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ABSTRACT
Multipath error is one of the most critical error sources in GNSS precise-positioning applica
tions. Extracting accurate observational residuals is a fundamental and challenging task for 
constructing multipath corrections in a Precision Point Positioning Real-Time Kinematics (PPP- 
RTK) model. We proposed a novel multipath extraction method in UnDifferenced and 
UnCombined (UDUC) PPP-RTK framework. Instead of extracting multipath directly from UD 
residuals, our method first extracts inter-satellite Single-Difference (SD) residuals and then 
converts them to UD residuals. Additionally, we replace the fixed average position parameters 
used in traditional multipath modeling with trends that reflect the true deformation at the 
station, accommodating both stable and dynamic motion scenarios. Experimental results in 
real landslide scenarios demonstrate that the proposed method reduces the impact of receiver 
clock offset and other satellite ambiguity parameters on residual extraction and is suitable for 
both stable and dynamic motion conditions. Results from two reference networks with average 
spacings of 105 km and 214 km demonstrate that the proposed method achieved positioning 
accuracies of 1.1 cm, 1.2 cm, 3.2 cm in the east, north, up directions, and 1.0 cm, 1.3 cm, 3.3 cm, 
respectively. Compared to the traditional multipath extraction method that uses averaged 
position parameters, these results represent improvements of 15%, 14%, 20%, and 37%, 28%, 
23%, respectively.
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1. Introduction

The application of the Global Navigation Satellite 
System (GNSS) in deformation monitoring is wide
spread, such as deformation monitoring (Bock 1991), 
bridges (Qu et al. 2023), and buildings (Lovse et al.  
1995), due to the capabilities of GNSS in obtain real- 
time three-dimensional displacements under diverse 
weather conditions. Currently, deformation monitoring 
based on GNSS primarily utilizes Real-Time Kinematic 
(RTK) technology. Although this method can achieve 
high-precision results, its deployment model suffers 
from high costs, low utilization of reference stations, 
and an over-reliance on a single reference station, which 
limits its widespread application. While the Precise 
Point Positioning (PPP) and Network RTK (NRTK) 
technologies can overcome these issues, PPP struggles 
with positioning accuracy and convergence time 
(Kazmierski, Zajdel, and Sośnica 2020), and NRTK is 
sensitive to atmospheric modeling errors and has 
a heavy data communication burden (Cina et al. 2015).

To fully leverage the advantages of PPP and RTK 
technologies and overcome their limitations, PPP- 
RTK technology has been developed through the 

application of Ambiguity Resolution (AR) and atmo
spheric corrections to the PPP model (Teunissen, 
Odijk, and Zhang 2010; Wübbena, Schmitz, and 
Bagge 2005). This technology enables rapid AR with 
a single receiver by utilizing precise correction pro
ducts derived from ground reference networks, such 
as accurate satellite orbits and clock offset, iono
spheric, and tropospheric delays (Li, Zhang, and Ge  
2011), and Uncalibrated Phase Delay (UPD, Ge et al.  
2008).

Multipath remains one of the major challenges in 
high-precision PPP-RTK positioning applications. 
The mainstream methods for mitigating multipath 
are generally based on the use of the spatiotemporal 
repetitiveness of satellite orbits, including Sidereal 
Filtering (SF, Bock 1991; Elosegui et al. 1995) and 
Multipath Hemispherical Map (MHM, Dong et al.  
2016). The former is based on the temporal repeti
tiveness of satellites, while the latter (MHM) only 
relies on the satellites’ location repeatability in space. 
Bock (1991) first introduced the concept of SF in 
1991 and applied it for coordinate domain multipath 
mitigation. Ragheb, Clarke, and Edwards (2007) 
applied SF to the Double-Differences (DD) 
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observation domain. Zhong et al. (2010) converted 
DD residuals to inter-station Single-Differences 
(SD), establishing individual satellite multipath cor
rection models, which proved superior to the DD 
method. Geng, Jiang, and Liu (2017) analyzed the 
applicability of the SF model under PPP and success
fully mitigated multipath effects in both coordinate 
and carrier-phase residuals. The implementation of 
the SF involves the denoising process on coordinate 
sequences or observation residuals using digital fil
tering technologies, including low-pass filtering 
(Zhong et al. 2010), wavelet (Azarbad and Mosavi  
2014), Singular Spectrum Analysis (SSA)/ 
Multichannel-SSA (MSSA, Li et al. 2024), and their 
variants (Dai, Huang, and Cai 2014).

