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Abstract

:

Global navigation satellite system (GNSS) has been widely used in many deformation monitoring fields in recent years and can achieve centimeter-level or even sub-centimeter-level real-time monitoring accuracy through the carrier phase double-differenced technique. However, this technique cannot eliminate or weaken multipath errors, which become the main error source for GNSS deformation monitoring. Therefore, extracting deformation information from coordinate series mixed with multipath errors has become a key issue for further improving the accuracy of GNSS deformation monitoring. In this paper, we propose an approach to overcome this issue called empirical wavelet transform-independent component analysis with reference (EWT-ICA-R). The specific process is as follows. First, EWT is employed to model the multipath errors from a priori GNSS coordinate series, and the model is input to ICA-R as a reference signal. Then, the GNSS deformation monitoring series mixed with multipath errors and deformation information is decomposed into sub-series of different scales using EWT, and these sub-series are input to ICA-R as multi-channel signals. Finally, ICA-R is used to calculate the input signals together to obtain the multipath errors in the GNSS deformation monitoring series and then subtract the multipath errors from the GNSS deformation monitoring series to obtain accurate deformation information. Experiments show the following: (1) For the vibration deformation experiments, the correlation coefficients between the deformation information extracted by the proposed method and the real values reached 0.981, 0.981, and 0.885 in the E, N, and U directions, respectively, and the corresponding root mean square errors decrease to 0.694 mm, 0.694 mm, 1.852 mm, respectively. (2) For the slow-deformation experiment, the correlation coefficients in the three directions were all higher than 0.98, and the corresponding root mean square errors decrease to 1.345 mm, 1.546 mm, and 3.866 mm, respectively. The experiments verified the feasibility of the proposed method to accurately extract deformation information, which makes it possible to obtain sub-millimeter GNSS deformation information and provide effective technical support for deformation monitoring in related fields.
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1. Introduction


Deformation disasters occur widely in many fields, such as large buildings or structures, mining surfaces, and landslides. When the deformation reaches the bearing capacity of the deformable body, the deformation disaster seriously threatens the safety of people’s lives and properties. Therefore, it is necessary to use technical means to monitor deformation, obtain deformation information, and use a certain method to mine the deformation evolution mechanism to guide the prevention and control of deformation disasters [1,2,3].



As a high-precision positioning technology, the global navigation satellite system (GNSS) can provide continuous real-time positioning information, and has been widely used in related deformation monitoring fields [4,5]. Lovse et al. [6] pioneered the use of the global positioning system (GPS) to measure the structural vibrations of the Calgary Tower in Calgary, AB, Canada, and experimentally verified the feasibility of GPS as a structural monitoring technology. Guo and Ge [7] used GPS to successfully obtain the displacement and vibration frequencies of the Di Wang Tower in Shenzhen, Guangzhou, China. Gili et al. [8] discussed the applicability of GPS for monitoring the displacement of landslide surfaces, which has larger coverage and higher work efficiency than classical measurement methods. Lü et al. [9] employed GPS for land subsidence monitoring and obtained the GPS control network of the observation stations with sufficient accuracy. At the same time, GPS provides reliable data for studying the laws of surface deformation caused by underground coal mining.



Usually, GNSS real-time deformation monitoring is performed using the carrier phase double-differenced technique. This technique can eliminate the satellite clock error and the receiver clock error and greatly weaken the tropospheric error and ionospheric error (especially for short baseline solutions), but cannot mitigate the influence of multipath errors on positioning accuracy [10]. Therefore, multipath errors become the main error in the real-time deformation monitoring of GNSS. Owing to the spatiotemporal repeatability of GPS (or GLONASS, Galileo) operations, the sidereal filtering (SF) technique and its modified methods have been proposed for the real-time mitigation of multipath errors [11,12,13]. However, the constellation structures of different navigation satellite systems and their operating periods are different. The spatiotemporal repeatability of multi-GNSS satellites is difficult to obtain, and the standard SF technique is no longer strictly applicable [14]. Ye et al. [15] proposed an improved SF technique based on the “zero-average” hypothesis, analyzed the differences in the return period and multipath signals of medium earth orbit (MEO), geosynchronous orbit (GEO), and inclined geosynchronous orbit (IGSO) satellites, and solved the constellation difference of the BeiDou navigation satellite system (BDS). This study makes it possible to reduce the multipath errors of multi-GNSS using the SF technique. Dong et al. [16] proposed a multipath hemispherical map (MHM) to mitigate multipath errors based on the single-receiver dual-antenna technique and compared and analyzed it using the improved SF technique. The experimental results demonstrate that the MHM model can mitigate the influence of multipath errors more effectively. However, this model has higher requirements for GNSS hardware equipment and its practicability needs to be improved. Liu et al. [17] employed the MHM model and nearest-neighbor search to mitigate the multipath errors of BDS-2/BDS-3, and achieved a good effect for multiple consecutive days. Tao et al. [18] considered the highly nonlinear characteristics of multipath errors in the GNSS coordinate series and established a multipath error model based on the convolutional neural network (CNN)-long short-term memory (LSTM) method, which realizes the real-time mitigation of multipath errors.



