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Abstract

:

Global Navigation Satellite System Reflectometry (GNSS-R) is of great significance for the extraction and research of precise information of sea surface topography. Improving measurement accuracy is necessary for realizing spaceborne GNSS-R sea surface altimetry application. The main error source of GNSS-R distance measurement is the error of the specular reflection point positioning, which directly affects the sea surface altimetry accuracy on the reference datum. There is an elevation error of several tens of meters between the reflection reference surface used by the existing specular reflection point geometric positioning methods and the sea surface elevation, which is importantly influenced by the earth’s gravity field. Therefore, the gravity field reflection reference surface correction is the key to improving the specular reflection point positioning accuracy. In this study, based on the correction of the GNSS-R reflection reference surface, research on improving the positioning accuracy of the specular reflection point is carried out. Firstly, in order to reduce the positioning error caused by the elevation difference between the reflection reference surface and the sea surface, the gravity field reflection reference surface correction method (GFRRSCM) which corrects the reflection reference surface from the WGS-84 ellipsoid to geoid is proposed, and the positioning accuracy is improved by 25.15 m. Secondly, the normal projection reflection reference surface correction method (NPRRSCM) is proposed to correct the specular reflection point determined by the GFRRSCM from the reflection reference plane of the radial to that of the normal. Additionally, in the process of solving the spatial geometric relationship of the reflection path, the approximate substitution error is reduced by directly solving the normal projection on the plane, and the positioning accuracy is further improved by 13.05 m towards the normal. Thirdly, based on the gravity field normal projection reflection reference surface combination correction method (GF-NPRRSCCM), the specular reflection point positioning accuracy is synthetically improved by 28.66 m.
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1. Introduction


As a new technology of microwave remote sensing, Global Navigation Satellite System Reflectometry (GNSS-R) has advantages such as abundant signal source, low cost, low power consumption, all-day, all-weather, and it can acquire various global ocean dynamics and environmental parameters such as Sea Surface Height (SSH), sea surface wind field, sea ice, and ocean salinity with high spatiotemporal resolution [1]. In 1993, Martin Neria first proposed the feasibility of using Global Positioning System (GPS) reflected signals for altimetry [2]. In 1994, Auber detected the GNSS-R signal for the first time in the data of a receiver used in an aircraft test in July 1991 [3]. In 1996, NASA first proposed that GNSS-R can be applied to sea state remote sensing and developed a delay mapping receiver [4,5,6]. In 2000, Zavorotny and Voronovich gave a theoretical model (Z-V model) of sea surface reflection signals [7]. From 1997 to 2002, the Martin Neria team, the Jet Propulsion Laboratory (JPL) and the European Space Agency (ESA) conducted several shore-based and air-based GNSS-R altimetry experiments, many of which achieved accuracy at the centimeter level [8,9,10,11,12]. In 2003, Hajj et al. [13] gave systematic analysis of elevation measurements using GPS reflected signals. For the space-based GNSS-R, in 2002, Lowe [14] detected the reflected signal of GPS in the data collected by the Spaceborne Imaging Radar C-band (SIR-C). From 2001 to 2004, Beyerle found GPS reflection signals in the data collected by the Low Earth orbit (LEO) satellite of the Challenging Minisatellite Payload (CHAMP) mission [15,16]. In 2003 and 2014, the GNSS-R receiving equipment by the British Surrey Satellite Technology Ltd. were loaded on the UK Disaster Monitoring Constellation (UK-DMC) mission and the TechDemoSat-1 (TDS-1) mission, with observations of the sea surface wind field obtained [17,18]. In 2016, Clarizia [19] carried out the first spaceborne observation of SSH using GPS-R data from the TDS-1 satellite. In 2016, NASA launched the Cyclone Global Navigation Satellite System (CYGNSS) mission consisting of eight small satellites with the goal of tracking and monitoring the mid–low latitude surface wind field [20,21].



