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Abstract
Multipath is one of the major error sources in high-precision GNSS positioning since it cannot be mitigated by double dif-
ferences or corrected by empirical models. Considering that the multipath error is related to the carrier-to-noise ratio (CNR) 
of the signal strength, an enhanced multipath extraction and mitigation method based on an adaptive layer wavelet packets, 
bootstrapped searches strategy and CNR constraints is proposed. The key concept of the proposed method is to use the adap-
tive layer-selecting wavelet packets transform to improve the precision of the multipath correction model, which is extracted 
from the reference day. In addition, to improve the accuracy and effectiveness of multipath mitigation on the subsequent 
observation day, a bootstrap search strategy based on CNR constraints is adopted. Real data sets are collected to assess the 
performance of the denoising and the static relative positioning of the proposed method; experimental results show that: (1) 
the multipath residuals of the carrier phase maintain a strong relationship with the CNR. Thus, the proposed method based 
on CNR constraints is feasible. Moreover, based on analysis of the distribution of multipath residuals, it can be found that 
constant layer wavelet packets transform denoising can not only lead to inefficiency for most epochs with low residuals but 
can also reduce the effectiveness of denoising for epochs with large residuals. (2) The average improvement rate of the root 
mean square (RMS) of the single-difference residuals after adopting the proposed method can reach approximately 25.33% 
compared with the original residuals and approximately 10.37% compared with the constant layering method, which indicates 
that the proposed method can improve the accuracy of the multipath correction model effectively; (3) For the positioning 
results, after applying the proposed method, the RMS of bias can improve 30.77, 31.25 and 38.20% in the east, north and up 
components compared with the original result. Even compared with the constant layering multipath mitigation method, the 
improvement rate can also reach approximately 29.79% for 3D positioning. It is worth noting that this proposed method is 
also suitable for other GNSS static relative positioning applications such as BDS and Galileo.
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Introduction

Carrier phase multipath interference is one of the key fac-
tors that restrict the accuracy of GNSS positioning since 
it cannot be eliminated by differencing or corrected by an 
empirical model. Generally, multipath interference can be 
mitigated by three processing strategies: (1) antenna strat-
egy, which mainly relies on high-quality antenna technology 
to suppress the multipath interference; (2) receiver strategy, 
which mainly relies on receiver hardware technology to 
address multipath interference; (3) data processing strat-
egy, which mainly relies on an algorithm model to mitigate 
the multipath interference from the observation domain or 
coordinate domain.

 *	 Jiansheng Zheng 
	 jszwhu@126.com

1	 School of Communication Engineering, Hangzhou Dianzi 
University, Hangzhou 310018, China

2	 Human Resources and Social Security Bureau at Xiaoshan, 
Hangzhou 310018, China

3	 School of Electronic Information, Wuhan University, 
Wuhan 430070, China

http://orcid.org/0000-0001-6988-3364
http://crossmark.crossref.org/dialog/?doi=10.1007/s10291-021-01160-9&domain=pdf


	 GPS Solutions (2021) 25:123

1 3

123  Page 2 of 12

Based on the antenna and receiver strategies, many 
methods have been used to mitigate multipath in the GNSS 
field, such as the dual linear polarized antenna (Zhang et al. 
2017a, b) and vector delay lock loop (Hsu et al. 2015). How-
ever, the antenna strategy can only suppress the pseudor-
ange multipath. It is invalid for carrier phase multipath. In 
terms of the receiver technique, although it can eliminate 
the medium and long delays of carrier phase multipath, the 
short delay multipath error cannot be suppressed effectively. 
In addition, both antenna and receiver techniques, which 
require hardware costs, are difficult to implement in lower-
cost receivers. Considering these reasons, the research on 
carrier phase multipath mitigation has mainly focused on 
the data processing strategy.

