEO time shift of BDS-3 is more regular, and it can maintain stable fluctuations around
1700 s.

The BDS satellites of different orbit types have different time shifts. The time shifts of
the same orbit type satellites are also different. Moreover, with the satellite operation time,
there is a significant change for the time shift. Therefore, it is necessary to calculate the
time shift of each satellite ORT while using the ASF in the observation-domain. Obviously,
this will limit the application of ASF in real-time.

ftp://igs.gnsswhu.cn/
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4. Experiments and Results
4.1. Data Collection

A short baseline experiment was conducted from day of year (DOY) 296 to 311, 2019,
on the roof of the School of Spatial Information and Geomatics Engineering, Anhui Uni-
versity of Science and Technology, China. The observation data of the BDS B1 signal were
collected using two continuously operating reference stations. The sampling frequency of
the observation data was 1 Hz, and the satellite cut-off elevation angle was 15◦. Figure 4
shows the observation environment around the stations. The two stations were close and
had no elevation difference. It can be considered that the double-differenced technique
eliminates atmospheric residuals. Therefore, the stations are only affected by the multipath
and the noise.
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For the ASF method, the ORT time shift of each satellite is used to model the multipath.
For the SD-MHM method, the DOY 296~302 residuals are used to model the multipath, the
full constellation period. Finally, the coordinates calculated by the long-term observation
data of the stations are used to evaluate the accuracy.

4.2. Single-Difference Residual Analysis

To qualitatively compare the multipath characteristics of the three types of satellites,
Figure 5 shows the C01/C11/C13/C29 single-difference residuals and the satellite elevation
and azimuth angles of DOY 296, 302, and 303. For GEO C01 and IGSO C13 separately, the
three-day single-difference residuals have high repeatability, and the elevation and the
azimuth series are highly coincident. Although DOY 296 has a longer time interval than
DOY 302 towards DOY 303, the single-difference residuals maintain repeatability. It can
be observed from MEO C11/C29 that the single-difference residuals of two adjacent days
are non-correlated, and the elevation and the azimuth angles are different. Moreover, for
satellite types with large changes in IGSO and MEO elevation angles, their single-difference
series are correlated with their elevation angles. For C13, as the pivot satellite at a certain
time, the single-difference series changes significantly but does not affect its repeatability.
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We first calculate the time shift of the ORT from the broadcast ephemeris to quanti-
tatively analyze the C01/C11/C13/C29 aligned single-difference series and the relevant
physical quantities after mitigating the multipath. Moreover, we calculate the correlation
coefficient between the multipath model that aligns the time shift and the target DOY
single-difference series. Finally, the multipath model is used to mitigate the multipath of
the target DOY. The statistical results are listed in Table 1. We observe that the correlation
coefficients of GEO C01 and IGSO C13 remain stable with a value greater than 0.92, and
the correlation coefficients do not decrease in the case of a long-time span. Moreover, the
single-difference series corrected by the multipath model have significant improvement in
RMS. The repetition time of the MEO ORT is approximately seven sidereal days. Therefore,
there is almost no correlation between the C11/C29 single-difference series of two adjacent
days. For DOY 296–303 and DOY 297–304, they have correlation coefficients above 0.848,
which are only one day apart. However, there is a difference in correlation coefficients
and corrected RMS. To analyze the multipath mitigation degree of each observed satellite
single-difference series based on the ASF method, Figure 6 shows the RMS of the orig-
inal single-difference series and their series with multipath mitigation for the DOY 303
observed satellite by the corresponding multipath model. Most of the observed satellites
can significantly mitigate the multipath based on ASF. However, in the background, the
multipath of C21 and C24 in the original series has not been effectively mitigated, which
is caused by the inconsistent observation time of the corresponding multipath models of
C21 and C24. Based on the ASF method, the phenomenon may affect the performance of
improving baseline accuracy.
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Table 1. The statistics of multipath mitigation for C01/C11/C13/C29.

