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Abstract

:

Ground-based GNSS-R (global navigation satellite system reflectometry) can provide the absolute vertical distance from a GNSS antenna to the reflective surface of the ocean in a common height reference frame, given that vertical crustal motion at a GNSS station can be determined using direct GNSS signals. This technique offers the advantage of enabling ground-based sea level measurements to be more accurately determined compared with traditional tide gauges. Sea level changes can be retrieved from multipath effects on GNSS, which is caused by interference of the GNSS L-band microwave signals (directly from satellites) with reflections from the environment that occur before reaching the antenna. Most of the GNSS observation types, such as pseudo-range, carrier-phase and signal-to-noise ratio (SNR), suffer from this multipath effect. In this paper, sea level altimetry determinations are presented for the first time based on geometry-free linear combinations of the carrier phase at low elevation angles from a fixed global positioning system (GPS) station. The precision of the altimetry solutions are similar to those derived from GNSS SNR data. There are different types of observation and reflector height retrieval methods used in the data processing, and to analyze the performance of the different methods, five sea level determination strategies are adopted. The solutions from the five strategies are compared with tide gauge measurements near the GPS station, and the results show that sea level changes determined from GPS SNR and carrier phase combinations for the five strategies show good agreement (correlation coefficient of 0.97–0.98 and root-mean-square error values of <0.2 m).






Keywords:


GNSS reflectometry; tide gauge; sea level; SNR; carrier phase geometry-free linear combinations












1. Introduction


As of 1997, about 37% of the global population was living within 100 km of a coastline [1] and that number is still increasing. Coastal areas also contain a significant concentration of the world’s economic activities and urbanization. Climate change and related global warming are expected to cause sea levels to rise, forcing people to abandon certain coastal areas that may become submerged. Thus, accurate and effective monitoring of sea level change and its impact on social development is of vital importance.



Since the nineteenth century, tide gauges (TG) have been used to measure global sea level changes by providing a relative measure with respect to land [2], but land motions around a land-based TG can result in inaccuracies in sea level measurements. Globally, there is also a decreasing number of TGs, thus limiting extensive sea level measurements. There is therefore a need for additional sea level monitoring techniques. Satellite radar altimetry is a powerful technique used for monitoring sea level changes [3] and studying circulation [4] in the open ocean. Radar altimetry provides high-precision sea surface topography data, but it often has poor precision in near-shore regions because of the complex and fast changing dynamics of the ocean in these areas [5,6]. Moreover, it is unable to provide information on mesoscale phenomena, such as swell and waves, which need better spatiotemporal sampling [7].



Global navigation satellite system reflectometry (GNSS-R) was first proposed for use in ocean altimetry by Martin-Neira in 1993 [8]. Over the last twenty years, this technique has been used to retrieve accurate sea surface heights from various ground-based and airborne platforms using an upward Right-Handed Circular Polarization (RHCP) antenna, a downward Left-Handed Circular Polarization (LHCP) antenna and a specialized receiver [9,10,11,12,13,14]. Space-borne GNSS-R altimetry has been used to retrieve sea surface height (SSH) data with an accuracy of ~7.0 m using data from the British TechDemoSat-1 (TDS-1) satellite [15]. Both of these studies were conducted using a specialized setup, and most needed a customized GNSS-R receiver, which requires significant computing power and vast amounts of data for analysis.



Another ground-based GNSS-R altimetry setup consists of only one upward antenna and one geodetic receiver, which is the same as the GNSS positioning application. It is known as the Interference Pattern Technique (IPT) and measures the power and phase fluctuations of the interference of direct and reflected electric fields as the GNSS satellite moves [16,17].



Analysis of the multipath effect in GNSS observables allows the properties of the reflector surface to be inferred. Larson et al. [18,19] first proposed the positive use of multipath effects for retrieval of soil moisture data without modifying existing geodetic global positioning system (GPS) stations. Later, the same authors and Small et al. [20,21] expanded the application to estimate snow depth and vegetation by analyzing the signal-to-noise (SNR) data from the geodetic receiver. Some other studies using GPS L5, L2P, and L2C signals with a dipole antenna have also been tested [22,23,24].



Ozeki and Heki [25] first used GPS to measure snow depth by using geometry-linear combinations of carrier phases, and then Qian and Jin [26] extended the combinations of carrier phases to GLONASS (Global Navigation Satellite System) signals for snow depth retrieval. Yu et al. [27] proposed a new snow depth estimation approach using a linear combination of phase measurements of triple-frequency (L1, L2 and L5) GPS signals, because the inter-frequency ionospheric delay was contained in the dual-frequency phase combination.



Monitoring of sea level change is another application of this GPS multipath method. Several researchers have concentrated on the SSH retrieval technique using SNR data [23,24,25,26]. Santamar´ıa-Gomez et al. [28] used both L1 and L2 SNR data at a tide gauge site with GNSS to estimate a leveling tie between the two instruments and hence, estimate the ellipsoidal height of the tide gauge datum. Jin et al. [29] were the first to use BDS (Beidou Navigation Satellite System)-Reflectometry to estimate sea level change based on SNR and triple-frequency phase and code combinations. Strandberg et al. proposed a new method to retrieve sea level information from GNSS SNR data that relies upon inverse modelling of the detrended SNR, and the method was found to give an RMS error of 1.8 cm in the year of 2016 [30]. However, SNR is not always available in the raw GPS data files because it was thought to be of little or no use to most users of GPS [20]. Although L5 has been included in GPS, it is rarely included in the distributed data, such as in the public observation data of Plate Boundary Observation (PBO), and in the stations of the IGS (International GNSS Service) GPS network. Conversely, the combination of the two L-band carriers, L1 and L2, is always available and can be used to study multipath effects.



In this paper, the GPS observations from PBO station SC02 are used to test our algorithms. Data from this GPS station have been used by several previous researchers. Sea level changes were successfully derived for the first time from SC02 GPS data by Larson et al. [31]. Lofgren et al. [32] used a standard analysis method to derive the sea level variances based on one-year of GPS L1 data at this station. Larson et al. [33] used SC02 GPS station data to assess the quality of ten years of GPS-derived water levels. Wang et al. used the GPS SNR data to derive the sea level at this station to verify their azimuth selection method. In order to verify the possibility of sea level retrieval using the L4 method, we also adopted this station as our test site [34].The aim of this paper is to present a method for retrieving sea level change data based on geometry-free linear combinations of dual-frequency carrier phase observations. At the same time, the SNR data from dual-frequency signals are also analyzed for extensive comparisons. The reminder of this paper is organized as follows: In Section 2, the methods of ground-based GNSS-R altimetry retrieval using the GNSS multipath effect are described in detail. In Section 3, an overall introduction to the experimental data and data processing strategies is provided, and the results of a data comparison with a nearby TG are analyzed. Finally, Section 4 and Section 5 provide a discussion and conclusion of the study, respectively.