To date, the application of the high-temporal resolution observation capability of the GNSS-R satellites for sea surface wind research is relatively more often [17,18,20,21], but the application of spaceborne GNSS-R high-spatial resolution observation capability for global SSH research is relatively rare [19]. Our research team of navigation and detection based on the information of aerospace-aeronautics-marine integration (http://www.qxslab.cn/ndia/) of Qian Xuesen Laboratory of Space Technology has carried out preliminary exploration research on the theory, method, and key technology of improving underwater gravity matching navigation accuracy based on the GNSS-R altimetry constellation principle. Underwater gravity matching navigation is an effective method to correct the drift error of the submersible inertial navigation system [22], therefore, the construction of a global, high-spatial-resolution and high-accuracy ocean gravity field reference map is the key to determining the accuracy of underwater navigation [23]. The current conventional means of obtaining the global ocean gravity field is to convert the SSH obtained by the satellite radar altimeter into gravity anomaly, while this study aims to improve the specular reflection point position accuracy for the GNSS-R satellite altimetry, and thus to support the obtention of the high-spatial-resolution and high-accuracy ocean gravity fields. The multi-channel GNSS-R receiver can utilize the abundant signal source of more than 100 satellites of the four international GNSSs to acquire multiple GNSS-R signals simultaneously. Additionally, the cost of the GNSS-R satellite platform and payload are relatively low, thus a ~6–8 satellites constellation can be formed to increase the amount and frequency of observation by several times combined with a parameter optimized design of the dedicated nadir-pointing antenna, orbit, and constellation [24,25]. Therefore, GNSS-R satellite network observation is an effective means to obtain global high-spatial-resolution SSH.



On the other hand, the retrieval of high-accuracy ocean gravity field requires sea surface altimetry to achieve centimeter level accuracy [26]. The GNSS-R sea surface altimetry has strict requirements for path delay error control of signal transmission. The main error sources include the errors of transmission in atmospheric, sea surface scattering and receiving, and processing of the electromagnetic wave signals emitted by GNSS satellites, as well as the errors of positioning the specular reflection point and the receiver nadir point on the complex and changing sea surface [27,28]. The specular reflection point is the point on the reflection surface that minimizes the distance that the GNSS satellite signal reaches the receiver through reflection [1]. The GNSS-R Delay Doppler Map (DDM) which contains the information of the Doppler shift and code phase delay takes the specular reflection point position as standard reference. The position information of the specular reflection point is also used to accurately model the rising edge of the delayed wave [29]. Calculating the SSH according to the Leading Edge Derivative (LED) algorithm requires calculating the time delay of the reflected signal relative to the direct signal based on the positions of the transmitter, the receiver, and the specular reflection point [15,30]. In the case where the error caused by the orbital uncertainty of the GNSS satellite and the receiver is known, the error of the time delay and the length of the reflected signal path are mainly determined by the specular reflection point positioning error at the sea surface and the atmospheric transmission error of the signal [27,28]. In addition, the output signal-to-noise ratio of the dual-base radar system is related to the signal propagation path, which is directly related to the position of the specular reflection point [31]. In sea surface remote sensing applications, the precise position information of the specular reflection points can also be used to determine whether the reflected signal is from the surface of the sea, the land or the ice. The specular reflection point is taken as the reference point of the GNSS-R signal reflection geometry and the relevant parameters, its positioning error affects the accuracy of GNSS-R remote sensing products and the estimation of observation capabilities parameters such as spatiotemporal resolution on the reference datum [32], especially the SSH accuracy which is directly related to the path error.



The specular reflection point positioning methods can be divided into physical methods and geometric methods. The physical methods are based on the processing of the received signals [30], the geometric methods, on which this study carries out research, are based on the geometric conditions that the specular reflection points should satisfy [2,27,28,29,33,34]. At present, the geometric positioning methods of the specular reflection point are mainly the Sien-Chong (S-C) Wu method, the dichotomy, the Wagner method, and the Gleason method. The S-C Wu method has two steps: the first step is to use the spherical surface as the reflection surface to search the rough position of the specular reflection point, and the second step corrects the specular reflection point from the spherical surface to the reference ellipsoid [28]. The dichotomy iteratively searches the position of the specular reflection point on the spherical surface based on solving the zero-crossing solution of the equation by the dichotomy [33]. The Wagner method is based on the premise of the earth standard sphere model, and the geodetic coordinates of the specular reflection point on the spherical surface are obtained by the polar spherical triangle relationship [29,34]. The Gleason method estimates the position of the specular reflection point on the spherical surface based on the vector collinear method [35].



The existing geometric specular reflection point positioning methods take the reference ellipsoid or standard sphere as the reflection reference surface, but do not consider the positioning errors caused by the elevation difference between the sea surface and the reflection reference surface (Figure 1), and this error cannot be ignored. For the approximation of the earth surface, if the WGS-84 ellipsoid is selected, the elevation difference between the ellipsoid surface and the instantaneous sea level is tens of meters, while if global earth gravity model geoid is applied, the accuracy at the sea surface can reach the decimeter level [1].