Multipath errors are mainly affected by the geometric structure between the satellite, receiver, and reflector positions. In the application of deformation monitoring, owing to the continuous deformation of the monitored object, the original geometric structure is destroyed, and the multipath error model established by different methods is not strictly applicable [19,20]. Zheng et al. [21] used a Vondrak filter and cross-validation to mitigate the effect of multipath errors in GPS coordinate series mixed with vibration deformation and improved the final deformation accuracy by 20–40%. Dai et al. [22] performed multi-scale decomposition on the GNSS coordinate series mixed with multipath errors and deformation information based on empirical mode decomposition (EMD); that is, multiple virtual channel signals were obtained, and then the virtual channel signals and the prior GNSS coordinate series (regarded as a reference signal) were used for the independent component analysis with reference (ICA-R) calculation to mitigate the multipath errors. Experimental results verified the effectiveness of the proposed strategy. Although EMD can perform multi-scale decomposition of GNSS coordinate series and has been widely used in many fields, it still has some insurmountable defects, such as frequency aliasing, endpoint effects, and uncertainty in the number of decompositions, especially the latter, which seriously restricts the use of EMD for automatic or batch processing [23,24,25]. Gilles [26] proposed the empirical wavelet transform (EWT), a method capable of constructing adaptive wavelets to segment different modes of a signal by designing appropriate wavelet filters with a clear mathematical theoretical basis, which has the characteristics of high computational efficiency, good adaptivity, and theoretical adequacy compared with EMD. The EWT has been widely applied to the fault detection of mechanical bearings [27], seismic data mining [28], medical image monitoring [29], and other fields [30].



In view of the excellent multi-scale decomposition ability of EWT, we propose the use of EWT to perform multi-scale decomposition of the GNSS coordinate series mixed with deformation information and then use the ICA-R method to separate deformation information and multipath errors to achieve higher-precision deformation information acquisition.



GNSS deformation monitoring series usually contain information at different frequencies, which mainly consist of specific deformation information and GNSS system errors. However, systematic errors in GNSS short-range relative positioning usually include multipath errors and other non-modeled systematic errors, which usually exhibit significant frequency aliasing. Therefore, according to the characteristics of structural deformation and land subsidence, this paper simulates vibration deformation and slow deformation respectively, hoping to verify the separation effect of the proposed method on deformation information under different deformation scenarios and different frequency aliasing conditions. It is precisely because of this that the deformation information in two different scenarios is not superimposed.




2. Methods


2.1. Multipath Errors


In the process of signal propagation, the signal wave encounters a multipath error effect, such as the reflection of light and electromagnetic waves. In satellite positioning, the satellite signal propagates in the form of electromagnetic waves. During the propagation of GNSS signals, the vast majority of the signals enter the receiver in the form of direct transmission, but there is still an inevitable small part of the signals that enter the receiver after being reflected by the reflectors around the station, as shown in Figure 1. The direct and reflected signals enter the receiver simultaneously, and the two are superimposed to form an interference signal. There is a certain deviation between the interference and direct signals. This phenomenon is called the multipath error, which reduces the positioning accuracy of the GNSS to a certain extent.



The path deviation    S m    of the satellite signal caused by the multipath effect can be expressed as [31]:


   S m  =   Δ  φ m    2 π   λ =  λ  2 π   arctan     α sin     4 π d  λ  sin θ     1 + α cos     4 π d  λ  sin θ        



(1)




where   Δ  φ m    is the multipath error in the carrier phase measurement;  λ  is the wavelength of the reflected signal;  α  is the reflection coefficient; d is the distance between the receiver antenna and the surrounding reflector;  θ  is the incident angle of the reflected signal.



From Equation (1), we find that multipath is mainly affected by d,  θ , and  α . If the receiver position does not change significantly and the surrounding environment of the receiver remains unchanged, the multipath error is mainly affected by  θ . In other words, multipath errors are strongly related to the satellite position. Because GNSS satellites (except GEO satellites of BDS) run periodically on the set orbits, multipath errors usually exhibit periodic variation characteristics. The operating periods of different satellite navigation systems are different, and the frequency bands of signals broadcast by different satellite navigation systems are also different, which causes multipath errors in multi-GNSS system positioning to be no longer periodic.




2.2. EWT


Gilles [26] proposed EWT, which essentially utilizes the adaptive characteristics of EMD and the controllable number of scales of the wavelet transform. In contrast to wavelet transform, EWT adaptively constructs basis functions based on the basis pursuit method and then uses the framework of EMD to perform wavelet transform. Essentially, the EWT method is an adaptive segmentation and fully adaptive multi-scale decomposition method.



The main steps of the multiscale decomposition of the GNSS coordinate series mixed with deformation information using EWT are as follows.




	(1)

	
Spectral analysis of the coordinate series   x ( t )   mixed with deformation information to obtain Fourier spectrum   F  ω   .




	(2)

	
Divide   F  ω    into K continuous segments and determine its boundary   Ω =      ω k      k = 0 , 1 , ⋯ , K    , where  ω  is the frequency, and    ω k    is the kth boundary frequency (where    ω 0  = 0   and    ω K  = π  ).




	(3)

	
Constructing low-pass and band-pass filters with the empirical scale function    φ k   ω    and empirical wavelet function    ψ k   ω   , as shown in Equations (2) and (3).


   φ k   ω  =       1 ,      ω  ≤   1 − γ    ω k        cos    π 2  R   γ ,  ω k      ,       1 − γ    ω k  ≤  ω  ≤   1 − γ         0 ,     others        



(2)






   ψ k   ω  =       1 ,       1 + γ    ω k  ≤  ω  ≤   1 − γ    ω  k + 1         cos    π 2  R   γ ,  ω  k + 1       ,       1 − γ    ω  k + 1   ≤  ω  ≤   1 − γ    ω  k + 1         sin    π 2  R   γ ,  ω k      ,       1 − γ    ω k  ≤  ω  ≤   1 + γ    ω k        0 ,     others        



(3)




where  γ  is a parameter that ensures that the two continuous transforms do not overlap, and   R   γ ,  ω k      is a function that can be expressed as


  R   γ ,  ω k    = β    1  2 γ  ω k      | ω | −   1 − γ    ω k       



(4)




where


  β  q  =       0 ,     q ≤ 0       1 ,     q ≥ 1        q 4    35 − 84 q + 70  q 2  − 20  q 3    ,     q ∈   0 , 1          



(5)








	(4)

	
The inner product of the empirical scale function (Equation (2)) and the GNSS coordinate series is the scale coefficient   W   0 , t    , which can be expressed as


  W   0 , t   =   f  t  ,  φ 1   t    =   ∫  f  τ     ·    φ 1    τ − t    ¯  d τ =  F  − 1     f  ω     φ 1   ^   ω     



(6)




where  τ  is the time node,    ·    is the inner product operation,      φ 1   ^   ω    is the Fourier transform of    φ 1   t   , and      φ 1    τ − t    ¯    is the complex conjugate of    φ 1    τ − t    .