2. Methods


Figure 1 illustrates a scenario where direct and the reflected signals from the sea surface arrive at the zenith-facing GNSS antenna. It is shown that the antenna height above the sea surface is reduced by rising sea levels, and vice versa. The point in the GNSS antenna where the signals are detected is the antenna phase center (APC), the location of which is defined with respect to the antenna reference point (ARP). The vector between the averaged APC and the ARP is the modelled antenna phase center offset (PCO). The GNSS data used in this paper are all at low elevation, and the vertical errors caused by PCO are in the millimeter range. As a result, these effects will not be considered further in this paper. The geodetic height of the antenna can be obtained with high precision using Precise Point Positioning (PPP) or other geodetic positioning methods, and the vertical distance between the ARP and the specular point can be estimated by our approach described in the following parts of this paper. Then, after subtraction of the geodetic height of the antenna and the vertical distance is performed, the absolute sea surface height can be estimated.



The algorithm theories used for retrieval of the antenna height from the sea surface using GNSS SNR, and the phase combination can be found in the literature [26,27] and, for convenience, these are briefly summarized in the next section.



2.1. Fundamentals of the GNSS-R Altimetry Using the Multipath Effect


Scattered GNSS signals from the ocean surface in the vicinity of the GNSS antenna will interfere with the direct signal, thus contributing to the measured phase, power and amplitude [35]. According to [27,36], when only the specular reflection path is considered, the sum of the direct and reflected signals is given by


   s ( t ) = A sin  ψ ˜  ( t )   



(1)




where


   A =    A d 2  +  A m 2  + 2  A d   A m  cos δ φ ( t )     



(2)






    ψ ˜  ( t ) = ψ ( t ) + β ( t )   



(3)






   β ( t ) =   tan   − 1     (    A m     A d    ) sin δ φ ( t )   1 + (    A m     A d    ) cos δ φ ( t )     



(4)






   δ φ ( t ) =   4 π h  λ  sin θ ( t )   



(5)




where Ad and Am are the amplitudes of the direct and reflected signals, respectively, and δφ(t) is the phase caused by the excess range of the reflected signal compared with the direct one. The factors A and     ψ ˜  ( t )    represent the amplitude and phase of the composite signals received by the antenna, and ψ(t) represents the phase of the direct signal. The factor β(t) is the composite excess phase with respect to the direct phase, h is the vertical height between the antenna and the sea surface, θ is the satellite elevation angle and λ is the electromagnetic wave length of the GNSS signal.




2.2. Sea Level Based on SNR Data


The values of SNR in decibels (dB) for the GNSS signals can be found from some of their RINEX (Receiver Independent Exchange Format) observation files. SNR refers to the ratio of signal power to noise power, and although the reflected signals will be suppressed by the antenna gain of geodetic GPS receivers, it can still be received at low satellite elevation angles (<30°). Figure 2a shows the oscillations of the SNR data from the SC02 GPS station of the PRN27 satellite on 6 and 8 January 2015 with the sinusoidal values of the satellite elevation angle. The oscillations of SNR are caused by multipath effects.



The signal power is expressed in the form of the squared amplitude of the receiving signals, and therefore the SNR is calculated as follows [27]:


   S N R =    A 2     P  n o i s e     =  1   P  n o i s e     (  A d 2  +  A m 2  + 2  A d   A m  cos (   4 π h  λ  sin θ ( t ) ) )   



(6)




where Pnoise is the noise power. In order to solve for reflector height (h), it is necessary to isolate the last item from Equation (6) by removing the first two items using a fifth-order polynomial detrending. The detrending of the SNR becomes


   d S N R =   2  A d   A m     P  n o i s e     c o s  (    4 π h  λ  s i n θ  ( t )   )    



(7)







According to Equation (7), dSNR is a quasi-sinusoidal function, oscillating with the sine of the elevation angle at a frequency of f = 2h/λ. Figure 2b shows the dSNR sequence for the PRN 27 GPS satellite with the trend removed. After obtaining the dominant multipath frequency of the detrended SNR data by Lomb–Scargle Periodogram (LSP) spectral analysis (see Figure 2c), the reflector heights can be calculated as follows:


   h =   λ f  2    



(8)







It should be noted that the multipath pattern is expressed as a function of the sine of the elevation angle, not time (t). The SNRs are evenly sampled in time, but not as a function of the sine of elevation. Thus, spectral analysis is usually performed using the LSP or wavelet analysis, because these methods can handle an unevenly spaced sampling sequence. The reflector height is negatively correlated with sea level, and the sea surface heights can be obtained from the vertical difference between the geodetic height of the receiver antenna and the estimated reflector heights.




2.3. Sea Level Based on Carrier Phase-Combination Measurements


For carrier phase observables, it is difficult to isolate the multipath from several other effects, such as the satellite–antenna pseudorange, ionospheric and tropospheric delay. However, when considering the multipath, the carrier phase contains two quantities: the phase of the direct signal and the composite excess phase with respect to the direct phase, as shown in Equation (3). Thus, the GNSS phase observation for carriers L1 and L2 can be expressed as


    L 1  =  λ 1   ψ 1  ( t ) +  λ 1   β 1  ( t )   



(9)






    L 2  =  λ 2   ψ 2  ( t ) +  λ 2   β 2  ( t )   



(10)







In GNSS positioning, the carrier phase of the direct signal can be expressed as


    λ i   ψ i  = ρ +  I i  + T + Δ   



(11)




where i = 1 or 2, which stands for the two signals of different frequencies. The geometric distance between the GNSS satellite and antenna is represented by ρ, and Ii represents ionospheric delays. T represents tropospheric delays, and Δ accounts for all other carrier-independent effects. To isolate the multipath, the L1–L2 combination of carrier phase measurements, shown in Equation (12), is used. For simplicity, this combination is referred to as L4 in this paper.