The methods based on post-data processing strategy can 
be divided into two parts: multipath model extraction and 
multipath mitigation. For a multipath extraction model, Ge 
et al. (2000) proposed using an adaptive filter for multipath 
extraction. However, the performance of the adaptive filter is 
largely dependent on the length of the filter and the step size 
of the parameter. Considering that wavelet technology has 
excellent denoising performance, Zhong et al. (2010) used 
the wavelet transform for carrier multipath mitigation. Since 
the thresholding of the wavelet transform affects the perfor-
mance of denoising directly, Azarbad and Mosavi (2014) 
developed soft thresholding for the stationary wavelet trans-
form to remove noise for multipath extraction. Lau (2015) 
analyzed the hard thresholding for wavelet packets to extract 
multipath. However, soft thresholding will lead to constant 
deviations between the estimates, and the hard thresholding 
method will give rise to an oscillation of the reconstructed 
signal. Considering the above reasons, Su et  al. (2018) 
applied the adaptive thresholding wavelet denoising in mul-
tipath model extraction. Although the thresholding strategy 
has been studied, the layer of wavelet transform has not been 
researched in depth, especially in the application of wavelet 
packets decomposition. Liu (2020) proposed that the number 
of decomposition layers greatly impacts the denoising effect. 
If the decomposition layer is set too high, the signal informa-
tion will be lost since the thresholding processing is carried 
out on the coefficients for each sublayer. In contrary, too 
few decomposition layers will lead to undesirable denoising.

Multipath mitigation can be divided into a time domain 
strategy and a spatial domain strategy. The time domain 
strategy is mainly used to correct multipath by the sidereal 
filtering method. Therefore, the key to the time domain strat-
egy is to calculate the accurate shift time of the satellite 
orbital repeat period. Zhong et al. (2010) developed a new 
method based on sidereal filtering by calculating the repeat 
period for each satellite independently to improve the accu-
racy of multipath correction. Shen et al. (2020) proposed a 
variation sidereal filtering method based on window match-
ing for low-frequency multipath. In addition, Wang et al. 

(2018) compared three methods for estimating the repeat 
time, and the experimental results indicated that the three 
methods are basically identical in multipath mitigation. 
The differences between the three methods are very small 
and can be ignored. However, the sidereal filtering method 
largely depends on the precision of the orbital repeat, which 
will lead to deterioration, especially for data with a low sam-
pling rate.

To take advantage of the relationship between the satellite 
elevation and the multipath error, a spatial domain strategy 
is proposed to mitigate the multipath. The key of the spa-
tial domain strategy is establishing the multipath correction 
model by satellite elevation and azimuth and searching the 
model by an efficient search algorithm. Wanninger and May 
(2001) first established a 5°×1° (azimuth and elevation) mul-
tipath correction model. In addition, considering that most 
conventional spatial models have a fixed azimuthal resolu-
tion, Fuhrmann et al. (2015) proposed the use of congruent 
cells and rigorous statistical strategies for multipath mitiga-
tion. For the search strategy, Wang et al. (2017) improved 
the efficiency of search by using a matching strategy, which 
can match the closest elevation and azimuth with the mul-
tipath correction model. From the above analysis, it can be 
concluded that the spatial domain strategy is largely depend-
ent on the model resolutions and the search algorithm, and 
the higher the model resolution is, the higher the search per-
formance of the algorithm required.

In addition, since the multipath error is related to the 
carrier-to-noise ratio (CNR) or signal-to-noise ratio (SNR) 
of the signal, Axelrad et al. (1996) proposed using the CNR 
or SNR to detect multipath first. Using a filter algorithm, 
Benton and Mitchell (2011) separated the multipath from 
CNR data using a filter. With the development of triple-
frequency signals, the ability of CNR weighting, height aid-
ing and consistency checking to improve GNSS position-
ing in urban areas are assessed by Grove and Jiang (2013). 
Moreover, by using the difference in CNR between three 
frequencies, Strode and Groves (2016) developed a new mul-
tipath detection method for dynamic applications. Taking 
full advantage of the relationship between the multipath and 
CNR, Zhang (2019) proposed detecting the multipath by a 
combination test consisting of two statistical tests. Both of 
the above two methods mainly focus on multipath detection 
but not multipath mitigation. Su et al. (2020) developed an 
enhanced multipath detection and mitigation method based 
on the CNR model for GPS system PPP applications. How-
ever, most of them only focus on PPP positioning, and the 
rationality of using the CNR to improve multipath mitigation 
for relative positioning has not been researched.

Considering the discussion above, we propose a new 
multipath mitigation method based on adaptive layer selec-
tion and a bootstrap search strategy under the constraint of 
CNR. Unlike the traditional wavelet packets transform, the 
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improved wavelet packets transform layer is adaptively con-
strained by CNR. Moreover, the difference in CNR between 
adjacent epochs is used to improve the efficiency of the 
model searching for multipath mitigation. In conclusion, in 
this new method, both the precision and the efficiency of the 
multipath mitigation are taken into consideration.

Basic model

Before introducing the proposed method, the basic models 
are presented first, such as multipath and wavelet packets 
transform theory. The theory of multipath mainly presents 
the effect of multipath on the positioning performance. 
Moreover, the relationship between the multipath residuals 
and the CNR is also analyzed in this section.