A number of altimetry experiments by shore-based and air-based GNSS-R equipments on calm lake surface and in specific areas of the sea have been able to obtain measurements with high accuracy comparable to those by satellite altimeters [8,9,10,11,12]. However, the global ocean surface topography and roughness, which are complex and variable, are determined by various ocean dynamic parameters such as ocean gravity field, tidal field, circulation field, and sea surface wind field. The reflection reference surface error would introduce uncertainties to the spaceborne GNSS-R global sea surface altimetry. Clarizia carried out the first spaceborne GPS-R observation of SSH with about 8 m Root Mean Squared Error. The TDS-1 metadata’s specular reflection point position, which is used in Clarizia’s study and taken as reference in this study, takes the WGS-84 ellipsoid as reflection reference surface, resulting in positioning error which is propagated into SSH. Additionally, the GPS-R instruments onboard TDS-1 are not optimized for SSH estimation [19]. Therefore, integrating a variety of ocean dynamic parameters to establish a global all-sea-state reflection reference surface model is not only a basic work to improve the accuracy of sea surface altimetry and other applications of GNSS-R, but also a precondition for exerting its high spatial resolution observation advantage and realizing its application value.



Different from previous studies, this study proposes the gravity field—normal projection reflection reference surface combination correction method (GF-NPRRSCCM). The purpose is establishing the geoid reflection reference surface model to improve the positioning accuracy of the specular reflection point based on one of the important parameters determining the sea surface elevation—the earth’s gravity field. Firstly, the WGS-84 ellipsoid is used as the reflection reference surface to preliminarily position the specular reflection point. Then the elevation correction based on the earth’s gravity field model is introduced in the iteration, so that the reflection reference surface is corrected to geoid. The specular reflection point positioning error caused by the elevation difference between the reflection reference surface and the sea surface is reduced. Secondly, based on the elevation correction, the reflection reference surface is corrected from the radial to the normal of the specular reflection point, reducing the positioning error introduced by the normal-radial difference. Additionally, the influence of the approximate substitution on the positioning accuracy is reduced by directly solving the spatial geometric relationship between the normal projection on the plane and the reflection path. Thirdly, based on the combined application of the above two correction methods, the positioning error caused by the difference between the reflection reference surface and the sea surface is reduced, and the positioning accuracy is improved.




2. Materials and Methods


2.1. Data


2.1.1. TechDemoSat-1 Space GPS Receiver Remote Sensing Instrument Data


Positioning the specular reflection point requires the use of the transmitter and the receiver positions. In order to avoid introducing uncertainties from the orbit simulation, and to facilitate reference, the transmitter and the receiver positions contained in the dataset of the Space GPS Receiver Remote Sensing Instrument (SGR-ReSI) carried by the TDS-1 satellite are used to position specular reflection points which are then compared with those also contained in the dataset. The TDS-1 satellite was launched on 8 July 2014, the orbital altitude is 635 km and the inclination is 98°. The GNSS-R payload of the TDS-1 consists a zenith-pointing antenna for receiving direct GPS signals, a nadir-pointing antenna for receiving reflected GPS signals, and the remote sensing receiver SGR-ReSI, which continuously records the integration midpoint time and the corresponding receiver space coordinates. The SGR-ReSI also records the integration midpoint time of the four reflected signal receiving channels when capturing reflection. These two kinds of integration midpoint times are saved in the Level-1 metadata with the corresponding GPS satellites and the derived specular reflection points space coordinates (the TDS-1 data are obtained from: ftp://ftp.merrbys.co.uk) [36]. For extracting the positions, we need the receiver space coordinates when capturing reflection, these reflections are filtered out when the two kinds of integral midpoint times are the same by comparison. In order to achieve statistically significant results based on sufficient time and space coverage, we used a total of 4,492,927 reflections from all the 9444 tracks of April 2018.



The position of the specular reflection point in the TDS-1 satellite dataset takes the WGS-84 ellipsoid as the reflection reference surface. The calculation method is as follow [36]:

	
Applying the coordinate transformation to scale the WGS-84 ellipsoid to a sphere of unit radius in polar and equatorial axes independently. The positions of the transmitter and the receiver are scaled to the new coordinate system by the same transformation.



	
Then the specular reflection point position is calculated using the standard sphere as the reflection reference surface.



	
The inverse of the coordinate transform is applied to scale back to the original ellipsoid.









2.1.2. Earth Gravitational Model 2008


In this study, the Earth Gravitational Model (EGM) 2008 is used to calculate the geoid undulation for correcting the reflection reference surface. The spatial resolution of the EGM2008 is about 5′ (about 9 km), and the geoid undulation propagated standard deviation is 10.925 cm [37]. This study uses the highest-spatial-resolution model which is interpolated to a 1′ × 1′ grid, the interpolation error does not exceed ±1 mm [38].