In addition, the inner product of the empirical wavelet function (Equation (3)) and the GNSS coordinate series is the empirical wavelet coefficient   W   k , t    , which can be expressed as


  W   k , t   =   f  t  ,  ψ k   t    =   ∫ f    τ  ·    ψ k    τ − t    ¯  d τ =  F  − 1    ω    f  ω     ψ k   ^   ω     



(7)




where      ψ k   ^   ω    is the Fourier transforms of    ψ k   t   ;      ψ k    τ − t    ¯    is the complex conjugate of    ψ k    τ − t    .



	(5)

	
Equation (8) is used to reconstruct the data.


  f  t  = W   0 , t   ∗  φ 1   t  +   ∑  k = 1  n   W   k , t     ∗  ψ k   t   



(8)




where  ∗  is the convolution operator symbol.








2.3. ICA-R


The Independent Component Analysis (ICA) is a computational method for separating multivariate signals into additive sub-components. The research object of ICA is independent non-Gaussian data, and the multi-channel mixed data are separated one by one, and each time the signal is separated into an independent component until the iterative component changes do not change or change very little [32]. The input signal to be processed by ICA must be multiple and greater than or equal to the number of output signals. The purpose of ICA is to determine the unmixing matrix w and then linearly transform the input signal to obtain the output signal. The main calculation steps for w are as follows.




	(1)

	
Centering, white-noising, and decorrelating the input signal to obtain a modified input signal with zero mean.




	(2)

	
Choose an initialized w, which should have a unit norm, and update w according to Equation (9).


   w  k + 1   = E   x g    w k    T  x     − E    g ′     w k    T  x      w k   



(9)




where x is the observation signal, and   g  ·    is the derivative of a non-quadratic function   G  ·   .




	(3)

	
normalize    w  k + 1    


   w  k + 1   =    w  k + 1        w  k + 1        



(10)








	(4)

	
Check whether the results converge. Otherwise, return to Step (3) to continue the update iteration.









ICA can be used to recover the independent components of the source signal using only the mixed signal of the source signal without knowing the statistical distribution type and mixing parameters of the source signal. However, traditional ICA usually has the defects of uncertain output-signal ordering and low estimation efficiency. Some scholars have introduced prior knowledge into blind source separation and obtained the result of improved performance, which is the so-called semi-blind ICA. Because of the diversity of prior information and its utilization, there are many types of semi-blind algorithms. As a typical semi-blind ICA, ICA-R has the advantage of determining the output order and has high estimation efficiency [33]. The basic idea is to introduce the reference signal into the traditional ICA algorithm to transform the blind source separation problem into a constrained optimal solution problem, in which the mixed signal is obtained through the iterative Newton approximation process. Finally, a certain certainty is extracted from the mixed signal. The method used in this study was a single ICA-R algorithm, and its algorithmic model was [34].


  Objective   function : J  w  ≈ ρ     E   G    w T  z     − E   G  v       2   



(11)






  Restrictions :       s  w  = E    y 2    − 1 = 0     g  w  = ε   y , r   − ξ ≤ 0      



(12)




where   y =  w T  z   is the output signal;  w  is the initial weight; r is the reference signal;  ρ  is the normal quantity; v is a Gaussian variable with zero mean and unit variance;   J  w    is the negative entropy of  y ;   G  ·    is any non-quadratic equation;   g  ·    is the derivative of   G  ·   ;   s  w    is a constraint function that ensures that   J  w    and  w  are bounded;  ξ  is its threshold value to distinguish the target signal from other signals; and   ε   y , r     is the generalized distance function between y and r.



To obtain the optimal solution of the objective function in Equation (12) under the restriction of Equation (11), a Lagrangian function is established:


  H   w , μ , u , z   = J  y  +  μ T   g ^   y  +  1 2  η      g ^   y     2  +  u T  s  y  +  1 2  η      s ^   y     2   



(13)




where  μ  and  u  are the Lagrangian factors. The ICA-R cell is obtained by polarizing the Lagrangian function in Equation (13), and the algorithm is given in Equation (14).



The maximum value operation is performed using Equation (13), and the unit value of ICA-R can be obtained as follows:


  Δ w = − η   Φ   y , μ , u   + Γ   y , μ , u   + Ψ   y , μ , u      ∑  x  x  − 1      



(14)




where


        Φ   y , μ , u   =   E    G ′   y  x     d   y , μ , u           Γ   y , μ , u   =   E    G ′    y , μ   x     d   y , μ , u           Ψ   y , μ , u   = 4 u     E    y 2    − 1   E   y x     d   y , μ , u            



(15)




where   d   y , μ , u   = E   μ  g ″   y    + 8 u − E   ρ  G ″   y     ;    G ′   y   , and    G ″   y    are the first- and second-order derivatives of   G  y   , respectively, and    g ″   y    is the second-order derivative of   g  y   .




2.4. Deformation Information Extraction Based on EWT-ICA-R


To accurately extract the deformation information in the coordinate series of the multi-GNSS, a specific data processing flow is designed based on EWT-ICA-R, as shown in Figure 2. First, multipath modeling is performed on the a priori GNSS coordinate series based on the EWT, and the obtained multipath model is input to ICA-R as the reference signal. The method in this paper separates and models the multipath errors from the a priori coordinate data, where the simulated vibrational and slow deformations are not added to the a priori data and are added to the subsequent GNSS coordinate sequence of DOY135-147. Then, the GNSS deformation monitoring series mixed with deformation information is decomposed into sub-series of different scales using EWT, and these sub-series are input to ICA-R as multi-channel signals. Finally, ICA-R is used to calculate the input signals together to obtain the multipath errors in the GNSS deformation monitoring series and then subtract the multipath errors from the GNSS deformation monitoring series to extract accurate deformation information. The multipath error model established in the first step as the input of the subsequent deformation information separation will directly affect the accuracy of its separation. Because of this, we need to use a method with a good noise reduction effect (e.g., EWT) to model the multipath error in the first step. As evidenced by the many kinds of literature, EWT has relatively excellent noise reduction ability, so we adopt this method to model multipath error in this paper.