    L 4  =  L 1  −  L 2  =  I 1  −  I 2  +  λ 1   β 1  ( t ) −  λ 2   β 2  ( t )   



(12)







Some measurement errors can be eliminated in Equation (12), including clock errors and tropospheric delays. Meanwhile, the geometric distance between the GNSS satellite and antenna is eliminated because of the subtraction of carrier phase measurements with two frequencies. Thus, L4 is also known as the geometry-free linear combination of the carrier phase. However, the ionospheric delays are related to the signal frequency, so they cannot be eliminated using this combination. According to [37], ionospheric delays are first order phenomena that are inversely proportional to the square of the frequency. Ionospheric delays in the L1 or L2 carrier phase signal can be expressed as the first two items [38] in Equation (13),


    L 4  =  1  sin θ     40.3    f 1 2    T V E C −  1  sin θ     40.3    f 2 2    T V E C +  λ 1   β 1  ( t ) −  λ 2   β 2  ( t )   



(13)




where TVEC is the total electronic density. From Equation (13), it is evident that the L4 data contain two kinds of effects. One is the change from ionospheric delay, and the other is from the multipath. To analyze the multipath, the ionospheric delay should be eliminated. Considering the magnitudes of the items in Equation (13), a high-pass filter can be used to remove the ionospheric error components. A 10-degree polynomial fit was adopted in this paper, such that    d L 4    can be determined as follows:


   d  L 4  =  λ 1   β 1  ( t ) −  λ 2   β 2  ( t )   



(14)







In general, x = ε when tanx = ε and ε ≈ 0. Making use of this approximation, and in the case of Am  ≪  Ad, after substituting Equations (4) and (5) into Equation (14), Equation (14) can be further simplified as follows:


   d  L 4  ≈  λ 1    (    A m     A d    )  1  sin (   4 π h    λ 1    sin θ ) −  λ 2    (    A m     A d    )  2  sin (   4 π h    λ 2    sin θ )   



(15)







According to Equation (14), dL4 is the linear combination of two quasi-sinusoidal functions, oscillating at the sine of the elevation angle with a different frequency of fi = 2h/λi. Similar to the SNR method, a spectral analysis, such as LSP, is used to deal with the dL4 data because of the irregular sampling intervals of sinθ. As dL4 is the linear combination of L1 and L2, shown as a linear combination of two quasi-sinusoidal functions in Equation (15), there will be two peaks in its spectrogram (Figure 3b,d). The peak at the lower frequency is caused by L2, and the peak at the higher frequency is caused by L1. Their different frequencies depend on the carrier wavelengths, and L2 peaks are usually used because they show clearer spectral peaks than L1.




2.4. Theoretical Model for Calculating Reflector Height


The values of peak frequency from the spectral analysis based on SNR and geometry-free linear combinations of the carrier phase can be determined using the methods described in Section 2.2 and Section 2.3. The peak frequencies for L4 are determined from the dL4 sequence using LSP, and they consist of two components with different frequencies. There is an interaction between the two different frequencies; thus, peak frequencies will contain some errors. Therefore, the reflector height usually cannot be calculated accurately using Equation (8).



To address this problem, the relationship between the multipath signature peak frequency and the reflector height can be established using a theoretical model [25,27]. First, the dL4 for different reflector heights are computed using Equation (14) using simulated carrier phase multipath errors [39]. Then, a series of spectral peak frequencies, which vary with reflector heights, can be determined using LSP. A linear relationship between them can be established as follows:


   h = a × f + b   



(16)




where a and b represent constants, f is the peak frequency determined from the spectral analysis and h is the reflector height.



The L1, L2 and L4 carrier phase multipath errors are simulated using forward modeling of the GPS multipath, as proposed by Nievinski and Larson [39]. This simulator is mainly used in multipath research to simulate the multipath error in GNSS SNR, carrier phase and code pseudorange observables. Different surfaces, including soil, snow and seawater, and different antenna types and orientations, together with polarization and coherence, are considered. The surface height standard deviation also serves as a parameter when considering the loss of coherent power in the simulator, which may be of importance for multipath research into rough surfaces, such as the ocean surface.



The simulated results are shown in Figure 3c,d, in which two peaks in the LSP signature are clearly evident. These peaks were derived from the modeled L4 multipath pattern, and can also be seen from the observed data shown in Figure 3a,b. The modeled data are almost identical to the simulated results shown in Figure 3c,d.



Simulation results for the relationship between antenna height and peak frequency are shown in Figure 4. It is evident that the antenna height can be well-modeled as a linear function of the spectral peak frequency within specific elevation ranges. For (5–12°) and (5–15°), they are as follows:


     h = 0.127 ∗ f − 0.3937     h = 0.1282 ∗ f − 0.4324     



(17)







Equation (17) is obtained from simulations of the particular antenna used in the following experiment and the common surface permittivity, and does not consider the actual temperature, salinity or surface roughness. The fitting error in terms of root-mean-square error (RMSE) of the linear model is 1 cm. After obtaining the spectral peak frequency of L2 from the combined raw phase measurements, the reflector height can be calculated using Equation (17).





3. Experiment and Analysis of Results


The aim of this paper is to retrieve sea level data based on the geometry-free linear combinations of GNSS carrier phase measurements. In this section, we introduce the GPS station SC02 and the data obtained from it. Then, five data processing strategies are proposed for obtaining sea level information from the GNSS multipath effect. Last, the solutions are evaluated by comparing the results with data from a nearby TG.



3.1. Brief Introduction to Station SC02


The experimental data were obtained from the GPS station SC02, which is co-located with a TG and belongs to the Plate Boundary Observation (PBO) Network of the American Earth Scope Plan. As seen in Figure 5, station SC02 overlooks the sea and can receive reflected signals across a relatively large azimuth range. The station is located near the Friday Harbor Port in Washington State, USA (48.5°N; 123°W). It is situated at an altitude of −15.03 m with reference to ITRF08, and is equipped with a Trimble® NETR9 receiver and TRM29659.00 choke-ring antenna (Trimble Inc., Sunnyvale, CA, USA) with a hemispherical radome. However, it only provides GPS measurements which contain a pseudo-random code with a single frequency (C/A1), a precise code (P2), a carrier phase with two frequencies (L1 and L2) and the SNR data at two frequencies (S1 and S2).



From 1 January until 31 January 2015, several available satellite signals were used, at a sampling rate of 1 s, to estimate sea level change, and data from the co-located TG station were collected. The TG station is 359 m from station SC02, and consists of an Aquatrak® air acoustic sensor (Aquatrak Corp., Sanford, FL, USA) in a protective well. Sea level data at this TG are recorded at 6-min sampling intervals and were obtained from National Oceanic and Atmospheric Administration (NOAA) for comparison.