Multipath theory

Multipath is induced due to the reflection or diffraction of 
signals, which is derived from the phase multiple paths. In 
GNSS, the signal received by the receiver includes the direct 
signal transmitted by a satellite and consists of the reflec-
tion and diffraction signals derived by this signal. Therefore, 
the multipath signal can usually be expressed as (Rost and 
Wanninger 2009):

where Sm(t) is the multipath signal received by the GNSS 
receiver; ai(t) denotes the amplitude of the signal, which 
includes the direct and indirect signals; w0 represents the 
nominal frequency of the direct signal; γi is the relative 
phase of the i-th component; n denotes the total number of 
received signals; ε(t) denotes the noise, which can usually 
be eliminated by smoothing and filtering. The influence of 
the reflected signal on the GPS receiver is shown in Fig. 1.

Therefore, the received signal can also be expressed as 
(Teunissen and Montenbruck 2017):

where ad
i
 denotes the amplitude of the direct signal; ar

i
 

denotes the amplitude of the reflected and diffraction sig-
nals, which is one of the multipath signals. Moreover, the 
amplitude of the signal is largely dependent on the CNR of 
the signal (Zhang et al. 2019, Su et al. 2020), which can be 
indicated as follows:
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Based on the above equation, it is clear that the CNR is 
directly related to the multipath signal. Hence, the CNR of 
the signal can be effectively used for multipath mitigation.

Relationship between multipath residuals and CNR

To further analyze the rationality that the multipath can be 
mitigated by using CNR, the relationship between multipath 
residuals and CNR is presented in this section. Basically, 
there are two types of multipath residuals. One is the carrier 
phase multipath, which can be calculated by single differ-
ence (SD) postfitting residuals between receivers since these 
SD residuals only include noise and multipath. The other is 
the code multipath combination bias, which can be used to 
denote the pseudorange multipath (MP) residuals (Zhang 
et al. 2017). Real data sets collected from the Multi-GNSS 
Experiment (MGEX) CUT0 and CUT2 stations on DOY: 01, 
2020 are used to demonstrate the relationship between these 
two types of multipath residuals and CNR. Both of these two 
stations are located at Curtin University, Australia.

Figure  2 illustrates the relationship between the SD 
residuals and CNR of the G02 satellite L1 frequency. The 
red curve denotes the SD residuals, and the blue curve cor-
responds to the CNR. It is clear that the SD residuals are 
inversely proportional to the corresponding CNR, and the 
smaller the SD residuals are, the greater the CNR is. Spe-
cifically, where residuals fluctuate violently, the CNR will 
exhibit an obvious trough. For example, at epoch 380, the 
SD residuals fluctuate greatly, and the maximum value is 
approximately 0.2 or −0.2 m. Correspondingly, the CNR 
decreased significantly as the SD residuals increased, which 
from 45 dB-Hz to approximately 27 dB-Hz. A similar phe-
nomenon can also be found at epoch 700. Therefore, based 

(3)CNR2
≡ a2

m
= a2

d
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r
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Fig. 1   Direct and indirect signals at GPS receiver. H denotes that 
the antenna is located at a height H above the plane. θ is the angle 
between the GPS signal and the vertical direction
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on the above analysis, it can be concluded that the carrier 
phase multipath residuals maintain a strong relationship with 
the CNR and are inversely proportional to the CNR.

In addition, Fig. 3 presents the relationship between the 
MP and CNR of the G02 satellite L1 frequency. It is obvious 
that Fig. 3 presents similar results to the results of Fig. 2, 
which indicates that the pseudorange multipath residuals are 
also inversely proportional to the CNR. At the two troughs 
of the CNR, the MP bias increased significantly. Similarly, 
the above results can deduce that the CNR is also correlated 
with the pseudorange multipath. Therefore, the relationship 

between the multipath residuals and CNR can be used for 
multipath mitigation.