With the excellent multi-scale decomposition capability of EWT, the GNSS coordinate series mixed with deformation information can be adaptively decomposed into multiple IMFs, and the segmentation mechanism of the Fourier spectrum is the key issue for multi-scale decomposition. The segmentation strategies include Locmax, Locamaxmin, Adaptive, and Scalespace. Considering the excellent frequency division capability of Scalespace, it was adopted in this study for subsequent data processing.



When using EWT-ICA-R for multipath error reconstruction, there is a lack of uncertainty in the amplitude of the multipath errors [31]. Therefore, a scale coefficient   a =   std  r   /  std  y      must be set to restore the correct amplitude, where   std  ·    is the standard deviation. After the multipath errors s are recovered (by   s = a ∗ y  ), they can be used as a subsequent reference signal to weaken them and accurately extract the deformation information.





3. Experiments and Results


3.1. Data Collection


The experiment was conducted on the roof of the building of the School of Spatial Information and Geomatics Engineering, Anhui University of Science and Technology, China. Two GNSS receivers of the same type were used for continuous long-term data collection. The distance between the two receivers was approximately 13 m, the height of the receiver antennas was approximately 2.3 m, and the height of the walls around the receivers was approximately 1.5 m (Figure 3). The receiver parameters are the Trimble BD980 board and AT300 antenna, which can receive GPS triple-frequency signals, GLONASS, and BDS dual-frequency signals. The base station and rover station can receive data from three systems, GPS, GLONASS, and BDS, simultaneously, with a sampling interval of 1 Hz and a satellite elevation cutoff of 15°. The original observation data of two GNSS receivers from DOY134 to DOY147 in 2018 were collected, of which DOY142 was unavailable owing to a power outage, with a total of 13 days of observation data.



The RTKlib software (http://www.rtklib.com/, accessed on 14 May 2018) was used as the data solution to obtain the GNSS coordinate series. Because the baseline distance is short, the height difference is extremely small, and the receiver types are the same, the tropospheric delay, ionospheric delay, and antenna phase deviation can be eliminated using the carrier phase double-differenced technique. Therefore, the multi-GNSS coordinate series is mainly composed of noise and multipath errors. Meanwhile, considering the periodic characteristics of multipath errors, we take the average value of the long-term coordinate series as the true value for subsequent data validation.




3.2. Multipath Errors Modeling


In this section, EWT is used to denoise the GNSS coordinate series of DOY134, and the multipath error model of DOY134 was established. The model was used as a reference signal for the identification of multipath errors and the extraction of deformation information in the following days.



The established multipath error model of DOY134 and its power spectral density are shown in Figure 4. The multipath error model is consistent with the original GNSS coordinate series trend, which intuitively shows that the EWT can effectively eliminate the influence of noise in the GNSS coordinate series. In terms of power spectral density, the characteristics of the multipath error model and the low-frequency region of the original GNSS coordinate series are almost the same, which is consistent with the characteristics that the multipath error is mainly low-frequency.




3.3. Vibration Deformation Experiments and Results


To test the performance of the proposed method for the accurate extraction of deformation information, we designed two typical deformation scenarios: a vibration deformation experiment and a slow deformation experiment. In this section, we test how to efficiently extract the vibration deformation in a GNSS coordinate series mixed with the vibration deformation, multipath errors, and noise.



To accurately verify the extraction effect of deformation information, a harmonic signal (simulating vibration deformation) that can produce frequency aliasing with multipath errors is added to the GNSS coordinate series from DOY135 to DOY147, with an amplitude of 5 mm and a frequency of 0.015 Hz. Owing to space limitations, the E direction of DOY135 is taken as an example to introduce the relevant processing process, as shown in Figure 5. Figure 5 shows the GNSS deformation monitoring sequence of DOY135 after adding the simulated vibration deformation, and the frequency aliasing with multipath errors can be seen after zooming in locally.



The key issue in accurately extracting deformation information is the separation of the multipath errors. Therefore, we separate the multipath errors in the GNSS coordinate sequences mixed with the vibration deformation from DOY135 to DOY147.



To facilitate the observation of the accuracy of the separated multipath errors, they are compared with the corresponding original GNSS coordinate series. Figure 6 presents the original GNSS coordinate series and the separated multipath errors from DOY135 to DOY147 in the E direction; the white line in the figure is the separated multipath errors, and a certain value is added to the pair-by-day to facilitate the observation. As shown in Figure 6, the separated multipath errors from DOY135 to DOY147 are generally consistent with the variation law of the corresponding GNSS original coordinate series. However, they become smoother daily in the extracted multipath errors, especially in the series after DOY142, the same phenomenon occurs in the N and U directions. There are two primary reasons for this phenomenon. First, the separation accuracy of multipath errors continues to decrease with time, which is a common phenomenon, and owing to the lack of DOY142 GNSS data, DOY141 is required to separate the multipath errors of DOY143. Therefore, the multipath error separation accuracy of DOY143 and the following days are reduced to a certain extent.



After the separation of GNSS multipath errors, a vibration deformation series mixed with noise was obtained. To analyze and compare the obtained vibration deformation with its reference value (harmonic signal), the obtained vibration deformation series mixed with noises was denoised by the EWT, and the denoised series was used as the extracted vibration deformation. Figure 7 shows the extracted vibration deformation in the E direction of the first and last two days (DOY135 and DOY147) and the difference between it and the reference value. In general, the difference between the extracted vibration deformation information and the reference value is within 0.2–0.3 mm, reaching a sub-mm-level deformation information extraction. In addition, the data processing accuracies for the other time periods and directions were comparable.