To ensure that the signals used in the experiment were reflected by the sea surface, data with elevation angles in the 5–12° and 5–15° ranges and azimuth angles in the 90–150° range were selected. It was found that approximately 14 GPS satellites met the above azimuth and elevation angle criteria each day. However, some satellites did not provide high-quality data that could be used to retrieve reflector height. Ultimately, observations were obtained from satellites PRN 01, PRN 07, PRN15, PRN19, PRN23, PRN27 and PRN30 for use in data processing. This included L1/L2 carrier phases and their SNRs.




3.2. Data Processing Strategies


As described in Section 2, the methods used to retrieve the reflector heights can be divided into two steps: spectral analysis and reflector height calculation. In the second step, the reflector heights can be calculated directly using Equation (8) and can also be solved using the theoretical model described in Section 2.3.



For spectral analysis, the daily SNR and carrier phases were clustered into ascending or descending sections according to satellite elevation. SNR and L4 geometry-free linear combinations of carrier phase observations were arranged according to the values of the sine of the elevation angles. Spectral analysis based on L1 SNR, L2 SNR and L4 carrier phase combinations were performed separately using the methods mentioned in Section 2 and the peak frequencies for each spectral analysis can be obtained. For reflector height calculation, the reflector height between the ARP of the GPS antenna and the sea surface can be retrieved using Equation (8) or Equation (17).



We proposed five strategies to retrieve the reflector height to evaluate the different methods. The reflector heights were then calculated using Equation (8) based on the peak frequency from the SNR of L1 signals and L2 signals separately, and their solutions are denoted by SNR_L1 and SNR_L2, respectively. The reflector heights were calculated using Equations (8) and (17) with the peak frequencies from L4 carrier phase combinations, and their solutions are denoted by L4_d and L4_model, respectively. As stated in Section 2.2, L4 is the combination of L1 and L2, and L2 peaks were usually used for the analysis. The reflector heights were also calculated using Equation (17) based on SNR of L2 signals to compare the capability of L4 and SNR. The solutions are denoted by the SNR_L2_model.



The precision of the solutions is elevated by using measurements from a TG near the GPS station, such as with the co-located Friday Harbor TG near the GPS station SC02. However, the GPS-derived reflector heights are relative to the antenna phase center, whereas the TG sea level observations are relative to the TG benchmark. There is a fixed difference between the antenna phase center and the TG benchmark, as shown in Figure 1. For convenience, the letter ‘C’ is used to represent this difference here. After removing the reflector height from C, the sea level heights can be deduced from the TG benchmark based on GNSS observations. The values of C can be estimated by using the least squares match between the estimated sea level and that determined from the TG.



When comparing the GPS-derived sea level changes with TG measurements, we noted that they have different sampling rates. The co-located TG observations are sampled every 6 min, while the GPS-derived sea surface heights are estimated for a chosen elevation interval (between 5° and 12° or between 5° and 15°), which is generally about 20 min. Thus, the TG measurements are averaged over each 20-minute period and at the same time as the GPS measurements.




3.3. Results Analysis


Figure 6 shows the sea level changes over the 31-day period from 1–31 January 2015, determined from the SNR_L1, SNR_L2, L4_d, L4_model and SNR_L2_model. Note that the horizontal axis is in units of “days of year” for 2015, and the vertical axis represents the local sea level in meters. It is evident from Figure 6 that the derived results show good agreement with TG observations. Figure 7 and Figure 8 show the correlations of L4 and the SNR method with TG observations, and all the methods used in this paper have a correlation coefficient with TG in excess of 0.97.



Figure 9 shows the sea surface height differences between GPS-derived solutions and TG measurements for the five strategies used from 1–31 January 2015, in which gross errors have not been removed. In the process of statistical evaluation in this paper, gross errors were removed when the residuals were larger than three times their RMSE.



Statistical results from the comparison between the GPS-derived sea level data and TG measurements for different elevation ranges are summarized in Table 1. The values of RMSE for different methods fluctuate around 20 cm, which is acceptable when using the multipath effect in GNSS-R altimetry.



In addition, Table 1 lists the statistical results of five data processing strategies for the elevation ranges, 5°–12° and 5°–15°. We can see that the RMSs of solutions for the elevation angle range, 5°–15°, are better than those for the elevation angle range, 5°–12°. The reason for this is that the one pass period of the available SNR data is longer for the 5°–15° range than that for the 5°–12° range. This makes the SNR oscillations clearer, and, as a result, the retrieved reflector heights have higher precision.



In the L4_d method, it was found that the remaining result was dL4 after partial removal of ionospheric delays using high-order polynomial fitting, which consists of two series with different frequencies. Then, Equation (8) was used to calculate the reflector heights from L2 peak frequencies based on the combined dual-frequency carrier phase measurements. However, because the L1 and L2 coexist in dL4, using Equation (8) to calculate the reflector height from the L2 peak frequency ignores the effect of the L1 term. As a result, the accuracy of data results using this method is still very good. Analysis of the data shows that this might be caused by the frequency difference between L1 and L2, which makes it possible to distinguish between L2 and L1 terms in dL4. It is also evident that L1 has an impact on L2 because of the slight difference in accuracy of the L4_d method.





4. Discussion


The use of GNSS reflection signals for remote sensing was proposed in 1988 [40] and is now popular in the field of remote sensing. GNSS-R has its own advantages, such as all-weather and all-day observation, multi-signal sources, wide coverage, and high spatiotemporal resolution, which has provided it wide scope in the field of ocean altimetry. In this paper, the first known use of the L4 carrier phase dual-frequency combination from GNSS data to obtain sea surface height has been presented.



The L4_d method also obtained very similar accuracy results to the L4_ model method, indicating that the L1 quantity in dL4 has no significant impact on the L2 quantity in spectral analysis. This is probably because of the frequency difference between carrier phases L1 and L2. In future work, it is anticipated that we will focus on researching a new method with which to distinguish these two quantities in    d L 4   . If this can be achieved, the L4_d method will be able to achieve higher measurement accuracy, thus avoiding the low precision caused by inaccuracy of the linear model when using the L4_model.



Ionospheric error is an important quantity that affects the accuracy of the L4_model method. Although the L4 carrier phase geometry-free linear combinations of GNSS dual-frequency signals contain ionospheric delays, it has been shown here that the residual error from the ionospheric effect after high-order polynomial fitting will not strongly impact the L4 data, provided the order of the polynomial is appropriate. Although high-order polynomial fitting is used to weaken its influence, the remaining error still affects the accuracy of the solutions. In future research, the proper order of polynomials that can satisfy the accuracy of the L4_model method will be investigated. Moreover, ionospheric error will be calculated in advance using geodetic positioning methods, and this error will be subtracted in L4 observations to see if the accuracy of L4_model method can be improved.