In contrast, the value of multipath correction in the 
MHM method, which is based on the spatial domain, 
is solely dependent on the satellite’s position and 
remains independent of individual satellite character
istics (Cohen and Parkinson 1991). Dong et al. (2016) 
compared MHM with SF/advanced SF methods and 
demonstrated that MHM may encounter difficulties 
when mitigating high-frequency multipath. Wang 
et al. (2019) developed a trend surface analysis-based 
MHM (TMHM) method for handling this. Zheng et 
al. (2019) and Lu et al. (2021) applied MHM and 
TMHM to the PPP model and analyzed their perfor
mance, demonstrating that TMHM further improves 
positioning accuracy and reduces convergence time 
compared to the MHM model. Gao et al. (2023) gen
erated a multipath correction model based on UD 
residuals in the PPP-RTK framework and successfully 
applied it for multipath mitigation at a bridge mon
itoring station.

Extracting accurate observation residuals from histor
ical data is crucial for establishing a high-precision multi
path correction model and achieving effective multipath 
mitigation (Chen et al. 2022). During the PPP AR process 
(Shu et al. 2024), incorrect ambiguity fixes for certain 
satellites are inevitable due to the varying difficulty in 
resolving ambiguities for different satellites (Ge et al.  
2008; Ogutcu et al. 2023). These errors affect the accuracy 
of UD residual extraction for all satellites as the estima
tion process progresses. Furthermore, since position 
parameters and multipath errors are inseparable 
(Kaloop et al. 2020; Wang et al. 2023), the position para
meters are precomputed and fixed by averaging results 
over multiple days during the multipath error extraction 
process (Atkins and Ziebart 2016; Choi et al. 2004; Geng 
et al. 2018). This approach is reasonable for static stations. 
However, for deformation monitoring stations, such as 
those on bridges or in landslide-prone areas, where con
tinuous deformation occurs, using average position para
meters introduces position errors into the observation 
residuals.

To address these deficiencies, we optimized the 
multipath extraction method in the PPP-RTK 

technique, aiming to improve the accuracy and 
robustness of the constructed multipath correction 
model. This development is based on recovering 
accurate UD residuals from inter-satellite SD resi
duals, effectively eliminating the influence of recei
ver clock offsets and ambiguity parameters between 
satellites on residual extraction. Furthermore, we 
proposed an effective and easy-to-implement multi
path extraction method specifically designed for 
dynamic monitoring scenarios. We evaluated the 
performance of our method in PPP-RTK deforma
tion monitoring using datasets collected from a real- 
world landslide site, which included both stable and 
moving monitoring points. The methods used to 
assess the accuracy of multipath extraction included 
SF, MHM, and TMHM. During the experiment, we 
successfully recorded the entire process of 
a landslide collapse event.

2. Methodology

This section begins by detailing the GNSS observation 
equations for the UnDifferenced and UnCombined 
（UDUC) model. Then, the AR method of UDUC 
PPP-RTK is described. Subsequently, the section out
lines two distinct methods for extracting UD residuals 
and a multipath extraction technique suitable for 
dynamic monitoring stations.

2.1. GNSS observation equations of the UDUC 
model

The linearized equations for GNSS code and phase 
observables are given below (Li et al. 2014; Odijk 
et al. 2016): 

where P and L represent pseudorange and carrier- 
phase observation values, respectively; s and r are 
satellite and station indexes, respectively; i repre
sents the carrier frequency (i ¼ 1; 2); ρ is the geo
metric distance form the satellite antenna-phase 
center to the receiver-phase center; c is the speed 
of light in vacuum; dtr and dts are the receiver 
clock offset and satellite clock offset, respectively; 
Tr and m are the tropospheric zenith wet delay and 
the corresponding mapping function, respectively; 
γi ¼

f 2
1

f 2
i 

is the ionospheric coefficient on frequency i; 
f is the frequency value; Is

r;1 is the slant ionospheric 
delay from the receiver to the satellite on frequency 
1; λi is the wavelength; Ns

r;i is the integer-phase 
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ambiguity; br;i (Br;i) and bs
i (Bs

i) are the pseudor
ange (phase) hardware delays of the receiver and 
satellite, respectively; MPPi (εPiÞ and MPLi (εLiÞ

denote the multipath errors (observation noise) 
for pseudorange and phase, respectively.