To further demonstrate the relationship between mul-
tipath and CNR, Table 1 presents the correlation coefficient 
to show that the CNR is correlated with the SD residuals and 
the MP pseudorange multipath. In Table 1, it can be seen 
that both the SD residuals and MP pseudorange multipath 
exhibit a negative correlation with the CNR. Especially for 
SD residuals, the character of negative correlation is sig-
nificant, and the Pearson coefficient reaches approximately 
−0.6132. Although the value of the Kendall coefficient is 
smaller than that of Pearson and Spearman, it can still reach 
−0.5237. However, in terms of MP residuals, the correla-
tion is weaker than SD residuals. The Pearson coefficient 
only reaches about −0.2840. Two reasons mainly cause this 
phenomenon. The first is that the accuracy of the carrier 
phase is higher than the pseudorange since the precision of 
the carrier phase observation is 100 times that of the pseu-
dorange. The second is that the SD residual is postfitting 
residuals. Most of the errors are mitigated, such as ambigu-
ity and orbital error. In contrast, the pseudorange multipath 
is calculated by smoothing the block of ambiguity, and it 
contains many errors and random noise. Therefore, the cor-
relation of the pseudorange multipath with the CNR is lower 
than that of the SD residual multipath.

Wavelet packets transform (WPT)

Wavelet transform denoising is mainly used to decompose 
the signal first; then, the high-frequency noise is removed by 
thresholding. Finally, the signal can be reconstructed by the 
wavelet coefficients. However, for wavelet decomposition, only 
the low-frequency components can be further decomposed in 
each sublayer, while the high-frequency components are only 
denoised with no further decomposition (Zhong 2008). This 
will decrease the frequency resolution as the number of layers 
increases, and the denoising performance will deteriorate. In 
terms of wavelet packets transform, both the low-frequency 
components and the high-frequency components can be fur-
ther decomposed in each sublayer, effectively improving the 
performance of the denoising for multipath model extrac-
tion (Lau 2015). Therefore, to improve the accuracy of the 
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Fig. 2   Relationship between the SD residuals and the CNR for the 
G02 satellite L1 frequency. The red and blue curves denote SD resid-
uals and CNR, respectively
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Fig.3   Relationship between the MP residuals and the CNR for the 
G02 satellite L1 frequency. The red and blue curves denote MP resid-
uals and CNR, respectively

Table 1   Pearson, Kendall and Spearman denote three kinds of corre-
lation coefficients

SD & CNR means the correlation coefficient of the SD residuals and 
CNR, and MP & CNR means the correlation coefficient of the MP 
residuals and CNR

Pearson Kendall Spearman

SD & CNR −0.6132 −0.5237 −0.5961
MP & CNR −0.2840 −0.1680 −0.2457
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multipath correction model extraction, the wavelet packets 
transform is adopted in this method.

Assuming that given the orthogonality scale function �(x) 
and the mother wavelet function �(x) , the dyadic function can 
be expressed as:

where hk and gk are filter coefficients in the analysis of mul-
tiresolution. Considering that the multipath signal is dis-
crete, the discrete wavelet packets function is used, which 
is expressed as:

where j denotes the scale operation; k represents the transla-
tion operation; c is called the modulation parameter. Assum-
ing c is equal to 0, the first-level wavelet function can be 
expressed as:

Then, for c =2, 3..., the wavelet packets bases can be 
obtained by the following recursive relationship, which is 
defined as:

(4)
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where hk and gk are still the filter coefficients in the mul-
tiresolution analysis. The structural flowchart of three-level 
wavelet packets decomposition is shown in Fig. 4.

Proposed method

This section presents the proposed method based on adaptive 
layer-selecting wavelet packets transform, bootstrap searches 
strategy and CNR constraints. The theoretical ground and 
feasibility of the proposed method are analyzed with real 
data sets.

Rationality analysis

To analyze the rationality of the adaptive layer-selecting 
wavelet packets transform, the real data collected by the 
MGEX CUT0 station on DOY: 01, 2020 are used in this 
experiment. The sample rate is 30 s, and the mask angle is 
set as 10°.

Figure 5 presents the CNR distribution of all satellites 
on DOY: 01, 2020. The range of the CNR was scattered 
from 25 dB-Hz to 55 dB-Hz. Table 2 shows the classifica-
tion results for the data presented in Fig. 5. It can be derived 
from Table 2 that the CNR is mainly concentrated between 
35 dB-Hz and 50 dB-Hz for most epochs, which accounts 
for 79.56% of all epochs. For epochs larger than 50 dB-Hz, 
their signal quality is better and usually contains no noise 
or multipath. In general, the CNR should perform relatively 
high when the signal is less affected by noise or multipath 
(Gurtner 1994). Since the CNR is directly related to noise 
and multipath, it lays a solid foundation for classification 
processing utilizing wavelet packets transform based on 
CNR constraints.