2.2. Methodologies


2.2.1. The Gravity Field Reflection Reference Surface Correction Method (GFRRSCM)


The coordinate system of this study is the WGS-84. The S-C Wu method is used to position the specular reflection point with the ellipsoid surface as the reflection reference surface, in each iteration correction, the corresponding geoid undulation of the specular reflection point position is calculated and substituted, and the specular reflection point is finally positioned onto geoid.



The evaluation and comparison of the positioning accuracy of specular reflection point is based on the Fresnel reflection law [2,27,28,29,33,34]. When the positions of the transmitter, the receiver and the reflection reference surface are determined, the angle of incidence, the angle of emergence and the normal of the reflection are determined by the position of the specular reflection point. According to the Fresnel reflection law, the criteria for judging whether the position of the specular reflection point is accurate are as follows: (1) the angle of emergence is equal to the angle of incidence; (2) the normal of the specular reflection point is perpendicular to the reflection surface. Because of the limited accuracy of the computation, the criteria above cannot be fully satisfied, the following standard is used to estimate the positioning accuracy. The smaller the difference between the angle of incidence and the angle of emergence as well as the difference between the normal of the specular reflection point and the vertical direction of the reflection surface, the more accurate the reflection geometric relationship, so that the higher the positioning accuracy of the specular reflection point.



Steps of positioning the specular reflection point are as follows [28]:



1.  Position of M.



In Figure 2, O is the center of the earth, and the position vectors of the receiver, the transmitter, and the specular reflection point are respectively R⇀, T⇀, and S⇀. HR and HT are the geoid undulations of the nadirs of the transmitter and the receiver. M is the intersection of the OS extension line and the TR connection line, R′ is the mirror point of R to OM, and M′ is the mirror point of M to RR′, then:


M⇀=R⇀+HR/(HR+HT)(T⇀−R⇀),



(1)







2.  Calculation and correction of the initial position of the specular reflection point.



The latitude and the longitude of S are the same as those of M, thus the geoid undulation HS of S can be calculated using EGM2008 model, and then HS is substituted in the conversion of S from the geodetic coordinates system into the space coordinates system, see Equations (2) and (3). Thus, the reflection reference surface is corrected from the ellipsoid towards geoid.


XS = (NS + HS)cos(BS)cos(LS) = NScos(BS)cos(LS) + σx

YS = (NS + HS)cos(BS)sin(LS) = NScos(BS)sin(LS) + σy

ZS = (NS (1 − e2) + HS)sin(BS) = NS(1 − e2) sin(BS) + σz,



(2)




where:


NS=a/[1−e2sin2(BS)],



(3)




in Equation (2), the elevation correction σx, σy, and σz of S in the X, Y, and Z directions are HScos(BS)cos(LS), HScos(BS)sin(LS), HSsin(BS), respectively, and a is the long radius of the WGS-84 ellipsoid. The latitude and the longitude of S are obtained by using the WGS-84 ellipsoid as the reflection reference surface, the space coordinates obtained by this conversion are not based on geoid, hence the following corrections need to be continued.



3.  Calculation of the angle of incidence, the angle of emergence and geocentric.



The geocentric angles γT and γR are respectively calculated according to R⇀, S⇀, and T⇀. The angle of incidence αT and the angle of emergence αR of the GPS satellite signals on the reflection surface are respectively calculated according to SR⇀, SM⇀, and ST⇀.



4.  Weighted iteration.



Usually, αT and αR are not equal, and they need to be weighted and re-estimated as follows:


αT′=αR′= (HTαT + HRαR)/(HT + HR),



(4)







According to the triangle OSR and OST, γT and γR are recalculated, respectively, which are recorded as γT′ and γR′. The mean of γT is taken as (γT + γR + γT′ − γR′)/2, and then M⇀, S⇀,  αT and αR are recalculated according to the new γT. The above process is iterated, and the geoid undulation HS of S is introduced to correct in Equation (2) in each iteration until αT = αR, at which S determines the accurate reflection geometric relationship on geoid, meaning that S has been corrected to geoid from the WGS-84 ellipsoid. Seven iterations on average can make the difference between αT and αR less than 10−5 rad [1].




2.2.2. The Normal Projection Reflection Reference Surface Correction Method


The GFRRSCM is based on the assumption that the normal and the radial directions of the specular reflection point are identical, while actually, there is difference between them. Therefore, it is necessary to take the plane perpendicular to the normal as the reflection reference surface to correct the position by the GFRRSCM. The normal of the WGS-84 ellipsoid is taken as the normal here.