Orbit
PRN

DOY 302–303 DOY 296–303 DOY 297–304

Time Shift
(s)

Correlation
Coefficient RMS (mm) RMS_M

(mm)
Time Shift

(s)
Correlation
Coefficient RMS (mm) RMS_M

(mm)
Time Shift

(s)
Correlation
Coefficient RMS (mm) RMS_M

(mm)

GEO C01 234 0.977 1.55 0.86 1645 0.983 1.54 0.75 1642 0.982 1.55 0.77
MEO-2 C11 — 0.097 1.69 — 1694 0.848 1.69 0.91 1696 0.948 1.37 0.44
IGSO C13 227 0.929 2.81 1.06 1603 0.928 2.81 1.05 1598 0.927 2.77 1.04

MEO-3 C29 — -0.086 1.89 — 1696 0.948 1.89 0.61 1698 0.898 1.71 0.8

Note: “Correlation coefficient” is calculated by aligning the time shift of the ORT. “MEO-2” means the BDS-2 MEO satellites. “MEO-3”
means the BDS-3 MEO satellites. “RMS_M” means the mitigated series by the ASF method.
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Figure 6. RMS of the original single-difference series and their series with multipath mitigation for
the DOY 303 observed satellite.

In the process of correcting the single-difference series of each satellite based on the
multipath model, we find that some satellites still have incomplete multipath correction
after determining the time shift because the observation times of the two adjacent ORTs
of MEO satellites appearing in the sky are not the same. The SD-MHM method can
theoretically avoid the influence of this phenomenon. The SD-MHM model is established
using the BDS single-difference denoising residuals from DOY 296 to 302, as shown in
Figure 7a. Figure 7b shows the distribution of the single-difference residuals of each
satellite dynamically calculated by DOY 303 on the sky map. Although the reconstructed
single-difference residual value of the pivot satellite is distorted, the SD-MHM model and
the DOY 303 single-difference residuals have a high spatial-domain correlation, which does
not affect the accuracy of subsequent multipath mitigation in real-time. The spatial-domain
correlation of multipath can be used to model the three-dimensional environment.
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To explore and analyze the frequency domain characteristics of the series after mit-
igating the multipath, the DOY 303 C29 satellite is taken as an example, as shown in
Figure 8. Figure 8a shows the original single-difference residuals series, the ASF and
SD-MHM multipath models, and their mitigated series. In terms of the multipath model
trend, both are almost the same, and the series fluctuates at 0 after the mitigation. In
addition, it is necessary to analyze these two methods to mitigate the characteristics of the
series after multipath in the frequency domain. For the power spectral density shown in
Figure 8b, the low-frequency signal dominates the signal component of the original series.
After the mitigation by ASF and SD-MHM, both can effectively mitigate the low-frequency
multipath. Moreover, the low-frequency power of the series after SD-MHM correction
is lower than that of ASF, and the mitigation effect on low-frequency multipath is better
than ASF.
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4.3. Results and Analysis

Figure 9 shows the solution sequence of the original baseline and the corrected baseline
series of ASF and SD-MHM. We find that the multipath affects the accuracy of the original
baseline, while both ASF and SD-MHM significantly mitigate the multipath. Except for
the background period, the ASF corrected result is consistent with SD-MHM. However,
in the background period, the series after ASF correction is still affected by the multipath.
Therefore, it is necessary to analyze the multipath model and satellite visibility. The
observation times of some satellites are different in the two ORTs. For example, the C21
and C24 observation times of DOY 296 and DOY 303 are different. Therefore, the ASF
method cannot mitigate the multipath in some satellites, and the corrected series remains
multipath. The SD-MHM method can ignore the impact of satellite operations. Based on
the multipath spatial correlation, the SD-MHM method can search for the multipath model
values of neighboring locations to mitigate the current multipath.