Taking the G01 satellite as an example, the layer-select-
ing processing strategy of the wavelet packets transform is 

Fig. 4   Flowchart of the three-
level wavelet packets decompo-
sition. The SD residuals are the 
input signal and will be decom-
posed three times to obtain all 
high-pass and low-pass coeffi-
cients. L and H denote the low- 
and high-frequency component. 
Number 1, 2 and 3 denote the 
level of decomposition
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analyzed in depth. Figure 6 demonstrates the relationship 
between SD residuals and CNR for the G01 satellite L1 
frequency. It is clear that the fluctuation of SD residuals is 
inversely proportional to the CNR; the higher the CNR is, 
the lower the SD residuals. For epochs with CNR lower than 
40 dB-Hz, the residuals perform obviously larger than those of 
the other epochs, which means that they are seriously affected 
by noise or multipath and need to be denoised effectively. For 
example, the first 100 epochs and the last 50 epochs are shown 
in Fig. 6.

The original residuals and the results of wavelet packets 
transform denoising by a decomposition layer from one to four 
are shown in Fig. 7. The number shown in the upper right cor-
ner of the panels is the RMS value of the corresponding resid-
uals series. By comparing the RMS of the series, it can be seen 
that, based on the same thresholding setting, the higher the 
number of wavelet decomposition layers, the better the denois-
ing effect is. Specifically, the wavelet packets transform by one 
layer can only improve by approximately 19.71% compared 
with the original residuals, but the improvement rate can reach 
41.83% for four-layer decomposition. This means that without 
considering the computational efficiency and the potential loss 
of useful information, the wavelet packets transform should 
adopt multilayer decomposition as much as possible.

However, considering the efficiency of the algorithm and 
avoiding the filtering of useful information, multilayer wavelet 
packets decomposition is not required for epochs with lower 
residuals. Figure 8 shows the histogram of SD residuals, which 

Fig. 5   CNR distribution of the data collected by the CUT0 station on 
DOY: 01, 2020

Table 2   Statistical analysis of 
CNR for Fig. 5

Num represents the number in the scope of CNR, and Per denotes its percentage of the total number

CNR <35 dB-Hz ≧35 & <40 dB-Hz ≧40 & <45 dB-Hz ≧45 & <50 dB-Hz ≧50 dB-Hz

Num 2730 4794 5473 7447 1820
Per 12.26% 21.53% 24.58% 33.45% 8.17%
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can display the distribution of residuals intuitively. The hori-
zontal axis indicates the SD residuals, and the vertical axis 
represents normalization of the total data. For example, if the 
vertical axis value is equal to 0.3, then the number of epochs 
of this residual can be obtained by 445 × 0.3. Hence, in Fig. 8, 
it is obvious that most of the residuals are distributed from 
−0.02 to 0.02 m, and this part of the epochs is less affected 
by noise and multipath. Based on the above analysis, it can 
be inferred that for this set of SD residuals, constant layer 
wavelet packets transform denoising leads to inefficiency for 
most epochs with lower residuals and reduces the effective-
ness of denoising for epochs with larger residuals. Therefore, 
to enhance the efficiency of the algorithm and improve the 
accuracy of denoising, the adaptive layering wavelet packets 
transform is proposed.

Adaptive layer‑selecting strategy

In the previous subsection, the rationality of adopting dif-
ferent decomposition layers for wavelet packets transform 
denoising based on CNR is verified. In this section, the spe-
cific adaptive layer-selecting strategy based on CNR con-
straints is given. The optimal number of decomposition lay-
ers is determined by using the CNR data criteria. In addition, 
considering the efficiency of the algorithm and the accuracy 
of denoising, four layers as the maximum decomposition are 
adopted in this proposed method.

Option 1: When the CNR is larger than 50 dB-Hz, the 
decomposition layer of the wavelet packets transform is set 
to one layer. The main consideration of this option is the 
case of a high CNR, in which the signal quality is good 
and less affected by noise. Therefore, the wavelet packets 

transform denoising can be simplified to improve the effi-
ciency of the algorithm.

Option 2: When the CNR is distributed from 45 to 
50 dB-Hz, the decomposition layer of the wavelet pack-
ets transform is set to two layers. This part of the signal is 
slightly affected by noise and multipath, which need to be 
further processed. Hence, the two layer of wavelet packets 
transform is selected.

Option 3: When the CNR is distributed from 40 to 
45 dB-Hz, the decomposition layer of the wavelet packets 
transform is set to three layers. The CNR distributed in this 
range will be affected by noise and multipath. Therefore, a 
three-layer wavelet packets transform is adopted to denoise 
the signals in this part to ensure the accuracy of the mul-
tipath correction model.