In UDUC PPP data processing, the satellite clock 
offset uses the ionospheric-free combined clock off
set product of the IGS. The precise clock offset 
includes the satellite pseudorange hardware delay 
deviation, which requires hardware delay correc
tion. At the same time, reparameterization para
meters often need to be estimated due to 
correlations between receiver clock offsets, satellite 
clock offsets, ionospheric delays, and hardware 
delay parameters for carrier phase and pseudorange. 
Furthermore, since the multipath and observation 
noise are difficult to be separated, multipath is 
usually incorporated into the observation noise. 
Therefore, the reparameterized estimated para
meters of this model are defined as follows 
(Table 1, Teunissen, Odijk, and Zhang 2010; 
Zhang, Chen, and Yuan 2019): 

where �dtr and �dts is the receiver clock offset and 
satellite clock offset after reparameterization, respec
tively; �Is

r;1, �Ns
r;i, and �εLi are the slant ionospheric delay, 

phase ambiguity, and observation noise after repara
meterization, respectively. DCBr and DCBs are the 
differenced code hardware delays between frequencies 
1 and 2 for receiver and satellite, respectively.

2.2. Ambiguity resolution in UDUC PPP-RTK

Correct ambiguity resolution is crucial for enhancing 
positioning accuracy and reducing the convergence 
time at the user end. This paper employs Observable- 
Specific code Bias (OSB) products for phase bias cor
rection at the satellite end, directly obtaining integer 
characteristics of SD inter-satellite ambiguities. The 
phase observation equations are adjusted to directly 

estimate the Wide-Lane (WL) and Narrow-Lane (NL) 
ambiguities (Liu et al. 2020; Shu et al. 2024). For 
instance, using dual-frequency phase observations: 

where �Ns
r;1 ¼

�Ns
r;NL. bs

Li are carrier-phase OSB, which 
can be directly obtained by Centre National d’ Etudes 
Spatiales (CNES) analysis center. The specific process 
is as follows:

I. Based on the Kalman filter method, the UDUC 
PPP float solution is obtained, which eliminates the 
influence of satellite-end UPD on the float WL and NL 
ambiguities.

where, Equation (4) represents the error equation of 
the UDUC PPP float solution, with Equation (5) are 
the float solution itself. H and W are the normal 
equations and constants of the float solution, 
respectively.

II. To avoid the impact of UPD at the receiver-end, 
SD inter-satellite processing is performed on the WL 
ambiguity parameters. The WL ambiguity-fixed solu
tion is then obtained using the rounding method and 
is imposed as a pseudo-observation constraint into the 
normal equation and constants of the UDUC PPP 
float solution. The error equation constrained by the 
SD inter-satellite WL integer ambiguity is transformed 
as follows: 

The original float solution changes to: 

Table 1. Estimatable parameters of the reparameterized UDUC PPP equation for 
PPP-RTK.

Estimable Parameter Formulation
�dtr dtr þ dIF;r=c
�dts dts þ dsIF=c
�I sr;1 Isr;1 þ β � DCBr � DCBsð Þ

�N s
r;i

Ns
r;i þ Br;i � Bsi � dIF;r � dsIF � γi � β � DCBr � DCBsð Þ

� �
=λi

�εPi MPi þ εPi
�εLi MLi þ εLi

Note: dIF;r ¼ α � br;1 þ β � br;2; dsIF ¼ α � bs1 þ β � bs2; α ¼ f 2
1

f 2
1 � f

2
2
, β ¼ � f 2

2
f 2
1 � f

2
2
, DCBr ¼ br;1 � br;2, 

DCBs ¼ bs1 � bs2.
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III. The NL ambiguities in the new float solution X1 
are processed through SD inter-satellite, followed by 
a LAMBDA (Least-square AMBiguity Decorrelation 
Adjustment) search to obtain the SD inter-satellite 
NL ambiguity-fixed solution. Let s0 represent the 
reference satellite; then, the SD inter-satellite and 
LAMBDA-derived NL ambiguities can be, respec
tively, represented as follows: 

IV. These SD inter-satellite NL ambiguity-fixed solu
tions are then imposed as pseudo-observation con
straints into the ambiguity normal equation and 
constants, allowing for the resolution of the con
strained updated UDUC ambiguity parameters and 
other estimable parameters. 

2.3. UDUC PPP-RTK multipath extraction

Since position parameters are difficult to separate from 
multipath errors, it is necessary to fix position parameters 
in advance during multipath extraction, rather than 
including them in the estimation. In static environments, 
the station location information can be determined by 
averaging the positioning results over several days. In this 
context, the external correction information under the 
PPP-RTK model includes the receiver’s position, satellite 
orbits and clock offsets, OSB, tropospheric delay and 
ionospheric delays. The ionospheric and tropospheric 
correction values are introduced into the observation 
equation as pseudo-observations, assigning observational 
weights to constrain these parameters (Gao et al. 2023). 
The estimable parameter 

X̂ ¼ d̂tr; T̂r; Îs
r;1; N̂s

r;NL; N̂s
r;WL

h i
. Therefore, the residuals 

under the UDUC PPP model can be calculated as follows: 

where “~” represents external correction data; when 
i ¼ 2, it can be calculated first N̂s

r;2 ¼ N̂s
r;1 � N̂s

r;WL, 
then put it into Equation (13) to calculate the residual 
of frequency 2.