Table 1 presents the statistical results for the accuracy and correlation coefficients of the extracted vibration deformations. It can be seen that the correlation coefficient between the extracted vibration deformation of DOY135 to DOY147 in the E and N directions and the corresponding reference values are maintained above 0.98 and that the U direction is maintained at approximately 0.88. The root mean square errors of the E and N directions are approximately 0.70 mm, whereas those in the U direction reach approximately 1.8 mm.



The correlation coefficients and root mean square errors in the U-direction were significantly worse than those in the other two directions. This is mainly because the amplitude of the multipath errors in the original GNSS coordinate series in the U-direction is significantly larger than that in the other two directions, and the power spectral density of the coordinate series in the U-direction is significantly larger than that in the other two directions in the low-frequency region (Figure 4). This increases the degree of aliasing between multipath errors and vibration deformations in the coordinate series, which is not conducive to the accurate separation of multipath errors and the accurate extraction of vibration deformations.




3.4. Slow Deformation Experiments and Results


To verify the deformation information extraction performance of EWT-ICA-R in the slow deformation application scenario, we added slow deformation information formed by the superposition of linear functions and trigonometric functions to the original GNSS coordinate series. The equation used is as follows:


   y  d e f   =   − 0.02   100 + t     0.35 n   + 0.04   sin    t  2000     + cos   2 +  t  3000        



(16)




where    y  d e f     is the simulated slow deformation and   t ∈ [ 1 , 86400 ]  ; n = 80. The simulated slow deformation was approximately 60 mm/day.



The simulated slow deformation information was added to the original GNSS coordinate series of DOY135-DOY147 respectively to form a simulated deformation monitoring series. Figure 8 shows the original GNSS coordinate series and simulated deformation monitoring series in the E direction of DOY135. Meanwhile, the multipath errors of DOY134 were used as a reference signal for multipath error separation and deformation information extraction in the subsequent simulation deformation series.



Based on the EWT-ICA-R method, multipath errors were separated from the simulated deformation monitoring series, and a deformation monitoring series mixed with noise was obtained. To verify the extraction effect of deformation information, we performed noise reduction processing on the obtained deformation monitoring series mixed with noise and compared and analyzed it with the simulated deformation series. Figure 9 shows the extracted deformation series of the first and last days (DOY135 and DOY147), the simulated deformation series, and the difference series between them. In general, the change trends of the extracted deformation series and the simulated deformation series were similar, and the differences were maintained within 5 mm. In addition, the difference between the extracted deformation series and the simulated deformation series of the last day (DOY147) was significantly greater than that of the first day (DOY135).



Table 2 presents the root mean square errors of the extracted deformation series and their correlation coefficients with the corresponding simulated deformation series in the three directions of E/N/U from DOY135 to DOY147. It can be seen that the correlation coefficients are all above 0.97, indicating that the extracted deformation series and the simulated deformation series maintain a high degree of consistency in shape, and the correlation coefficient does not change significantly over time. In addition, the RMS in the three directions of E/N/U increases with time, which indicates that the separation effect of the slow deformation information based on the EWT-ICA-R method decreases slowly with time.





4. Discussion


At present, the main constraint limiting GNSS millimeter-scale deformation monitoring is multipath errors. However, in the multi-GNSS coordinate domain, multipath errors no longer exhibit temporal repeatability; therefore, traditional SF is no longer applicable. In addition, when the position of the GNSS monitoring station changes continuously with the deformation of the monitored object, the geometric relationship between the original satellite, reflector, and GNSS receiver is destroyed, and the established multipath error model is no longer strictly applicable [14]. In this context, we comprehensively utilize the multi-scale decomposition and reconstruction characteristics of the EWT [26] and the blind source separation characteristics of the ICA-R [33] method and propose the use of the EWT-ICA-R method [22] to separate the multipath errors and deformation information in the deformation monitoring series.



The multipath errors were separated from the coordinate series by the EWT, and their power spectral density is shown in Figure 4. In the low-frequency region, the power spectral densities of the multipath errors are consistent with those of the original GNSS coordinate series, whereas, in the high-frequency region, the power spectral density of the multipath errors is significantly smaller than that of the original GNSS coordinate series, indicating that the EWT can accurately extract the multipath errors in the GNSS coordinate series.



Based on the EWT-ICA-R method, the multipath errors and vibration deformation were separated from the GNSS coordinate series mixed with the simulated vibration information, and the final accurate vibration deformation information was obtained. The correlation coefficient (approximately 0.98) between the vibration deformation extracted in the E and N directions and the simulated vibration information is significantly greater than that in the U direction (approximately 0.88), which is directly related to the fact that the geometric structure in the E and N directions is better than that in the U direction owing to the GNSS satellite constellation. In addition, owing to the difference in the geometric structure in different directions caused by the satellite constellation, the RMS in the U direction is significantly greater than that in the E and N directions. In addition, there was no significant difference in the correlation coefficient and RMS between DOY135 and DOY 147. The main reason for this is that the added vibration deformation was only 5 mm, and the multipath errors and noises dominated the GNSS coordinate series mixed with the simulated vibration information.



Slow deformation monitoring yields results similar to those of vibration deformation monitoring. The correlation coefficients between the extracted deformation information and the simulated deformation information are above 0.97, among which the E and N directions are above 0.99, which is slightly better than that of the U direction. In addition, with the continuous accumulation of deformation, the RMS of the three directions from DOY135 to DOY147 increases continuously, and the increase in the U direction was significantly larger than that in the other two directions. This shows that with the continuous accumulation of deformation, the accuracy of the multipath errors separated by EWT-ICA-R gradually decreases, resulting in a corresponding decrease in the accuracy of the extracted deformation information. For the same reason, the accuracy of the deformation information extracted in the slow deformation monitoring series is lower than that of the vibration deformation, and the decrease in accuracy increases with the continuous accumulation of deformation. To some extent, this phenomenon proves the validity of the method proposed in this paper, and it is similar to the process of processing other GNSS data. Limited by the length, we only chose the data with the longest time span to write this paper without adding other data.