The correctness of the linear model is also an important element when determining the measurement accuracy of the L4_model and SNR2_model methods. The linear model was obtained from a forward model of the multipath effect in this paper. The forward model takes into account many influences when considering the multipath effect reflected from the ocean surface, such as water temperature, salinity and surface roughness. However, because of the lack of on-site observation of these quantities, and the fact that all quantities adopted in this paper are commonly used values, the forward model cannot really simulate the multipath effect. This is especially true for surface roughness, which has a significant impact on the scattering of GPS signals on the ocean surface and therefore needs detailed study in the future. Additionally, although the forward model simulates multipath effects as much as possible, there are inevitably still errors. Seeking a more accurate multipath simulation model is also a way to improve accuracy.



The precision of our solutions based on SNR show a slight difference with the results in other papers. This may result from the following three points. (1) The GPS elevation of the data used in this paper ranges from 5° to 12° and 5° to 15°, and five-order polynomial fitting method was used to obtain detrended SNR. In contrast, Löfgren et al. [32], adopted the measurements from very low elevation angles down to 0.5° and a three-order polynomial fitting method. (2) In order to improve the accuracy, Larson et al. used two methods for quality control: a normalized spectrogram peak of 1 dB-Hz and a peak-to-noise ratio >3 in LSP; “nonphysical” reflector height (RH) peaks were discarded (i.e., RH <3 or >11 m) [41]. (3) In previous research [33,41], sea level retrievals were corrected with the time derivatives of RH or the height vertical velocity, H’. However, we did not correct the reflector height vertical velocity in this work, which might have caused worse RMS values in comparison with other works in the literature. In general, the constraints of elevation angles, quality of the detrended SNR, amplitudes of spectrogram peaks, and ranges of RH peaks would affect the accuracy of the solutions [18,19,20,31,33]. Still, our purpose of this paper is to verify the possibility of sea level retrievals using the L4 method, and our initial results have strongly proved this feasibility.




5. Conclusions


Previous research has shown that ground-based GNSS-R altimetry based on SNR and triple-frequency combinations from a single GPS station can be achieved. However, the SNR data in dB and triple-frequency carrier phase measurements are not usually provided in their RINEX observation files. However, the carrier phase measurements from two signals with different frequencies are always obtainable from permanent GNSS stations.



In this paper, the reflector heights from the sea surface were retrieved using dual-frequency carrier phase linear combinations, and the precision of the solutions were similar to those derived from SNR data. The geometry-free linear combinations of GPS carrier phase observations were used to estimate the snow depth by Ozeki and Heki, in 2012, for the first time [25]. We successfully used their method to retrieve changes in sea level.



Data processing and reflector height calculation methods have been described, including analysis of the remaining errors for methods based on L4 measurements. Peak frequencies from L4 measurements contain some errors because of the interaction between the two series of signals with different frequencies, but the methods are suitable for use with other GNSS signals from BDS, Galileo and GLONASS.



Five reflector height determination strategies were proposed to process the 10-day GPS data. SNR data and L4 measurements can all be used to solve the reflector heights separately, and a comparison with sea level changes observed from TG showed that the five strategies produce valid results. However, the solutions derived from phase combinations were not as good as those based on SNR data, and although there were some remaining ionospheric errors in the L4 measurements, their solutions can still achieve good accuracy.



The L4 and SNR analyses were performed using two different methods, respectively: a direct use of the formula method, using Equation (8), and a linear model method to obtain sea surface height after obtaining the peak frequency from spectral analysis. However, the use of L4 should be discussed under low or high solar activities with longer-period observation data, because L4 is influenced by ionospheric changes, which are due to the periodic activity of sunspots.



In summary, this paper has shown that the geometry-free linear combinations of GPS carrier phase observations can be used to estimate sea level changes, which were previously considered to have poor accuracy because of ionospheric error. However, when the appropriate polynomial fit is used to remove the ionospheric error, the measurement results achieve good accuracy. Here, double-frequency phase combination with a 10-order polynomial fit was used to remove this error to allow for estimation of sea level changes at station SC02. SNR data were also processed at the same time to provide a comparison. The results of the phase combination are not as good as that of SNR data when compared with TG observations, but they still maintain a certain degree of accuracy. All the results show good agreement with TG observations with correlation coefficients of 0.97–0.98 and RMSEs of 12–20 cm.



From this study it can be concluded that, in the absence of SNR data and triple-frequency phase data, the dual-frequency phase combination method can be used to reliably monitor sea level changes. This is, of course, not surprising, since this method has been used to estimate snow depth and soil moisture. However, sea level fluctuates considerably more than snow depth and soil moisture over time and space, particularly over a duration of approximate 20 min. There are also significant changes in spatial coverage by measurement points because of changes in the elevation angle during multipath analysis, resulting in inevitably lower retrieval accuracy of sea surface height. However, the analysis presented in this paper shows that sea level changes can be measured with considerable accuracy using the double-frequency phase combination method.



Ongoing and related work will focus on further improving the precision of the L4 method. For example, the sea surface roughness will be considered an influencing factor, thereby reducing bias, and improvements will be made to the temporal resolution of sea surface height retrieval. It is anticipated that this will be achieved by refining the estimation method by taking the temporal changes in sea surface height into consideration. In addition, continued work will focus on making use of multiple satellite constellations at the same time to improve the spatial resolution of the height measurements.







Acknowledgments


We are grateful to Kengen Yu, China University of Mining and Technology, for help with our study of the multipath forward model. The research is jointly financially supported by NSFC (National Natural Science Foundation of China) projects under grant Nos. 41704017, 41604003, 41574013 and 41731069. SC02 GPS data were downloaded from ftp://data-out.unavco.org. We thank Warwick Hastie, from Liwen Bianji, Edanz Group China (www.liwenbianji.cn/ac), for editing the English text of a draft of this manuscript.




Author Contributions


Nazi Wang, Tianhe Xu, and Guochang Xu conceived this paper. Nazi Wang analyzed the data. Nazi Wang, Tianhe Xu and Fan Gao wrote the paper. All authors reviewed the manuscript.