In addition to Equation (13), residuals can also be 
calculated using the SD inter-satellite integer 

ambiguity ΔN̂s;s0
r;NL plus the float ambiguity N̂s0

r;NL of 
the reference satellite: 

It can be observed that the two methods differ only in 
the way of ambiguity calculation. As shown, the values 
of N̂s

r;i and N̂s0
r;i are obtained by updating the constraint 

from ΔN̂s;s0
r;i , which means that the UD residuals cal

culated by both methods are equivalent.
Due to the varying difficulty of ambiguities-fixing 

for each satellite, if an incorrect fix occurs for 
a satellite’s NL ambiguity after SD inter-satellite, it 
will affect all the constrained updated parameters 
(Liu, Zhang, and Li 2019). However, according to 
Equation (8) and (9), ΔN̂s;s0

r;i is not influenced by 
incorrect ambiguity fixes from other satellites. 
Therefore, this paper proposes a novel residual extrac
tion method that directly uses SD ambiguity para
meters to convert SD residuals to UD residuals. The 
first step is to obtain the inter-satellite SD residuals: 

The relationship between SD and UD residuals can be 
expressed as: 

where D is a coefficient matrix; u is the vector of UD 
residuals and s is the vector of SD residuals. It can be 
observed that D is singular and cannot be inverted. 
Referring to the method of converting DD residuals to 
SD residuals in the RTK model (Zhong et al. 2010), and 
considering that recovering UD residuals from SD resi
duals is not sensitive to different weighting strategies 
(Zhong et al. 2010), by adding zero-mean constraints 
Pn

s¼1
wsus

r ¼ 0, where ws ¼ sin2 θð Þ makes D invertible. 

Thus, UD residuals can be solved by inverting D: 

where ws and θ represent the weight and elevation angle 
corresponding to satellite s, respectively. Although the 
introduction of zero-mean constraints in the coefficient 
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matrix D during the conversion of SD residuals to UD 
residuals may cause some error propagation when one 
satellite’s ambiguity is incorrectly fixed, the magnitude of 
this error is significantly smaller compared to the impact 
of incorrect ambiguity parameters. Furthermore, the 
influence of incorrect ambiguity fixes on the accuracy of 
residual extraction for other satellites will be discussed in 
detail in the subsequent sections.

For ease of description, we refer to the conventional 
residual extraction method based on Equation (13) or 
Equation (14) as UD residuals. The proposed method 
that converts SD to UD residuals (Equations (15), 
(16)) is abbreviated as SDtoUD hereafter. From 
Equation (15), it can be seen that SDtoUD residuals 
eliminate the influence of receiver clock offset and UD 
ambiguity parameters, leaving only atmospheric para
meters in the estimated values affected by incorrect 
ambiguity fixes from other satellites.

2.4. Multipath extraction for continuously 
deforming stations

Most previous studies considered the monitoring point 
to be stable when extracting multipath errors and con
structing a multipath correction model. Due to the high 
satellite orbit height, when the station undergoes centi
meter-level deformation (assuming that the attenuation 
coefficient remains unchanged), the effect on the carrier- 

phase observation error can be neglected (Elosegui et al.  
1995). In this case, multipath errors still exhibit periodic 
repeatability related to the station environment (Dai, 
Ding, and Zhu 2008; Guo et al. 2024; Li et al. 2024). 
Therefore, existing multipath mitigation methods (such 
as SF, MHM, etc.) can still be effectively utilized if the 
multipath errors in dynamic deformation scenarios can 
be accurately extracted.

For stations in dynamic deformation scenarios, dis
placement may occur at every epoch. The key to extract
ing multipath errors in such scenarios is accurately 
determining the antenna position. Based on this, this 
paper proposes a dynamic position parameter-based 
multipath extraction method. By extracting trend com
ponents from the original coordinate time series and 
using these trends as the actual position parameters, 
accurate multipath values can be extracted, and 
a multipath correction model can be established. 
Figure 1 illustrates the flowchart of the PPP-RTK multi
path mitigation algorithm suitable for dynamic deforma
tion monitoring, utilizing the SDtoUD multipath 
extraction method. The process can be divided into four 
steps:

(I) The coordinate time series of the period cor
responding to the multipath modeling data is 
solved to determine whether deformation 
occurs.