As we all know, the main purpose of setting high-frequency deformation information is to simulate the deformation characteristics of structures or buildings and verify the effectiveness of the proposed method in such scenarios. Similarly, the purpose of setting the low-frequency deformation information is to simulate the deformation characteristics of the mining surface, urban surface, and landslide, and verify the effectiveness of the proposed method in such scenarios.



In addition, our research group has some GNSS and accelerometer data of bridge monitoring, and surface subsidence data from coal mining. For two reasons, this paper does not adopt such measured data: First, such data are highly professional, and the use of such data will add a certain length of background and relevant professional analysis, which will dilute the core of this paper to a certain extent. Second, the core of this paper is the proposed method and the biggest advantage of simulation deformation is that it has enough accurate verification data, which can more accurately verify the advantages of the new method. This convenience is not available in measured data.




5. Conclusions


Aiming at the separation of deformation information in GNSS deformation monitoring, the EWT-ICA-R algorithm was proposed to separate the vibration deformation and slow deformation from the coordinate series. Through theoretical analysis, data processing, and statistical analysis, the following conclusions were drawn.



For the vibration deformation with overlapping multipath frequencies, the difference between the extracted vibration deformation information and the reference value in the E direction on the first and last day is within 0.2–0.3 mm, which achieves a sub-millimeter level of deformation information extraction. The average correlation coefficients between the vibration deformation in the E, N, and U directions extracted for 12 consecutive days and the harmonic analog signal are 0.981, 0.981, and 0.885, respectively, and the average RMS values were 0.694 mm, 0.694 mm, and 1.852 mm, respectively. The deformation information extracted from the three directions maintains a high degree of similarity, and it is also believed that the method can accurately separate multipath errors from observations containing vibrational deformation.



For the slow deformation experiment, the differences between the extracted and simulated deformation sequences were kept within 5 mm, and the average correlation coefficients between the deformation information extracted for 12 consecutive days and the simulated deformation in the E, N, and U directions were 0.997, 0.996, and 0.983, respectively. In terms of extraction accuracy, the accurately separated deformation was different from the simulated data, and the RMS evaluation indicators in the E, N, and U directions were 1.345, 1.546, and 3.866 mm, respectively.



The results of this study indicate that the EWT-ICA-R method has excellent processing ability and wide application prospects for the deformation information separation problem of dynamic deformation monitoring, such as urban ground settlement deformation monitoring, dam deformation monitoring, bridge deformation monitoring, landslide monitoring, high-rise building deformation monitoring, mining deformation monitoring. The deformation information is obtained in real-time to guarantee the safety of human life and property. The method can separate multipath errors and extract vibration deformation and slow deformation information accurately in real-time. However, owing to the lack of DOY142 observation data in the middle, the accuracy of the vibration deformation extraction has certain fluctuations. Meanwhile, with the accumulation of deformation, the accuracy of multi-path error separation in the slow deformation experiment decreases, and the accuracy of the extracted slow deformation information decreases. Future work needs to solve the problem of deformation information separation under the condition of missing data and complex observation environments.







Author Contributions


Conceptualization, C.L.; methodology, R.T. and C.L.; software, R.T. and Y.T.; validation, Y.T. and Y.F.; formal analysis, Y.T.; data curation, R.T. and J.C.; writing—original draft preparation, R.T. and C.L.; writing—review and editing, C.L. and Y.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Key Project of Beijing Key Laboratory of Urban Spatial Information Engineering, grant number 20220113, and the Science and Technology Research Project of Colleges and Universities in Hebei Province, grant number ZD2021023, and Key Project of Natural Science Research in Universities of Anhui Province, grant numbers KJ2020A0312 and KJ2021A0443, and Anhui Provincial Natural Science Foundation, grant numbers 2108085MD130, 2108085QD171 and 2208085MD101.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


We would like to thank the anonymous reviewers for their constructive comments and suggestions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Moschas, F.; Stiros, S. Noise characteristics of high-frequency, short-duration GPS records from analysis of identical, collocated instruments. Measurement 2013, 46, 1488–1506. [Google Scholar] [CrossRef]

	



Tang, X.; Roberts, G.W.; Hancock, C.M.; Yu, J. GPS/BDS relative positioning assessment by zero baseline observation. Measurement 2018, 116, 464–472. [Google Scholar] [CrossRef]

	



Geng, J.; Pan, Y.; Li, X.; Guo, J.; Liu, J.; Chen, X.; Zhang, Y. Noise characteristics of high-rate multi-GNSS for subdaily crustal deformation monitoring. J. Geophys. Res. Solid Earth 2018, 123, 1987–2002. [Google Scholar] [CrossRef]

	



Çelebi, M.; Prescott, W.; Stein, R.; Hudnut, K.; Behr, J.; Wilson, S. GPS Monitoring of Structures: Recent Advances. In Early Warning Systems for Natural Disaster Reduction; Zschau, J., Küppers, A., Eds.; Springer: Berlin/Heidelberg, Germany, 2003; pp. 709–714. [Google Scholar]

	



Yi, T.; Li, H.; Gu, M. Recent research and applications of GPS based technology for bridge health monitoring. Sci. China Technol. Sci. 2010, 53, 2597–2610. [Google Scholar] [CrossRef]

	



Lovse, J.W.; Teskey, W.F.; Lachapelle, G.; Cannon, M.E. Dynamic deformation monitoring of tall structure using GPS technology. J. Surv. Eng. 1995, 121, 35–40. [Google Scholar] [CrossRef]