Conflicts of Interest


The authors declare no conflict of interest. The financially supporting bodies played no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Cohen, J.E.; Small, C.; Mellinger, A.; Gallup, J.; Sachs, J.; Vitousek, P.M.; Mooney, H.A. Estimates of coastal populations. Science 1997, 278, 1211–1212. [Google Scholar] [CrossRef]

	



Feng, G.P.; Jin, S.G.; Zhang, T.Y. Coastal sea level changes in the Europe from GPS, tide gauge, satellite altimetry and GRACE, 1993–2011. Adv. Space Res. 2013, 51, 1019–1028. [Google Scholar] [CrossRef]

	



Ablain, M.; Cazenave, A.; Valladeau, G.; Guinehut, S. A new assessment of the error budget of global mean sea level rate estimated by satellite altimetry over 1993–2008. Ocean Sci. 2009, 5, 193–201. [Google Scholar] [CrossRef]

	



Traon, P.Y.L.; Morrow, R. Chapter 3 ocean currents and eddies. Int. Geophys. 2001, 69, 171–215. [Google Scholar]

	



Roussel, N.; Ramillien, G.; Frappart, F.; Darrozes, J.; Gay, A.; Biancale, R.; Striebig, N.; Hanquiez, V.; Bertin, X.; Allain, D. Sea level monitoring and sea state estimate using a single geodetic receiver. Remote Sens. Environ. 2015, 171, 261–277. [Google Scholar] [CrossRef]

	



Bouffard, J.; Roblou, L.; Birol, F.; Pascual, A.; Fenoglio-Marc, L.; Cancet, M. Introduction and assessment of improved coastal altimetry strategies: Case study over the Northwestern Mediterranean Sea. In Coastal Altimetry; Springer: Berlin/Heidelberg, Germany, 2011; pp. 297–330. ISBN 978-3-642-12795-3. [Google Scholar]

	



Martin-Neira, M.; Caparrini, M.; Font-Rossello, J.; Lannelongue, S.; Vallmitjana, C.S. The paris concept: An experimental demonstration of sea surface altimetry using GPS reflected signals. IEEE Trans. Geosci. Remote Sens. 2001, 39, 142–150. [Google Scholar] [CrossRef]

	



Martin-Neira, M. A passive reflectometry and interferometry system (PARIS): Application to ocean altimetry. ESA J. 1993, 17, 331–355. [Google Scholar]

	



Lowe, S.T.; Zuffada, C.; Chao, Y.; Kroger, P.; Young, L.E.; Labrecque, J.L. 5-cm-Precision aircraft ocean altimetry using GPS reflections. Geophys. Res. Lett. 2002, 29, 1375. [Google Scholar] [CrossRef]

	



Ruffini, G.; Soulat, F.; Caparrini, M.; Germain, O.; Martin-Neira, M. The Eddy Experiment: Accurate GNSS-R ocean altimetry from low altitude aircraft. Geophys. Res. Lett. 2004, 31, L12306. [Google Scholar] [CrossRef]

	



Löfgren, J.S.; Haas, R.; Johansson, J.M. Monitoring coastal sea level using reflected GNSS signals. Adv. Space Res. 2011, 47, 213–220. [Google Scholar] [CrossRef]

	



Semmling, A.M.; Beyerle, G.; Stosius, R.; Dick, G.; Wickert, J.; Fabra, F.; Cardellach, E.; Ribó, S.; Rius, A.; Helm, A. Detection of Arctic Ocean tides using interferometric GNSS-R signals. Geophys. Res. Lett. 2011, 38, 155–170. [Google Scholar] [CrossRef]

	



Rius, A.; Aparicio, J.M.; Cardellach, E.; Martín-Neira, M.; Chapron, B. Sea surface state measured using GPS reflected signals. Geophys. Res. Lett. 2002, 29, 37-1–37-4. [Google Scholar] [CrossRef]

	



Bao, L.F.; Wang, N.Z.; Gao, F. Improvement of Data Precision and Spatial Resolution of cGNSS-R Altimetry Using Improved Device With External Atomic Clock. IEEE Geosci. Remote Sens. 2016, 13, 207–211. [Google Scholar] [CrossRef]

	



Clarizia, M.P.; Ruf, C.; Cipollini, P.; Zuffada, C. First spaceborne observation of sea surface height using GPS-Reflectometry. Geophys. Res. Lett. 2016, 43, 767–774. [Google Scholar] [CrossRef][Green Version]

	



Rodriguez-Alvarez, N.; Camps, A.; Vall-Llossera, M.; Bosch-Lluis, X. Land Geophysical Parameters Retrieval Using the Interference Pattern GNSS-R Technique. IEEE Trans. Geosci. Remote Sens. 2010, 49, 71–84. [Google Scholar] [CrossRef]

	



Anderson, K.D. Determination of water level and tides using interferometric observations of GPS signals. J. Atmos. Ocean. Technol. 1999, 17, 1118–1127. [Google Scholar] [CrossRef]

	



Larson, K.M.; Small, E.E.; Gutmann, E. Using GPS multipath to measure soil moisture fluctuations: Initial results. GPS Solut. 2008, 12, 173–177. [Google Scholar] [CrossRef]

	



Larson, K.M.; Small, E.E.; Gutmann, E.D.; Bilich, A.L.; Braun, J.J.; Zavorotny, V.U. Use of GPS receivers as a soil moisture network for water cycle studies. Geophys. Res. Lett. 2008, 35, L24405. [Google Scholar] [CrossRef]

	



Larson, K.M.; Gutmann, E.D.; Zavorotny, V.U.; Braun, J.J.; Williams, M.W.; Nievinski, F.G. Can we measure snow depth with GPS receivers? Geophys. Res. Lett. 2009, 36, L17502. [Google Scholar] [CrossRef]

	



Small, E.E.; Larson, K.M.; Braun, J.J. Sensing vegetation growth with reflected GPS signals. Geophys. Res. Lett. 2010, 37, L12401. [Google Scholar] [CrossRef]

	



Chen, Q.; Won, D.; Akos, D.M. Snow depth sensing using the GPS L2C signal with a dipole antenna. EURASIP J. Adv. Signal Process. 2014, 2014, 106. [Google Scholar] [CrossRef]

	



Jin, S.; Qian, X.; Kutoglu, H. Snow depth variations estimated from GPS-Reflectometry: A case study in Alaska from L2P SNR data. Remote Sens. 2016, 8, 63. [Google Scholar] [CrossRef]

	



Tabibi, S.; Nievinski, F.G.; van Dam, T.; Monico, J.F. Assessment of modernized GPS L5 SNR for ground-based multipath reflectometry applications. Adv. Space Res. 2015, 55, 1104–1116. [Google Scholar] [CrossRef]

	



Ozeki, M.; Heki, K. GPS snow depth meter with geometry-free linear combinations of carrier phases. J. Geodesy 2012, 86, 209–219. [Google Scholar] [CrossRef]