Figure 1. Multipath mitigation flowchart of UDUC PPP-RTK. Utilizing the SDtoUD multipath extraction method for both dynamic 
and static stations.
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(II) In the absence of deformation, the daily solu
tions are adopted as the position parameters. 
In contrast, in the presence of deformation, 
the trend components are extracted from the 
original coordinate time series using the 
Complementary Ensemble Empirical Mode 
Decomposition (CEEMD) algorithm. Then, 
the position parameters are fixed to these 
trend values at each epoch. Notably, the pro
posed method is not sensitive to the choice of 
trend extraction technique, as long as the 
extracted time series effectively reflects the 
station’s actual deformation.

(III) By accurately determining the position para
meters for each epoch, observational residuals 
can be calculated using Equations (15) and 
(16).

(IV) Based on the extracted observational resi
duals, we establish an SF or MHM/TMHM 
multipath correction model and used for real- 
time multipath correction.

3. Data description

We use the dataset collected from the Heifangtai loess 
landslide group in Gansu Province, China, for valida
tion. As shown in Figure 2, two GNSS monitoring 
stations (HF02, HF09) were deployed. Data from 
Day of Year (DOY) 007 to DOY 027 in 2021 was 
collected for the experiment. During the experiment 
period, HF02 (Figure 2(e)) station remained stable, 
while HF09 (Figure 2(d)) experienced continuous 
movement and finally collapsed at 13:01 UTC on 
DOY 027, as illustrated in Figure 2(b,c).

CORS stations in Gansu Province, China, were 
used as reference stations to calculate atmospheric 
correction products, depicted in Figure 2(a). All refer
ence stations were equipped with Trimble NetR9 
receivers and TRM 59,900.00 antennas, while the 
monitoring stations used Unicorecom UB4B0M low- 
cost boards and HighGain HG-GOYH7151 Geodetic 
Antennas. Two computational schemes are employed 
in this work that use different reference stations, as 
depicted in Figure 2(a). The average distance between 
two adjacent reference stations under Scheme 1 (yel
low lines in Figure 2(a)) and Scheme 2 (green lines in 
Figure 2(a)) was 105 km and 214 km, respectively. Due 
to the partial data absence from some CORS stations, 
atmospheric correction products were calculated 
using data from DOY 007–019 in Scheme 1 and 
from DOY 020–027 in Scheme 2. The details of para
meter settings in data processing are shown in Table 2.

4. Results and discussions

In this section, we assess the feasibility of the proposed 
SDtoUD and dynamic multipath extraction methods 
using the HF02 static station and HF09 dynamic sta
tion, respectively.

4.1. Results of different residual extraction 
methods

We first extracted the observational residuals based on 
the proposed method (SDtoUD) and conventional 
method (UD) with the data from a stable station 
(HF02) on DOY 013. Figure 3 illustrates the dual- 
frequency observation residuals and Power Spectral 
Density (PSD) of the G21 satellite at the HF02 station, 

Figure 2. Overview of the study area reference stations and monitoring stations. (a) The location of the landslide area and the 
distribution of reference stations with two different spacings. (b) The location of the monitoring stations (image from Google 
Earth). (c) The collapse area where HF09 is located. (d) and (e) on-site photos of HF09 and HF02 stations, respectively.
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using two residual extraction methods. From the left 
column of Figure 3, it can be observed that the resi
duals extracted by the SDtoUD method exhibit 
a similar pattern to those from the UD method, but 
with a lower noise level. The PSD of the SDtoUD and 
UD residuals highlights this difference. High- 
frequency noise is prone to mix with high-frequency 
multipath, so a lower noise level in the high-frequency 
band indicates better performance in extracting high- 
frequency multipath (Dong et al. 2016; Geng, Jiang, 
and Liu 2017). The PSD results further confirm that 
the proposed method performs better in accurately 

extracting residuals, particularly in the high- 
frequency range (greater than 200 s). This improve
ment is mainly attributed to the SDtoUD method’s 
advantage in eliminating the influence of receiver 
clock offset, which is considered white noise and typi
cally exhibits high-frequency characteristics (Ge et al.  
2019).