	



Guo, J.; Ge, S. Research of displacement and frequency of tall building under wind load using GPS. In Proceedings of the 10th International Technical Meeting of the Satellite Division of The Institute of Navigation (ION GPS 1997), Kansas City, MO, USA, 16–19 September 1997; pp. 1385–1388. [Google Scholar]

	



Gili, J.A.; Corominas, J.; Rius, J. Using Global Positioning System techniques in landslide monitoring. Eng. Geol. 2000, 55, 167–192. [Google Scholar] [CrossRef]

	



Lü, W.-C.; Cheng, S.-G.; Yang, H.-S.; Liu, D.-P. Application of GPS technology to build a mine-subsidence observation station. J. China Univ. Min. Technol. 2008, 18, 377–380. [Google Scholar] [CrossRef]

	



Zhong, P.; Ding, X.; Yuan, L.; Xu, Y.; Kwok, K.; Chen, Y. Sidereal filtering based on single differences for mitigating GPS multipath effects on short baselines. J. Geod. 2010, 84, 145–158. [Google Scholar] [CrossRef]

	



Ragheb, A.E.; Clarke, P.J.; Edwards, S.J. GPS sidereal filtering: Coordinate-and carrier-phase-level strategies. J. Geod. 2007, 81, 325–335. [Google Scholar] [CrossRef]

	



Genrich, J.F.; Bock, Y. Rapid resolution of crustal motion at short ranges with the Global Positioning System. J. Geophys. Res. Solid Earth 1992, 97, 3261–3269. [Google Scholar] [CrossRef]

	



Wang, M.; Wang, J.; Dong, D.; Chen, W.; Li, H.; Wang, Z. Advanced sidereal filtering for mitigating multipath effects in GNSS short baseline positioning. ISPRS Int. J. Geo-Inf. 2018, 7, 228. [Google Scholar] [CrossRef]

	



Lu, R.; Chen, W.; Zhang, C.; Li, L.; Peng, Y.; Zheng, Z. Characteristics of the BDS-3 multipath effect and mitigation methods using precise point positioning. GPS Solut. 2022, 26, 42. [Google Scholar] [CrossRef]

	



Ye, S.; Chen, D.; Liu, Y.; Jiang, P.; Tang, W.; Xia, P. Carrier phase multipath mitigation for BeiDou navigation satellite system. GPS Solut. 2015, 19, 545–557. [Google Scholar] [CrossRef]

	



Dong, D.; Wang, M.; Chen, W.; Zeng, Z.; Song, L.; Zhang, Q.; Cai, M.; Cheng, Y.; Lv, J. Mitigation of multipath effect in GNSS short baseline positioning by the multipath hemispherical map. J. Geod. 2016, 90, 255–262. [Google Scholar] [CrossRef]

	



Liu, C.; Tao, Y.; Xin, H.; Zhao, X.; Liu, C.; Hu, H.; Zhou, T. A single-difference multipath hemispherical map for multipath mitigation in BDS-2/BDS-3 short baseline positioning. Remote Sens. 2021, 13, 304. [Google Scholar] [CrossRef]

	



Tao, Y.; Liu, C.; Chen, T.; Zhao, X.; Liu, C.; Hu, H.; Zhou, T.; Xin, H. Real-time multipath mitigation in multi-GNSS short baseline positioning via CNN-LSTM method. Math. Probl. Eng. 2021, 2021, 657323. [Google Scholar] [CrossRef]

	



Cai, M.; Chen, W.; Dong, D.; Song, L.; Wang, M.; Wang, Z.; Zhou, F.; Zheng, Z.; Yu, C. Reduction of kinematic short baseline multipath effects based on multipath hemispherical map. Sensors 2016, 16, 1677. [Google Scholar] [CrossRef]

	



Tao, Y.; Liu, C.; Liu, C.; Zhao, X.; Hu, H.; Xin, H. Joint time–frequency mask and convolutional neural network for real-time separation of multipath in GNSS deformation monitoring. GPS Solut. 2021, 25, 25. [Google Scholar] [CrossRef]

	



Zheng, D.W.; Zhong, P.; Ding, X.L.; Chen, W. Filtering GPS time-series using a Vondrak filter and cross-validation. J. Geod. 2005, 79, 363–369. [Google Scholar] [CrossRef]

	



Dai, W.; Huang, D.; Cai, C. Multipath mitigation via component analysis methods for GPS dynamic deformation monitoring. GPS Solut. 2014, 18, 417–428. [Google Scholar] [CrossRef]

	



Jiang, H.; Li, C.; Li, H. An improved EEMD with multiwavelet packet for rotating machinery multi-fault diagnosis. Mech. Syst. Signal Process. 2013, 36, 225–239. [Google Scholar] [CrossRef]

	



Yu, Y.; Li, W.; Sheng, D.; Chen, J. A hybrid short-term load forecasting method based on improved ensemble empirical mode decomposition and back propagation neural network. J. Zhejiang Univ. Sci. A 2016, 17, 101–114. [Google Scholar] [CrossRef]

	



Wu, Z.; Schneider, E.K.; Kirtman, B.P.; Sarachik, E.S.; Huang, N.E.; Tucker, C.J. The modulated annual cycle: An alternative reference frame for climate anomalies. Clim. Dyn. 2008, 31, 823–841. [Google Scholar] [CrossRef]

	



Gilles, J. Empirical wavelet transform. IEEE Trans. Signal Process. 2013, 61, 3999–4010. [Google Scholar] [CrossRef]

	



Ding, J.; Ding, C. Automatic detection of a wheelset bearing fault using a multi-level empirical wavelet transform. Measurement 2019, 134, 179–192. [Google Scholar] [CrossRef]

	



Kalra, M.; Kumar, S.; Das, B. Seismic signal analysis using empirical wavelet transform for moving ground target detection and classification. IEEE Sens. J. 2020, 20, 7886–7895. [Google Scholar] [CrossRef]