Option 4: When the CNR is lower than 40 dB-Hz, the 
decomposition layer of the wavelet packets transform is set 
to four layers. In Figs 5 and 6, it is obvious that the epoch in 
which the CNR is lower than 40 dB-Hz is seriously affected 
by noise and multipath. Therefore, a four-layer wavelet pack-
ets transform is used to improve the precision of these part 
of the data.

Bootstrap searching strategy

After extracting the multipath correction model from the 
reference day, the search strategy needs to be carried out for 
multipath mitigation on the subsequent observation day. In 
the traditional multipath mitigation strategy, all epochs will 
be mitigated on the observation day (Bock et al. 2000). The 
main idea of the traditional mitigation method is to estimate 
the accurate initial mitigation epoch by calculating the sat-
ellite orbital repeat period shift and then mitigate the mul-
tipath for all epochs as a whole by the multipath correction 
model (Zhong et al. 2010). However, this mitigation strategy 
has two obvious disadvantages: (1) the accuracy of multipath 
mitigation largely depends on the precision of the satellite 
orbital repetition shift, especially for high-frequency sam-
pling rate data. (2) mitigating all epochs without indiscrimi-
nating will reduce the mitigation efficiency and decrease the 
accuracy of mitigation because not every epoch has been 
affected by multipath.

To overcome these disadvantages, a bootstrap search 
strategy based on CNR constraints is proposed, and this new 
search strategy can improve the efficiency and precision of 
mitigation. Since the multipath causes a fluctuation in the 
CNR, both the CNR variation between the interfrequency 
and the CNR difference between adjacent epochs can be 
used to determine whether the epoch needs to be corrected 
or not. The process of this strategy is as follows: (1) Cal-
culate the CNR variation between the interfrequency and 
the CNR difference between adjacent epochs. (2) Compare 
the calculated value with the empirical model. Both the Fig. 8   Histogram of SD residuals and relative frequency
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calculation method and the empirical model of CNR can 
be found in Su et al. (2020). (3) If the fluctuation exceeds 
the empirical value, then search the multipath correction 
model by satellite repeat period shift. The method for esti-
mating the satellite repeat period shift can be found in Su 
et al. (2018). (4) Mitigate the multipath error by the model 
value, which is searched in the above process.

In essence, the main advantage of the proposed boot-
strap searching strategy is that it increases the efficiency 
of multipath mitigation and can improve the accuracy of 
multipath mitigation by performing point-to-point searching 
correction. This strategy can effectively avoid introducing 
the unnecessary mitigation error caused by mitigating all 
epochs as a whole.

Experiments and results

The experiment focuses on the performance analysis of the 
proposed new method, mainly including the improvement 
of denoising and the precision of positioning. The real data 
set used in this experiment was collected on DOY: 216-217, 
2020, with a sample rate of 1 Hz, and the total number of 
epochs was approximately 7300. The length of the baseline 
is approximately 10 m, and the mask angle is set as 10°. 
The rover receiver was set at the Wuhan University GNSS 
research center, and the surroundings of the receiver include 
some buildings and trees, which can generate the multipath 
signal. Secondary development software based on the open 
source processing software RTKLIB (Takasu and Yasuda 
2009) is used, and the implementation language is the C 
programming language. Therefore, this data set can be used 
to evaluate the performance of the proposed method.

Performance analysis of denoising

The multipath mitigation performance largely depends on 
the denoising effect during multipath model extraction from 
the reference day. Thus, the denoising performance of the 
proposed method is analyzed first in this section. The data 
set described above DOY: 216, 2020 is used for this analysis.

Taking the G19 satellite as an example, the effectiveness 
of denoising by a constant with three layers (CL) (Azarbad 
2014, Lau 2015) and adaptive layer selection (AL) is pre-
sented in Fig. 9. It can be seen from the original results that 
the satellite was seriously affected by multipath error. The 
fluctuation is obvious in the residuals, such as the epoch 
between 900 and 1100. As shown in Fig. 9, both the CL and 
AL methods can effectively reduce the RMS of the origi-
nal residuals. Specifically, the RMS of the CL is reduced 
from 3.08 to 2.49 cm, and the improvement rate is approxi-
mately 19.16% compared with the original bias. However, 
the RMS of the AL is reduced from 3.08 to 2.13 cm, and 

the improvement rate reaches 30.84% compared with the 
original bias. Even compared with the CL method, the pro-
posed AL method can also improve denoising by approxi-
mately 14.46%. This result indicates that the proposed AL 
method performs better than the CL method in multipath 
model extraction.