As mentioned in Section 2.3, the extracted residuals 
may be affected when other satellites’ NL SD ambigu
ities encounter incorrect fixes. To evaluate the robust
ness of the proposed method, a two-cycle error was 
added to the NL SD ambiguity of the G21 satellite to 
simulate the ambiguity-fixing errors. Figure 4 shows 
the ambiguities and residuals of the G06 satellite 
before and after adding ambiguity errors on the G21 
satellite, extracted using both methods. During the 
fixed solutions period, it can be observed that, the 
SDtoUD derived ambiguities for the G06 satellite 
remain resilient to the NL SD ambiguity errors origi
nating from the G21 satellite. Consequently, the resi
duals pertaining to the G06 satellite are minimally 
impacted, compared to those derived from UD 
method. This phenomenon can be attributed to the 
independent estimation of SD ambiguities for each 
satellite during the SDtoUD residual extraction pro
cess (Equations (8) and (9)). As a result, only the 
ionospheric and tropospheric parameters are affected 
during the constraint updating process (Equations 
(10) and (11)). In contrast, for UD residual, both the 
UD ambiguity and receiver clock offset parameters are 
influenced by such incorrect fixes.

Additionally, during the conversion process from 
SD to UD residual (Equation (16)), while the 

Table 2. Data processing strategy used in this study.
Item Strategy

Observation GPS L1&L2
Sampling 

interval
30 s

Parameter 
estimator

Kalman filter

Orbit and clock Real-time products from the CNES
Code and phase 

biases
Corrected with the OSB products from the CNES

Cutoff angle 7°
Priori precision Code observations: 0.3 m; Phase observations: 0.3 cm
Tropospheric 

delays
Server-side: Zenith tropospheric Wet Delays (ZWD) 

estimated with random walk process, GPT2w for the 
mapping function. 

User: The additional augmentation information is 
used to provide the a priori ZWD value and the 

corresponding constraints.
Ionospheric 

delays
Server-side: Estimated with random walk process to 

extract the values; 
User: The additional augmentation information is 

used to provide the a priori ionospheric delay and 
the corresponding constraints.

AR strategy WL uses rounding and NL uses LAMBDA; 
Partial ambiguity resolution.

Figure 3. Residuals and corresponding PSD for G21 satellite at the HF02 station on DOY 013. L1 frequency in (a) and (b), and L2 
frequency in (c) and (d). The red dashed lines indicate the period of ambiguity-fixed.
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introduction of a zero-mean constraint in the coeffi
cient matrix may lead to some error propagation, it 
can be observed from the right column of Figure 4 that 
the residuals of the G21 satellite have minimal impact 
on the SDtoUD residuals of G06. This is because, 
during the conversion process, the SD residuals of 
the G21 satellite are primarily constrained within its 
own SDtoUD residuals, resulting in very little error 
being transferred to other satellites. Compared to the 
impact of incorrect ambiguity parameters from G21 
on the residual extraction for G06, the error intro
duced into G06’s SDtoUD residuals through the SD- 
to-UD conversion process is significantly smaller. 
Moreover, only the multipath values from fixed solu
tions will be adopted for correction purposes.

We further extracted pseudorange residuals from the 
HF02 station for DOY 007–013, and carrier-phase resi
duals using the SDtoUD and UD methods. Based on 
these data, we constructed multipath correction models 
using SF, MHM, and TMHM methods, respectively. The 
SF model used Wavelet Transform (WT) filtering and 
multipath correction models built from residuals over 
1–7 days. The MHM/TMHM models are both investi
gated using 5 days of residuals and a grid with a spatial 
resolution of 1°×1°. Figure 5 shows the positioning errors 
before and after multipath model correction on DOY 014 
and the details of some time periods. Compared to unfil
tered results, both SDtoUD and UD correction results 
can significantly improve the positioning performance, 
with SDtoUD showing more noticeable improvements at 
certain epochs (e.g. around 21 h).

Figure 6 presents the average Root Mean Squared 
Error (RMSE) of positioning errors after multipath 
mitigation. It can be observed that the SDtoUD 
method shows better improvement than the UD 
method, primarily due to the stronger robustness 
and the advantage of eliminating receiver clock offset 
parameter errors inherent in the SDtoUD method. 
However, when constructing the multipath correction 

model using only 1 or 2 days of residuals, the position
ing results in the Up direction deteriorated. This is 
likely due to inaccuracies in atmospheric parameter 
estimation, causing the multipath correction model to 
be affected by atmospheric errors. Such impacts can be 
mitigated by using multi-day averaging residuals, i.e. 
more than 3 days (Geng et al. 2018).

4.2. Results of dynamic multipath extraction 
method

We further validate the proposed method using data 
from a monitoring station in a rapid deformation 
phase, i.e. HF09 in Figure 2. The key to accurately 
extracting multipath errors lies in obtaining precise 
position parameters. As shown in Figure 7, the dis
placement time series from DOY 022–026 is first 
calculated using the PPP-RTK technique. Then, the 
trend of displacement sequence is extracted using the 
CEEMD algorithm. It can be found that the trend 
series effectively eliminates high-frequency noise and 
low-frequency errors, accurately reflecting the actual 
deformation. This trend is then used as the dynamic 
position parameter to extract observational residuals 
with the proposed method in dynamic scenarios.