	



Xu, X.; Liang, Y.; He, P.; Yang, J. Adaptive motion artifact reduction based on empirical wavelet transform and wavelet thresholding for the non-contact ECG monitoring systems. Sensors 2019, 19, 2916. [Google Scholar] [CrossRef]

	



Tao, Y.; Liu, C.; Liu, C.; Zhao, X.; Hu, H. Empirical wavelet transform method for GNSS coordinate series denoising. J. Geovis. Spat. Anal. 2021, 5, 9. [Google Scholar] [CrossRef]

	



Zhang, Q.; Yang, W.; Zhang, S.; Liu, X. Characteristics of BeiDou navigation satellite system multipath and its mitigation method based on Kalman filter and Rauch-Tung-Striebel smoother. Sensors 2018, 18, 198. [Google Scholar] [CrossRef]

	



Hyvärinen, A.; Oja, E. A fast fixed-point algorithm for independent component analysis. Neural Comput. 1997, 9, 1483–1492. [Google Scholar] [CrossRef]

	



Lu, W.; Rajapakse, J.C. ICA with reference. Neurocomputing 2006, 69, 2244–2257. [Google Scholar] [CrossRef]

	



Mi, J.-X. A novel algorithm for independent component analysis with reference and methods for its applications. PLoS ONE 2014, 9, e93984. [Google Scholar] [CrossRef]








[image: Sustainability 15 04578 g001 550] 





Figure 1. The formation mechanism of the multipath effect. 
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Figure 2. The framework of deformation information extraction based on EWT-ICA-R. 
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Figure 3. Observation environment around the stations. 
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Figure 4. Original GNSS coordinate series (blue), multipath error model (red), and their power spectral density. 






Figure 4. Original GNSS coordinate series (blue), multipath error model (red), and their power spectral density.



[image: Sustainability 15 04578 g004]







[image: Sustainability 15 04578 g005 550] 





Figure 5. The GNSS coordinate series of the E direction after adding vibration deformation. 
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Figure 6. Separated multipath errors (white) and original GNSS coordinate series (colors) from DOY135 to DOY147. 
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Figure 7. The extracted vibration deformations and their differences from the corresponding harmonic signals. 
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Figure 8. The original GNSS coordinate series (blue) and the simulated deformation monitoring series (red) in the E direction of DOY135. 
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Figure 9. Extraction and comparative analysis of slow deformation based on EWT-ICA-R. (a) The simulated slow deformation (green line) and the extracted deformation series of DOY135 (red line) and DOY147 (blue line). (b) The difference series between the simulated slow deformation and the extracted deformation series of DOY135 (red line) and DOY147 (blue line). 
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[image: Sustainability 15 04578 g009]







[image: Table] 





Table 1. Root mean square errors of the extracted vibration deformation and their correlation coefficients with the corresponding harmonic signal.
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DOY

	
E Direction

	
N Direction

	
U Direction




	
R

	
RMS/mm

	
R

	
RMS/mm

	
R

	
RMS/mm






	
135

	
0.982

	
0.686

	
0.980

	
0.710

	
0.875

	
1.937




	
136

	
0.980

	
0.709

	
0.981

	
0.705

	
0.882

	
1.875




	
137

	
0.982

	
0.686

	
0.981

	
0.709

	
0.874

	
1.964




	
138

	
0.983

	
0.669

	
0.981

	
0.699

	
0.889

	
1.818




	
139

	
0.980

	
0.718

	
0.981

	
0.693

	
0.888

	
1.843




	
140

	
0.982

	
0.680

	
0.983

	
0.659

	
0.892

	
1.778




	
141

	
0.982

	
0.682

	
0.982

	
0.685

	
0.889

	
1.811




	
143

	
0.980

	
0.713

	
0.981

	
0.701

	
0.880

	
1.880




	
144

	
0.981

	
0.699

	
0.982

	
0.680

	
0.889

	
1.814




	
145

	
0.981

	
0.705

	
0.981

	
0.700

	
0.883

	
1.861




	
146

	
0.982

	
0.679

	
0.981

	
0.690

	
0.878

	
1.907




	
147

	
0.980

	
0.703

	
0.981

	
0.692

	
0.897

	
1.740




	
Mean

	
0.981

	
0.694

	
0.981

	
0.694

	
0.885

	
1.852
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Table 2. Root mean square errors of the extracted deformation series and their correlation coefficients with the corresponding simulated deformation series.
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DOY

	
E

	
N

	
U




	
R

	
RMS/mm

	
R

	
RMS/mm

	
R

	
RMS/mm






	
135

	
0.998

	
0.992

	
0.998

	
1.052

	
0.988

	
2.675




	
136

	
0.998

	
1.342

	
0.997

	
1.336

	
0.980

	
3.370




	
137

	
0.997

	
1.246

	
0.997

	
1.396

	
0.984

	
3.190




	
138

	
0.997

	
1.363

	
0.996

	
1.544

	
0.988

	
2.906




	
139

	
0.997

	
1.474

	
0.995

	
1.597

	
0.987

	
2.995




	
140

	
0.997

	
1.488

	
0.994

	
1.871

	
0.986

	
3.117




	
141

	
0.998

	
1.232

	
0.997

	
1.389

	
0.976

	
4.256




	
143

	
0.997

	
1.392

	
0.997

	
1.812

	
0.980

	
4.973




	
144

	
0.998

	
1.089

	
0.995

	
1.644

	
0.980

	
4.475




	
145

	
0.995

	
1.612

	
0.997

	
1.372

	
0.978

	
5.082




	
146

	
0.998

	
1.379

	
0.994

	
1.928

	
0.987

	
4.537




	
147

	
0.996

	
1.525

	
0.997

	
1.605

	
0.986

	
4.815




	
Mean

	
0.997

	
1.345

	
0.996

	
1.546

	
0.983

	
3.866
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