To further demonstrate the denoising performance of the 
proposed method, the improvement rates of the RMS of the 
SD L1 residuals for all satellites by adopting the CL and AL 
methods are presented in Fig. 10. The blue bar and orange 
bar denote the CL and AL methods, respectively. As shown 
in Fig. 10, the AL method performs much better than the CL 
method for most satellites. Among them, the best perfor-
mance of the improvement rate is that of satellite G29 with 
the AL method, which is approximately 33.93%. Even for 
the worst satellite, such as G12, the improvement rate can 

0 500 1000 1500 2000 2500
-8

-4

0

4

8

R
es

id
ua

ls
(c
m
)

Epoch (s)

RMS UC:3.08 CL:2.49 AL:2.13

OR CL AL

Fig. 9   Bias series of the SD L1 residuals, Original residuals (OR), 
denoised series by constant with three-layers wavelet packets decom-
position (CL) and adaptive layer-selecting (AL) methods of L1 fre-
quency for G19 satellite

Fig. 10   Improvement percentage of the RMS value of the SD L1 
residuals for all GPS satellites compared with the original result. CL 
denotes the method with constant layer, and AL denotes the method 
with adaptive layer-selecting
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also reach 17.27% for the AL method. The mean improve-
ment rate of the CL method is 14.96% compared with the 
original result. In contrast, the mean improvement rate of 
the proposed AL method can reach 25.33% compared with 
the original results. Therefore, it can be concluded that the 
proposed AL method can improve the precision of multipath 
model extraction for most satellites.

It is worth noting that, for the AL method, although 
most of the satellites show a significant improvement com-
pared with the CL method, there are still some satellites 
that are hardly improved, such as satellite G13. The main 
reason for this phenomenon is that these satellites are less 
affected by multipath interference and noise. The CNR of 
these satellites is relatively high compared with the satellite 
seriously affected by multipath and noise. In this case, the 
number of epochs that need to be decomposed by four layer 
is decreasing; the number of decomposition layers for these 
two methods is also nearly consistent with each other. Thus, 
the performance of the AL method is similar to that of the 
CL method.

The distribution of CNR for G13 and G29 satellites is 
demonstrated in Fig. 11. It is obvious that for satellite G13, 
the CNR of this satellite is mainly distributed between 40 
and 45 dB-Hz. For the epoch distributed in this range, both 
the CL and AL methods adopt three-layers decomposition. 
Therefore, the improvement rates of these two methods are 
similar. In contrast, in terms of satellite G29, the CNR of 
most epochs is distributed lower than 40 dB-Hz. This phe-
nomenon is significantly different from satellite G13. Based 
on the adaptive layer-selecting strategy, the epoch scattered 
in this range should be decomposed by four layers to filter 
the noise as much as possible. This is largely different from 
the CL method, in which the decomposition is constant. 
Hence, for satellite G29, the proposed AL method performs 

much better than the CL method. Table 3 also presents the 
concrete statistical results of CNR for G13 and G29 satel-
lites. In Table 3, it can be seen that the CNR between 40 
and 45 dB-Hz accounts for 87.15% for satellite G13. How-
ever, for satellite G29, the CNR between 40 and 45 dB-Hz 
only accounts for 6.73%, and the CNR lower than 40 dB-Hz 
accounts for almost 93.27%. Hence, this result is consistent 
with Fig. 10.

Through the above analysis, we conclude that the pro-
posed AL method can improve the effectiveness of denoising 
compared with the constant layer method. Moreover, for this 
proposed method, the greater the influence of the noise and 
multipath, the better the improvement. After denoising, a 
high-precision multipath correction model was extracted, 
which lays the foundation for multipath mitigation.

Performance analysis of positioning

After the multipath correction model has been extracted 
on the reference day, the multipath can be mitigated by the 
search strategy on the subsequent observation day. Essen-
tially, the ultimate purpose of multipath mitigation is to 
improve the precision of the positioning. Therefore, the 
positioning performance is evaluated in this section.

Figure 12 demonstrates the positioning bias results of 
the three components of the original bias with uncorrected 
(UC), corrected by adopting the traditional constant layer-
ing mitigation method (denoted by CL) and the proposed 
method (still denoted by AL for convenience) based on CNR 
constraints. In Figure 12, it can be seen that the proposed 
AL method can effectively improve the precision of posi-
tioning for three components. In particular, for the upper 
component, the RMS is reduced from 0.89 to 0.55 cm after 
applying the proposed AL method compared with the origi-
nal results. Even compared with the CL method, the RMS 
of the upper component is also decreased by 0.24 cm, and 
the improvement is obvious.