Using DOY 025 as an example, the displacement in 
the north and up directions reached 1.7 cm and 3.9 cm, 
respectively. Figure 8 displays two panels illustrating 
the residuals of four satellites obtained using the pro
posed dynamic method and the conventional static 
method (i.e. without accounting for station deforma
tion), respectively. The bottom row in Figure 8 shows 
the coordinate differences between these two methods. 
It can be seen that the residuals extracted by both the 
static and dynamic methods exhibit similar patterns 
over a one-day period, and this is also true for the 
results of the 1-day (1 d) residuals and the averaged 
residuals over 3 consecutive days (3 d). These findings 

Figure 4. Dual-frequency ambiguities (a) and residuals (b) for G06 satellite before (blue lines) and after (yellow lines) adding NL 
SDs ambiguity errors to the G21 satellite, extracted both computation methods with the HF02 data on DOY 013. (b) Shows only 
the fixed solution. Each sequence has a vertical offset of several cycles or 3 cm for clarity.
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indicate that even with centimeter-level deformation, 
the repeatability of multipath errors remains largely 
unaffected. However, there are significant systematic 
errors between the residuals extracted by the two meth
ods, and these differences increase with the coordinate 
differences and the number of observation days. These 
systematic errors result from the assumption of the 
conventional approach that the monitoring points are 
stable, whereas the proposed dynamic method effec
tively eliminates such errors.

Figure 9 shows the unfiltered displacement time 
series and those corrected using two multipath 
extraction methods for HF09 over a continuous 
48-h period from DOY 025–026. In the east direc
tion, the results of both methods are relatively 
consistent compared to the unfiltered results. 
However, in the north and up directions, the 
results corrected using the static method exhibit 
some offset. This is primarily because the larger 
deformations in these directions cause the static 

Figure 5. Positioning errors for HF02 station on DOY 014 before (unfiltered) and after multipath correction using different 
extraction methods. (a), (c), and (e) display the full time series; the black‑boxed segments are enlarged in (b), (d), and (f). “SF_3d” 
and “SF_5d” denote SF using 3 days and 5 days of residuals, respectively. Horizontal and vertical time series have vertical offsets of 
10 cm and 20 cm, respectively.

Figure 6. Average RMSE of HF02 station positioning errors after correction using MHM/TMHM and SF models (with residuals from 
the previous 1d–7d). The SF correction results using different days of residuals are labeled as 1d–7d.
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method to mistakenly incorporate displacement 
information from the modeling day into the 
correction day. In contrast, the time series cor
rected using the proposed dynamic method aligns 
more closely with the original displacement trend 
and shows more significant multipath correction 
effects.

Figure 10 shows the average RMSE of positioning 
errors after correction using the MHM, TMHM, and 
SF (with residuals from the previous 1 d–7 d) models. 

The results indicate that the proposed dynamic 
method improves correction effectiveness regardless 
of the model used. Additionally, while the conven
tional static method shows some effectiveness when 
using only 1d residuals for modeling, as the number 
of days used for multipath modeling increases, errors 
caused by position parameters begin to accumulate in 
the traditional static method, making it unsuitable 
for multipath correction in dynamic deformation 
data.

Figure 7. Preprocessed PPP-RTK coordinate time series and trends extracted using the CEEMD method. In which the trend at the 
first epoch is regarded as the initial position. The numbers in the north and up components represent the daily displacement (the 
trend at the last epoch of each day minus the trend at the first epoch).

Figure 8. Residuals of each satellite extracted using the dynamic and the traditional static method (a and b), and the difference in 
position parameters between the two methods (c). “3d” indicates the results obtained by averaging residuals over 3 consecutive 
days.
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4.3. Positioning performance of PPP-RTK in 
dynamic landslide monitoring

To validate the effectiveness of real-time PPP-RTK and 
the proposed multipath mitigation algorithm in landslide 
deformation monitoring, this study processed data from 
the HF09 station covering the entire period of the land
slide’s instability and collapse from DOY 010–027. 
Figure 11 presents the unfiltered PPP-RTK results and 
the displacement time series corrected using the SF 
model with both static and dynamic multipath extraction 
methods. To achieve optimal multipath mitigation, the 
static and dynamic methods used 1-day and 3-day 

residuals for modeling, respectively (based on 
Figure 10). The results indicate that all three solutions 
effectively capture the deformation trend of the landslide. 
However, the unfiltered and static method displacement 
time series contain more outliers, while those are rarely 
present in the results corrected using the proposed 
dynamic method.