The idea of the radial–normal correction of the S-C Wu method is to calculate the correction based on a geometric relationship built by equal-quantity substitution, iterating until the correction is small, but the positioning accuracy would be affected by the approximation in the substitution [28]. In order to reduce the influence of the approximation, a normal projection correction method is proposed, which positions the specular reflection point by directly solving the spatial geometric relationship between the projection of the normal on the plane and the reflection path. The positioning error caused by the normal–radial difference can be decomposed into the incidence planes TSR and its vertical plane SOK, as shown in Figure 3, the correction is carried out in these two planes. It has been found through experiments that after the normal correction in TSR, the normal correction is usually small in SOK, therefore, the correction is first applied in TSR and then in SOK for ease of calculation. As shown in Figure 3a, the projection of the normal of S in TSR is calculated first, then the intersection AS of the normal reflection reference plane and TSR is calculated, and finally the position of the specular reflection point on the intersection line is calculated, details are as follows.



1.   The projection of the normal in TSR.



S⊥′⇀ is the projection of the normal S⊥⇀ in TSR, it is the resultant vector of the sub-vectors SM′⇀ and SP′⇀ in SM⇀ and SP⇀ (i.e., RR′⇀) directions, respectively, thus:


S⊥′⇀=SP′⇀+SM′⇀,



(5)







2.  The intersection of the normal reflection reference plane and TSR.



The intersection AS of the normal reflection reference plane and TSR must satisfy (1) AS⇀ is perpendicular to S⊥⇀; (2) A is in TRS, thereby the direction of AS⇀ is determined.



3.  Position of S′.



The specular reflection point S′ must satisfy (1) S′ is on AS; (2): αT=αR, according to which the space coordinates of S′ can be calculated.



4.  Iteratively correcting the position of S′.



The above processes are iterated by replacing the S position with the S′ position until SS′ is less than the iteration cutoff threshold 0.01 m. The correction in SOK is similar as that in TSR above, see Figure 3b.






3. Results


3.1. The Normal Projection Reflection Reference Surface Correction Method


3.1.1. The Angle of Incidence and Emergence


In order to compare the accuracy of the specular reflection point position methods, the angle of incidence and emergence were calculated according to the positions of the transmitter, the receiver, and the specular reflection points contained in the TDS-1 dataset and those calculated by the S-C Wu method and the GFRRSCM. Taking the results of the 95 tracks from 21:00 31 March to 3:00 1 April 2018 (UTC) as an example, the specular reflection point positions in the geodetic coordinate system and the corresponding angles of incidence and emergence are shown in Figure 4. The TDS-1 orbited the earth for about four circles in six hours, and there was a maximum of four sub-tracks on earth’s surface at the same time in each circle, resulting from the four channels of the SGR-ReSI. The angle of incidence by TDS-1 varies the most, the variation on the same track can be up to about 50°, which is significantly higher than the other methods. With a significant difference from the angle of incidence, TDS-1 has smaller variation in the angle of emergence. Since the GFRRSCM and the S-C Wu method approach the actual position of the specular reflection point on the reflection reference surface based on iterative method, the maximum difference between the angle of incidence and emergence is less than the high-accuracy iteration cutoff threshold. There is no distinguishable difference between the angle of incidence and emergence by both the S-C Wu method and the GFRRSCM. In addition, there was no significant difference between the tracks by the S-C Wu method and those by the GFRRSCM, which means that the positioning results of the two methods are very close in the geodetic coordinate system, while the tracks by TDS-1 are different from the other two methods.



Figure 5 is the difference between the angles of emergence and incidence by the three methods in Figure 4. The TDS-1 has the largest angle difference, and the maximum reaches 150°, indicating that the specular reflection point positioning error is large. Since the same high-accuracy correction iteration cutoff threshold 10−5 rad is set, the angle difference by the S-C Wu method and that by the GFRRSCM are both small. No significant difference between the results of the two methods is observed, indicating that their reflection geometric relationships are more accurate than TDS-1’s, and the specular reflection points have higher positioning accuracy. Furthermore, it has been observed in the results of all the three methods that the angle difference on the same track is not changing continuously, there are continuous jumps along the tracks. The magnitude of the jumps are degrees in the TDS-1 results, and 10−4 degrees in the results of both the S-C Wu method and the GFRRSCM, discussions in detail are in Section 4.



In order to quantitatively analyze and compare the accuracy of the reflection geometric relationship determined by the specular reflection point positions of the three methods, the angle of incidence, emergence, and the difference between them are calculated based on the TDS-1 data of April 2018, as shown in Table 1. Because of the same iteration cut-off threshold set, the GDRRSCM and the S-C Wu method have very close angle difference, which are much smaller than that of TDS-1, indicating that the reflection geometric relationship and the corresponding specular reflection point position by the two methods are close and both of them are more accurate than those in the TDS-1 data.