	



Qian, X.; Jin, S. Estimation of snow depth from GLONASS SNR and phase-based multipath reflectometry. IEEE J.-STAR 2016, 9, 4817–4823. [Google Scholar] [CrossRef]

	



Yu, K.G.; Ban, W.; Zhang, X.; Yu, X. Snow Depth Estimation Based on Multipath Phase Combination of GPS Triple-Frequency Signals. IEEE Trans. Geosci. Remote Sens. 2015, 53, 5100–5109. [Google Scholar] [CrossRef]

	



Santamaría-Gómez, A.; Watson, C.; Gravelle, M.; King, M.; Wöppelmann, G. Levelling co-located GNSS and tide gauge stations using GNSS reflectometry. J. Geodesy 2015, 89, 241–258. [Google Scholar] [CrossRef]

	



Jin, S.; Qian, X.; Wu, X. Sea level change from BeiDou Navigation Satellite System-Reflectometry (BDS-R): First results and evaluation. Glob. Planet Chang. 2017, 149, 20–25. [Google Scholar] [CrossRef]

	



Strandberg, J.; Hobiger, T.; Haas, R. Inverse modelling of GNSS multipath for sea level measurements—Initial results. In Proceedings of the 2016 IEEE International Geoscience and Remote Sensing Symposium (IGARSS), Beijing, China, 10–15 July 2016; pp. 1867–1869. [Google Scholar]

	



Larson, K.M.; Johan, S.; Löfgren, J.S.; Haaset, R. Coastal sea level measurements using a single geodetic GPS receiver. Adv. Space Res. 2013, 51, 1303–1310. [Google Scholar] [CrossRef]

	



Löfgren, J.S.; Haas, R.; Scherneck, H.G. Sea-level analysis using 100 days of reflected GNSS signals. J. Geodyn. 2014, 80, 66–80. [Google Scholar] [CrossRef]

	



Larson, K.M.; Ray, R.D.; Williams, S.D.P. A ten-year comparison of water levels measured with a geodetic GPS receiver versus a conventional tide gauge. J. Atmos. Ocean. Technol. 2017, 34, 295–307. [Google Scholar] [CrossRef]

	



Wang, X.; Zhang, Q.; Zhang, S. Azimuth selection for sea level measurements using geodetic GPS receivers. Adv. Space Res. 2018, 61, 1546–1557. [Google Scholar] [CrossRef]

	



Benton, C.J.; Mitchell, C.N. Isolating the multipath component in GNSS signal-to-noise data and locating reflecting objects. Radio Sci. 2016, 46, RS6002. [Google Scholar] [CrossRef]

	



Elósegui, P.; Davis, J.L.; Jaldehag, R.T.K.; Johansson, J.M.; Niell, A.E.; Shapiro, I.I. Geodesy using the global positioning system: The effects of signal scattering on estimates of site position. J. Geophys. Res. Sol. Earth 1995, 100, 9921–9934. [Google Scholar] [CrossRef]

	



Kedar, S.; Hajj, G.A.; Wilson, B.D.; Heflin, M.B. The effect of the second order GPS ionospheric correction on receiver positions. Geophys. Res. Lett. 2003, 30, 341–345. [Google Scholar] [CrossRef]

	



Hofmann-Wellenhof, B.; Lichtenegger, H.; Wasle, E. GNSS—Global Navigation Satellite Systems; Springer: Vienna, Austria, 2008; pp. 647–651. ISBN 978-3-211-73017-1. [Google Scholar]

	



Nievinski, F.G.; Larson, K.M. An open source GPS multipath simulator in Matlab/Octave. GPS Solut. 2014, 18, 473–481. [Google Scholar] [CrossRef]

	



Hall, C.D.; Cordey, R.A. Multistatic Scatterometry. In Proceedings of the International Geoscience and Remote Sensing Symposium (IGARSS’88), Edinburgh, UK, 12–16 September 1988; pp. 561–562. [Google Scholar]

	



Larson, K.M.; Ray, R.D.; Nievinski, F.G.; Freymueller, J.T. The accidental tide gauge: A GPS refection case study from Kachemak Bay, Alaska. IEEE Geosci. Remote Sens. Lett. 2013, 10, 1200–1204. [Google Scholar] [CrossRef]








[image: Remotesensing 10 00470 g001 550] 





Figure 1. Simplified schematic diagram of the ground-based global navigation satellite system reflectometry (GNSS-R) altimetry system with one antenna and the multi-path effect of direct and reflected signals. Definitions: ARP, antenna reference point; GPS, global positioning system. TGZ: tide gauge zero. 
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Figure 2. (a) GPS signal-to-noise ratio (SNR)1 observation at the SC02 GPS station; (b) multipath pattern after detrending; (c) Lomb–Scargle Periodogram for the PRN27 GPS satellite on 6 and 8 January 2015. 
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Figure 3. (a) Multipath error of double-frequency phase combination; (b) Lomb–Scargle Periodogram from satellite PRN30 recorded on 2 and 3 January 2015; (c) Simulated double-frequency phase multipath using the software developed by [39]; (d) Lomb–Scargle Periodogram of the simulated L4 multipath. 
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Figure 4. Graphical illustration of the linear relationship between peak frequencies and antenna height from the model for the elevation range 5–12°. 
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Figure 5. Photograph showing GPS station SC02 and the surrounding environment at Friday Harbor Port in Washington State, USA (image from http://www.sonel.org/spip.php?page=gps&idStation=2689). 
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Figure 6. Sea level changes over a 31-day period, as determined from GPS L1 and L2 SNR via double-frequency combination calculated from Equation (8) and the linear model for elevation range 5–15°. Tide gauge (TG) data are also shown (black curves) for the same 31-day period, for comparison. 
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Figure 7. Correlation of GPS dual-frequency phase combination and SNR estimations for the elevation range 5–15° using a linear regression model with tide gauge (TG) observations. 
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Figure 8. Correlation of GPS dual-frequency phase combination and SNR estimations for the elevation range 5–15°, using Equation (8) with tide gauge (TG) observations. 
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Figure 9. Residuals of sea surface height differences compared between SNR and geometry-free phase estimations for the elevation range 5–15° and tide gauge (TG) observations. 
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Table 1. Statistical analysis of residual data between sea level changes derived from the GPS multipath effect and tide gauge (TG) observations over the one month period of 1–31 January 2015 with different elevations ranges.
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SNR1

	
SNR2

	
L4d

	
L4-Model

	
S2-Model






	
5°–12°

	
RMSE(cm)

	
19.32

	
14.01

	
14.68

	
18.30

	
17.63




	
Corr-coeff@

	
0.9753

	
0.9822

	
0.9822

	
0.9701

	
0.9696




	
5°–15°

	
RMSE(cm)

	
14.69

	
12.36

	
13.81

	
13.67

	
13.17




	
Corr-coeff@

	
0.9778

	
0.9831

	
0.9810

	
0.9810

	
0.9831








@ Corr-coeff is the correlation coefficient.














© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Local sea level (m)

—Tide gauge - SNR, . S,-model . SNR,

L-model . L,D

10 15 20
Time(doy,2015)

25

30






media/file4.png
SNR(dB)

(a)prn27 SNR observation

T M L ek
Vb

1 1
—DOY08
100 \ —DOY06

sin(elevation angle)

1 1 1 1
0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22

Volts/Volts

10

-20

-30
0.08

(b)Multipath pattern after detrending

30

201

10F

1
—DOY08
—DOY06

0.1

(c)Lomb Scargle periodogram of multipath
1 1 1 1 1 1

0.14 0.16 0.18 0.2
sin(elevation angle)

7 T

Spectral Power(Volts/Volts)
N w -3 (S, ] [o2]
1 1 1 1 1

=3
1

—DOY08
—DOY06

(=]

0 10 20 30 40

50

60

Frequency(Hz)

70

80

90 100

0.22





media/file18.png
Tide observation (m)

2.5 B Aﬂ

=N
($) ]
|

‘:“

N 3
«e>
{

(4
»
@
¥k

| |
N
>
™
» [
SN
O IO
SR
';‘5
N

2 % SNR1:R2=0.9778
A SNR,; R?=0.9831
o L4 R?=0.9810

_1 | | [ | | | [ | [ | [ | | |

-1 -0.5 0 0.5 1 1.5 2 2.5
Estimation (m)





media/file3.jpg





media/file19.jpg
, - Lymodel . LD

- SNR,

- SNR, . S,-model

15 20 25 30

10
Day of year (DOY,2015)





media/file10.png
Antenna height(m)

10

RMSE=0.01m

% Simulation
Linear fitting

45

50 55 60 65
Frequency(Hz)

70

75





media/file14.png
Local sea level (m)
- - N

I
N

o

o o of

d
[ 3

J

—Tide gauge - SNR1 . Sz-model . SNR2

% ]
*.3
»*
w'z

L4-model . L4D

g —

5 10 15 20
Time(doy,2015)

25

30






media/file11.jpg





media/file15.jpg
Tide observation (m)

2.5

o

o
o

0.5 5 1.5
Estimation (m)






nav.xhtml


  remotesensing-10-00470


  
    		
      remotesensing-10-00470
    


  




  





media/file6.jpg
2 (c)simulated L4 multipath error

Phase error(mm)

3

20
008 01 012 014 016 018 02 022

sin(elevation angle)

{)Lomb-Scargle periodogram of simulated L4 multipath

= L2 peak
H p
o] 1 peak
g2 P
s
£
5
T 10
3
g
2
2
0
o 20 40 60 80 100

Frequency(Hz)





media/file16.png
Tide observation (m)

25F

-
(¢}
T

A
| |

o
(¢) ]
|

| | | | | | |
A
AV T
AR
AX
‘Q: A * *
AY/ .
U
A\
AVt 3
Lt & Hy
A S\ /\
A: 4»‘;:'" ) *
2RO K
' v'f’?%
N A
/S

Ax "";';
SVAS A
AQE P TT
*m ); ;"‘ %
A
A IR AL
M Q‘S::/-,‘v‘ O
’vA‘
AL AA“’
v
A e geA
. ‘v * S_-model: R?=0.9831
A A 2
/\ x & 2
A A - . =
E2E L4 model: R“=0.9810
[ | [ | [ | [ | [ | [ | [ |

-1
-1

0.5 1 1.5 2
Estimation (m)

2.5






media/file2.png
Direct signal

ARP g----------———- @K~~~ mmm -
Reflector height (h)
C Sea water
GPS monument f--------—-—-=--———-"——"———-—-"—"——"———~—~—~——~———————————————-
TGZ Yoo oo






media/file20.png
e = »
* ¥ 3mof I M

® mixe
B, o k@@ 0o

° -
e 0 8ae
o x W oo™ -.0-
® H X

ro«&.pnv X
l.‘« *l.‘ gﬁ
QQEK“

P

25

L4-model . L4D
20

. ISNR2
15

* SNR1 . Sz-model

I
0
o

o

I
0
o

30

10

o

(w) 51 SNuIW UoREWNS3 SSNO

Day of year (DOY,2015)





media/file5.jpg
Spectral Power(Watts/Watts)

(a)Multipath of double-frequency phase combination(L4)

IJV‘

.N
b

‘;—»

Multipath error(cm)

af ”‘\n L’H

ooz
|__ovos|

Ve

S5 o1 om o1 o 0z oz
ation angle)
109 (b)Lomb-Scargle periodogram of L4 multipath
Foovog
e |—oovos

10 20 30 4 s 60 70
Frequency(Hz)

80 %0 100





media/file7.png
Multipath error(cm)
o

(a)Multipath of double-frequency phase combination(L4)

—DOY02
—DOYO03

M‘ MM

2F -

_3 1 1 1 1 1 1

0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22

sin(elevation angle)
5 %1078 (b)Lomb-Scargle periodogram of L4 multipath
1 | | | | | 1 1
) L2 peak —DOY03
©4l i
s L2 peak
]
.| il
53
’5 L1 peak
32l :
o
g
91 .
Q
7]
0 1 1 1 1 1 el
0 10 20 30 40 50 60 70 80 90 100

Frequency(Hz)





media/file1.jpg
Direct signal

Reflector height (h)

Sea water

GPS monument -~

G2






media/file12.png





media/file9.jpg
Antenna height(m)

10

©

RMSE=0.01m

% Simulation
—— Linear fitting

45

50

55 60
Frequency(Hz)

65 70 75





media/file0.png





media/file8.png
Spectral amplitude(mm)

20

10

o

Phase error(mm)

(c)simulated L4 multipath error

—
o

(@

N
o

0.1 0.12 0.14 0.16 0.18 0.2 0.22
sin(elevation angle)

3%d)Lomb-ScargIe periodogram of simulated L4 multipath

L2 peak
L1 peak

o

20 40 60 80 100
Frequency(Hz)





media/file17.jpg
25

o

ide observation (m)
o
o ry

0.5 1 15
Estimation (m)