To investigate the impact of reference station network 
density on PPP-RTK positioning performance, we 
further calculated the HF09 displacements during DOY 
010–019 with atmospheric products from computational 
Scheme 2. Table 3 summarizes the fixed rates and RMSE 
of the original unfiltered displacement results, and those 

Figure 9. Unfiltered results and displacement time series corrected using dynamic and static multipath extraction methods. 
“SF_1d” and “SF_3d” represent the results of SF modeling corrections using residuals from the previous 1 day and 3 days, 
respectively. Horizontal and vertical time series have vertical offsets of 10 cm and 20 cm, respectively.

Figure 10. Average RMSE of HF09 station positioning errors after correction using MHM/TMHM and SF models (with residuals from 
the previous 1d-7d). The SF correction results using different days of residuals are labeled as 1d–7d.
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from the static and proposed dynamic multipath extrac
tion methods under different reference station networks. 
Scheme 1 shows noteworthy improvements in fixed rate 
and correct fixed rate compared to Scheme 2 in the 
original unfiltered results, indicating the significant 
impact of the reference network density on the PPP- 
RTK performance for end users. Although the conven
tional static method shows slight enhancements after 
correction, the proposed dynamic method shows sub
stantial advancements in fixed rate and reduced RMSE 
when compared to the unfiltered and static methods. The 
RMSE of ambiguity-fixed solutions using the dynamic 
method are 1.1 cm, 1.2 cm, and 3.2 cm in the east, north, 
and up directions for Scheme 1 over DOY 010–019, and 
1.0 cm, 1.3 cm, and 3.3 cm for Scheme 2 over DOY 010– 
027, corresponding to improvements of 15%, 14%, 20% 
for Scheme 1 and 37%, 28%, and 23% for Scheme 2 
relative to the traditional static method.

5. Conclusions

Accurate extraction of observational residuals is crucial 
to the multipath mitigation techniques in PPP-RTK. 

This paper proposes a new multipath extraction 
method that converts SD residuals to UD residuals to 
better extraction multipath in a PPP-RTK model. 
Experimental validation with data from a landslide site 
using SF, MHM, and TMHM models shows that the 
proposed method effectively eliminates receiver clock 
offset and reduces the influence of other satellite ambi
guity parameters, allowing accurate and robust resi
duals to be observed. The multipath mitigation 
models built using these residuals also significantly 
improve positioning performance.

Additionally, for dynamic deformation monitor
ing applications, this paper proposes a multipath 
extraction method based on dynamic position 
parameters. Analysis of real landslide dynamic 
monitoring data demonstrates that the proposed 
method surpasses traditional static methods in 
ambiguity-fixed rate and positioning accuracy. 
Under wide-area reference station networks with 
average spacings of 105 km and 214 km, the real- 
time PPP-RTK landslide monitoring accuracy after 
correction using the proposed method can reach 
1.1 cm, 1.2 cm, 3.2 cm, and 1.0 cm, 1.3 cm, 3.3 cm 

Figure 11. Unfiltered and SF mitigated displacement monitoring time series for HF09 station (showing only ambiguity-fixed 
solutions). The atmospheric products of DOY 010–019 and 020–027 were calculated using Scheme 1 and Scheme 2, respectively. 
The horizontal and vertical results have vertical offsets of 20 cm and 50 cm for clarity, respectively.

Table 3. Accuracy statistics of unfiltered and multipath mitigated results for HF09 station.
Type DOY Scheme Unfiltered Static Dynamic

Fixed-rate (%) 010–019 S1 97.67 97.80 98.13
S2 96.77 97.24 97.60

020–027 S2 91.24 95.67 98.01
Correct fixed-rate (%) 010–019 S1 98.27 98.35 98.49

S2 98.13 97.97 98.49
020–027 S2 97.22 97.71 98.75

Direction E N U E N U E N U
RMSE (cm) 010–019 S1 1.4 1.5 3.8 1.3 1.4 4.0 1.1 1.2 3.2

S2 1.6 1.6 3.9 1.4 1.4 3.8 1.1 1.2 3.3
020–027 S2 1.8 2.2 4.8 1.7 2.2 4.7 0.9 1.3 3.2
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in the east, north, up directions, respectively. This 
represents improvements of 15%, 14%, 20%, and 
37%, 28%, 23% in accuracy compared to traditional 
methods. However, it is worth noting that in more 
complex monitoring scenarios or when the defor
mation rate further increases, the spatiotemporal 
repeatability of multipaths may be compromised. 
The applicability of the SF and MHM models in 
such highly dynamic environments requires further 
validation in the future research.
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