The angle of incidence and emergence determined by the GFRRSCM and the S-C Wu method are equal in the effective numbers, and the standard deviation of the angle of incidence is slightly larger than that of the angle of emergence for both the two methods, indicating that the reflection geometric relationships determined by the two methods are very close. Compared with these two methods, the angle of incidence by TDS-1 is about 1.7° larger, the standard deviation is about 0.8° larger, while the angle of emergence is about 1.8° smaller, and the standard deviation is about 0.8° smaller. The angle of incidence and its variation by TDS-1 are larger, the angle of emergence and its variation are smaller than the other methods, which is consistent with the 6 h data results shown in Figure 4 and Figure 5. According to the standard deviations of the angles by all the three methods, the angles of incidence vary more than the angles of emergence by varying degrees, presumably due to the difference in satellite orbit height (GPS 20,200 km, TDS-1 635 km). The distance from the GPS satellites to the specular reflection point is much longer than that from the TDS-1 satellite to the specular reflection point, so that the specular reflection point positioning error is amplified in the incidence direction compared to the reflective direction. The GFRRSCM and the S-C Wu method both have much more stable angles of incidence and emergence along the tracks than TDS-1, these two methods apparently control the amplification effect of the specular reflection point positioning error with increasing distance better than TDS-1.




3.1.2. The Specular Reflection Point Positioning Accuracy


In order to quantify and compare the differences in the positioning accuracy of the three methods, the arithmetic mean of modes of the spatial distances (Euclidean distance) and the coordinates difference in the geodetic and the space coordinates systems with the corresponding standard deviations between the specular reflection points positions by the three methods were calculated based on April 2018 TDS-1 data, see Table 2. Based on the results in Section 3.1.1, the positioning accuracy of the S-C Wu method and the GFRRSCM is relatively close and both higher than that of TDS-1. Therefore, the positioning improvement by the S-C Wu method to TDS-1 can be regarded as that by the GFRRSCM to TDS-1, it also quite shows the positioning error caused by the elevation difference between the TDS-1 reflection reference surface and the sea surface, see the second row of Table 2. In the space coordinate system, the S-C Wu method improves the positioning accuracy by more than 40 km based on that by TDS-1. The accuracy in the Z direction is improved the most, exceeding 27 km, and the accuracy in the X and Y directions is improved by more than 17 km. In the geodetic coordinate system, the comprehensive positioning accuracy is improved by about 0.4°, the accuracy of longitude and latitude is improved by the same magnitude, while longitude is improved more.



The improvement of the positioning accuracy by the S-C Wu method to TDS-1 can be regarded as that by the GFRRSCM to TDS-1 considering the huge relative difference of positioning accuracy. Compared with the S-C Wu method, the GFRRSCM corrects the reflection reference surface from the WGS-84 ellipsoid to geoid. The difference in the specular reflection point position between the two methods shows the improvement by reducing the elevation difference between the reflection reference surface and the sea surface, it also quite shows the positioning error caused by the elevation difference between the WGS-84 ellipsoid and the sea surface, see the fourth row of Table 2. In the space coordinate system, the positioning accuracy is improved by 25.15 m. The improvement in the X, Y, and Z directions in Table 2 are the elevation correction σx, σy, and σz in Equation (2), respectively. The accuracy in the Z direction is improved the most, by about 15 m, and in the X and Y directions the accuracy is improved by about 11 m. In the geodetic coordinate system, the comprehensive positioning accuracy is improved by about 2 × 10−4°, the accuracy of latitude and longitude is improved by the same magnitude, while latitude is improved more.





3.2. The Normal Projection Reflection Reference Surface Correction Method


The Normal Projection Reflection Reference Surface Correction Method (NPRRSCM) was applied to the GPRRSCM’s specular reflection point positions of 24 h to further correct the reflection reference plane, and the positioning results were compared with those by the GFRRSCM and the S-C Wu method, respectively, as shown in Table 3. The NPRRSCM corrects the radial–normal difference of the specular reflection points positions by the GFRRSCM, and the positioning accuracy of the GFRRSCM is further improved by 13.05 m towards the normal. In all the space coordinate directions, the accuracy is improved by ~6–7 m, about 7 m in the X and Y directions, and about 6 m in the Z direction.



Compared with the position by the S-C Wu method, the position by the NPRRSCM is the result after the gravity field and the normal reflection reference plane correction in turn, that is the position by the gravity field (GF)-NPRRSCCM. The specular reflection point is corrected from the WGS-84 ellipsoid to geoid, and then the radial–normal difference is reduced, and the positioning accuracy of S-C Wu method is finally improved by 28.66 m. In the Z direction, the accuracy is improved the most, by about 16 m, and in the X and Y directions, the accuracy is improved by about 13 m.