Dilution of precision (DOP) reflects the strength of satellite spatial geometry and
positioning accuracy. Figure 10a shows the DOP value, elevation angle and number of
visible satellites of DOY 303. Figure 10b shows the correction results of the coordinate
series in the east, north, and vertical directions obtained by the SD-MHM method. The
fluctuation of HDOP has almost no effect on the east and north directions. Moreover,
the series after the correction of the east and north directions fluctuates within 2 mm.
For the vertical direction, VDOP has a significant correlation with the vertical direction
correction series, which is more evident in the VDOP fluctuation, but it still performs well
in positioning accuracy. Furthermore, the average number of visible satellites per epoch is
12.5. It provides sufficient observation data for BDS positioning.
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Figure 11 shows that the proposed SD-MHM method is slightly better than ASF for
east, north, and vertical directions and the baseline positioning accuracy. For inconsistent
observation time of some satellites, the SD-MHM positioning accuracy is significantly
better than the ASF method. Among them, the nine-day average positioning accuracies of
the original coordinate series in the east, north, and vertical directions are 1.81, 2.49, and
8.70 mm, respectively. The positioning accuracies of the series corrected by ASF in the east,
north, and vertical directions are 0.88, 1.05, and 3.13 mm, and the positioning accuracy
improvement rates are 51.4%, 57.8%, and 64.0%, respectively. After correcting by SD-MHM,
the positioning accuracies of the series in the east, north, and vertical directions reach 0.79,
0.90, and 2.84 mm, and the positioning accuracy improvement rates reach 56.4%, 63.9%,
and 67.4%, respectively. The SD-MHM method is better than the ASF method for BDS
multipath mitigation. Moreover, the average accuracy of the original baseline is 1.97 mm.
The average accuracy after ASF and SD-MHM corrections are 0.95 and 0.84 mm, and the
average improvement rates are 51.8% and 57.4%, respectively. Notice that, for DOY 310 and
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311, the BDS constellation has repeated two ORTs compared to the established SD-MHM
multipath model, and the SD-MHM method still effectively mitigates the multipath.
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5. Discussion

A single-difference multipath hemispherical map is presented in this paper to improve
the accuracy of BDS-2/BDS-3 short baseline positioning by mitigating the multipath in
real-time. Considering the ORTs of the BDS MEO satellites are approximately seven
sidereal days, the consecutive seven-day residuals are established as a multipath model.
Moreover, since the spatial geometric structure of GEO is basically unchanged, partial
ambiguity resolution is used to improve the fixed ambiguity efficiency. The authors of [25]
proposed that multipath is spatially repetitive on the sky map. We use KNN to search for
the multipath value on the space position closest to the current satellite to avoid the null
value in the current satellite position caused by the slight orbit offset, which improves the
computational efficiency and the spatial resolution of multipath.

The sidereal filtering methods are applied in conventional receivers, which can only
use double-difference residuals or reconstructed single-difference residuals to mitigate
the multipath. These methods need to dynamically update the multipath model, which
will occupy a large amount of data memory and reduce the efficiency. Furthermore, when
there are hardware problems and data interruptions in the observation data, that will
seriously affect the solution results. However, the proposed method avoids all the above-
mentioned problems and provides the conventional receivers with a new solution for
multipath mitigation.
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6. Conclusions

This paper proposes a single-difference residual-based multipath hemispherical map
and focuses on dynamically mitigating the multipath errors in the single-frequency carrier
phase of BDS-2/BDS-3. The proposed method is not affected by the changeable time
shift of each BDS satellite ORT. Moreover, it can effectively and conveniently solve the
phenomenon of two inconsistent observation periods of some BDS-3 MEO satellites.

Comparing with the ASF method, the proposed method does not require the specific
time shift of each satellite ORT, which significantly improves the computational efficiency.
Moreover, with the update of the hardware supporting the BDS-3 signal, the visible
satellites of the BDS constellation will reach more than 40, and there will be lot of “end
effects” when calculating the timing shift of each satellite. The SD-MHM method reduces
the RMS of positioning errors by 56.4%, 63.9%, and 67.4% in the east, north, and vertical
directions, respectively. The average positioning accuracy increases from 1.81, 2.49, and
8.70 mm to 0.79, 0.90, and 2.84 mm, and the baseline accuracy increase from 1.97 to 0.84
mm. Moreover, the capability of the SD-MHM multipath mitigation is better than that of
ASF. SD-MHM still has excellent multipath mitigation capability for observation data with
a period of more than seven days.

It is worth mentioning that the applied BDS-3 satellites are only based on the constella-
tion of 12 MEO satellites (PRN: C19-C30). With the official opening of BDS-3 satellites and
the GNSS receiver boards updating, the number of observable satellites will increase signif-
icantly. The proposed method has reference significance for the BDS multipath mitigation
of conventional hardware receivers.
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