In addition, it should be noted that, although the correc-
tion accuracy of the AL method in all three components is 
much higher than that of the CL method on the whole, AL 
deteriorates in some epochs. This phenomenon occurs in the 
final stages of the eastern component, which is between 6500 

Fig. 11   Distribution of CNR for G13 and G29 satellites

Table 3   Statistical analysis of CNR for G13 and G29 satellites

Num represents the number in the scope of CNR; Per (%) denotes the 
proportion of the total number

CNR G13 G29

Num Per (%) Num Per (%)

<40 dB-Hz 1 0.03 1580 93.27
≧40 & <45 dB-Hz 2510 87.15 114 6.73
≧45 & <50 dB-Hz 369 12.82 0 0
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and 7000 epochs. This is because the proposed AL method is 
mainly used for point-to-point correction, and the multipath 
error of this part epoch is not seriously affected, which can 
be seen from the RMS in the other two components. In this 
case, the variation in the CNR difference between adjacent 
epochs may be caused by noise or other elements. In this 
case, it will lead to the proposed bootstrap searching strategy 
deterioration in the multipath mitigation.

To further investigate the performance of multipath 
mitigation, the concrete RMS statistics of the three com-
ponents and the improvement rate of the two methods are 
also presented in Table 4. As demonstrated in the column of 
Imp(O) for the CL method, the CL method can also improve 
the RMS of the positioning bias to a certain degree, but 
the improvement rates are only 7.69, 12.50 and 11.24% 
for the three components. However, after applying the AL 
method, the improvement rate of all three components is 
increased significantly, especially for the upper component. 
The improvement rate is approximately 30.38% compared 

with the CL method. This phenomenon is mainly that the 
upper component is more seriously affected by multipath 
and noise. Therefore, the proposed new method will perform 
much better in a multipath environment than in a normal 
observation environment.

Based on the above analysis, it can be concluded that the 
proposed new method can not only improve the effectiveness 
of denoising for extracting an accurate multipath correction 
model but also enhance the precision of multipath mitiga-
tion. Therefore, this proposed new multipath mitigation 
method can be applied for GNSS static relative positioning 
in a multipath environment.

Conclusions

We presented a new multipath mitigation method based on 
adaptive layer-selecting wavelet packets denoising, boot-
strap searching strategy and CNR constraints for GNSS 

Fig. 12   Coordinate time series 
obtained from three components 
by UC, CL and AL in continu-
ous mode. The number shown 
in the lower right corner of the 
plots indicates the RMS value 
of the corresponding coordinate 
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Table 4   RMS statistics of 
coordinate time series and 
accuracy improvement in 
percentage after applying the 
CL and AL methods.

(O) denotes the improvement rate compared with the original; (C) denotes compared with the CL method

Com Original CL method AL method

Rms(cm) Imp(O)(%) Rms(cm) Imp(O) (%) Imp (C)(%)

E 0.13 0.12 7.69 0.09 30.77 25.00
N 0.16 0.14 12.50 0.11 31.25 21.43
U 0.89 0.79 11.24 0.55 38.20 30.38
3D 0.53 0.47 11.32 0.33 37.74 29.79
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static relative positioning. The theory of multipath indicates 
that the CNR is directly related to the amplitude of GNSS 
signals; it is a foundation that multipath can be detected 
and mitigated based on CNR constraints. The results of the 
experiment demonstrated that CNR is correlated with the 
carrier phase and pseudorange multipath, which verified 
the relationship between the multipath residuals and CNR. 
Therefore, the CNR can be used for multipath mitigation. In 
addition, the rationality of the adaptive layer-selecting wave-
let packets transform denoising strategy is also analyzed by 
a real data set.

The performance of the denoising and positioning is eval-
uated by a real data set for the proposed method. Experimen-
tal results demonstrate that the proposed method performs 
much better than the traditional constant layer method for 
most satellites in denoising, and the maximum improvement 
rate is approximately 33.93% for satellite G29. Statistically, 
the mean improvement rate of the proposed method can 
reach 10.37% compared with the CL method for multipath 
model extraction. For positioning, the proposed method can 
also effectively improve the precision of the three compo-
nents. The mean improvement rate of the three components 
is approximately 37.74% compared with the original result. 
Even compared with the CL method, the mean improvement 
rate of the three components can also reach 25.60%. In addi-
tion, it is worth noting that this new method can be used for 
GPS systems and is suitable for static relative positioning in 
other GNSS systems.
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