4. Discussion


The improvements of the positioning accuracy of the specular reflection point are in accordance with the tens of meters magnitude of geoid undulation [1]. According to the corrections of the GFRRSCM and the NPPRSCM, the positioning error caused by the reflection reference surface elevation difference is about twice that caused by the normal–radial difference, indicating that the elevation difference of the reflection reference surface is the main error source of the specular reflection point positioning. In the space coordinate directions, the positioning accuracy improvement in the Z direction is the most by the GFRRSCM but the least by the NPRRSCM. As the combination result, the GF-NPRRSCCM also has the highest accuracy improvement in the Z direction consistent with the GFRRSCM; this is because the positioning correction to the elevation difference is larger than that to the normal–radial difference. The accuracy improvement in the X and Y directions are always close by both the GFRRSCM and the NPRRSCM.



In order to study the along-track variation of the reflection geometry determined by the specular reflection points by different methods, the results of the 5th track from 21:00 31 March to 3:00 1 April 2018 (UTC) are taken as an example. Figure 6 shows the angles of incidence and emergence, and the differences between them determined by the specular reflection point by the GFRRSCM and TDS-1. The angles of incidence and emergence by the two methods reduce first, and then increase. As the angles approach the minimum, the decreasing speed of the angles gradually reduces, while after reaching the minimum, the increasing speed of the angles gradually increases to a stable level subsequently. This change of the angles reflects the change in the angle between the position vectors of the TDS-1 satellite and the GPS satellites.



The angles of emergence by TDS-1 differ greatly from the angles of incidence, and their difference increases with the angle increases, indicating that the larger the angle of incidence or emergence, the larger the error of the reflection geometric relationship and the lower the accuracy of the specular reflection point positioning by TDS-1. When the angle of incidence exceeds 20°, the angle difference of TDS-1 is about 1°. When the angle of incidence exceeds 45°, the angle difference exceeds 10°. If the TDS-1 specular reflection point position data is used, the corresponding angle of incidence or emergence should be screened to select more accurate specular reflection point positions considering the related distance error. Compared with TDS-1, the angles of incidence and emergence by the GFRRSCM are very close, and their difference does not change significantly as the angle changes along the track.



In addition, the angles of incidence and emergence by TDS-1 are observed to jump along the track. This kind of jump causes the difference between the two to jump about ±2° as shown in Figure 5a. The interval of these jumps is about 300 samples, and since the sampling time interval of SGR-ReSI is 1 s, the jumps’ time interval is about 5 min. Furthermore, the positive and negative of the angle jumps are opposite before and after the angle reaching the minimum. This is presumably because the low-noise amplifier of the TDS-1 satellite receiver’s nadir load was switched from the nadir pointing antenna to the built-in blackbody to calibrate the noise reference every 5 min [36], but this calibration inevitably affects its own specular reflection point positioning accuracy. Although these jumps also affect the reflection geometry determined by the GFRRSCM, the jumps of the angle difference are on the order of 10−4°, which can be ignored.



The method proposed in this study will be an important support for the research team to improve the accuracy of underwater gravity matching navigation based on the high-accuracy and high-spatial-resolution GNSS-R altimetry constellation principle. At present, we have carried out sea surface altimetry experiments based on shipborne GNSS-R receiving instruments in different regions and weather conditions in the East China Sea and South China Sea. The method proposed in this study will be applied to the collected data to correct the position of the specular reflection point, and to study the different influences of the specular reflection points positioning accuracy improvement on the altimetry accuracy in regions with different geoid undulations and sea surface conditions. On the other hand, this study introduces the correction of the main factor which determines the sea surface elevation—the earth’s gravity field—and corrects the reflection reference surface to geoid. On this basis, the subsequent work will introduce the ocean tidal model to further correct the reflection reference surface, in order to further improve the positioning accuracy of the specular reflection point, and to finally establish a global and full-sea-state reflection reference surface model. Additionally, the TDS-1 satellite data only contains GPS reflection data. With the completion and full operation of the four major GNSSs and the publications of their precise orbit information in the future, we will introduce the data of more GNSSs. This will help us to study the difference in positioning accuracy of specular reflection points between different GNSSs due to their different parameters such as orbit and signal, etc., and the corresponding different effects on sea surface altimetry accuracy.




5. Conclusions


The positioning error of the specular reflection point is the main error source reducing the accuracy of GNSS-R sea surface altimetry, and reflection reference surface correction is the key to improving the positioning accuracy. Integrating a variety of ocean dynamic parameters to establish a global all-sea-state reflection reference surface model is not only an important task to improve the accuracy of GNSS-R sea surface altimetry, but also a precondition for exerting GNSS-R’s high-spatial-resolution observation advantage and realizing its application value. As an important factor determining the sea surface elevation, the earth’s gravity field plays a significant role in constructing the all-sea-state reflection reference surface model.



In this study, based on the correction of the GNSS-R reflection reference surface to geoid, a gravity field normal projection reflection reference surface combination correction method is proposed to improve the positioning accuracy of the specular reflection point. Firstly, the position of the specular reflection point was preliminarily calculated with the WGS-84 ellipsoid as the reflection reference surface using the receiver and the transmitter positions contained in the dataset of SGR-ReSI carried by the TDS-1 satellite. Secondly, the elevation correction calculated based on the earth’s gravity field model EGM2008 was introduced in the positioning iteration to correct the reflection reference surface to geoid, which is much closer to the sea surface than the WGS-84 ellipsoid surface. This step reduces the specular reflection point positioning error caused by the elevation difference between the reflection reference surface and the sea surface. Finally, based on the GFRRSCM, the normal projection reflection reference surface correction method corrected the normal–radial difference, and reduced the influence of the approximate substitution on the calculation accuracy by directly solving the spatial geometry related to the normal reflection reference plane.



Applying the GF-NPRRSCCM proposed in this study, the positioning accuracy of the GPS-R specular reflection point with the WGS-84 ellipsoid as the reflection reference surface was improved by 28.66 m. Specifically, the GFRRSCM improved the positioning accuracy by 25.15 m, based on which the NPRRSCM further improved the positioning accuracy by 13.05 m towards the normal. The elevation difference between the reflection reference surface and the sea surface was the main error source of the specular reflection point positioning relative to the normal–radial difference. Based on the quantitative evaluation and comparison of the reflection geometry accuracy, the GFRRSCM was more accurate than the TDS-1 positioning, which was improved by more than 40 km by the GFRRSCM. The amplification of the positioning error related to the satellite orbit height was much better controlled by the GFRRSCM. The reflection geometric relationship error of TDS-1 data increases with the the angle of incidence increases. When the angle of incidence exceeds 20°, the specular reflection point position data should be used with caution for accuracy concerns, while the GFRRSCM does not have this problem. The TDS-1 SGR-ReSI black-body calibration on the noise reference results in error of its own specular reflection point positioning, but no obvious impact of this calibration is observed in the geometric relationship determined by the GFRRSCM positioning result.
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Figure 1. The Global Navigation Satellite System Reflectometry (GNSS-R) reflection reference surface and the specular reflection point, where T is the transmitter, R is the receiver, S is the specular reflection point with the WGS-84 ellipsoid as the reflection reference surface, and S′ is the specular reflection point with geoid as the reflection reference surface. 
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Figure 2. The GNSS-R specular reflection point positioning geometry. 
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Figure 3. Geometry of the normal reflection reference surface correction: (a) the correction in the incidence plane, and (b) the correction in the plane perpendicular to the incidence plane. 
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Figure 4. The angles of incidence and emergence corresponding to the specular reflection points: (a) the angles of incidence by TDS-1, (b) the angles of emergence by TDS-1, (c) the angles of incidence by the S-C Wu method, (d) the angles of emergence by the S-C Wu method, (e) the angles of incidence by the Gravity Field Reflection Reference Surface Correction Method (GFRRSCM), and (f) the angles of emergence by the GFRRSCM from 21:00 31 March to 3:00 1 April 2018 (UTC). 
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Figure 5. The difference between the angles of emergence and incidence from 21:00 31 March to 3:00 1 April 2018 (UTC), (a) TDS-1, (b) the S-C Wu method, (c) the GFRRSCM. 
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Figure 6. The angle of incidence and emergence and their difference on single track. 
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Table 1. The angles of incidence and emergence with the difference between them (the angle of emergence − the angle of incidence).
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TDS-1

	
S-C Wu Method

	
GFRRSCM






	
Angle

	
incidence

	
emergence

	
difference

	
incidence

	
emergence

	
difference

	
incidence

	
emergence

	
difference




	
Mean (°)

	
2.822 × 101

	
2.469 × 101

	
−3.515 × 100

	
2.653 × 101

	
2.653 × 101

	
−5.932 × 10-7

	
2.653 × 101

	
2.653 × 101

	
−5.932 × 10-7




	
Standard Deviation (°)

	
5.618 × 100

	
4.005 × 100

	
1.834 × 100

	
4.781557 × 100

	
4.781573 × 100

	
3.978 × 10-4

	
4.781557 × 100

	
4.781573 × 100

	
3.978 × 10-4
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Table 2. The spatial distances and the coordinates difference modes with the corresponding standard deviations between the specular reflection points positions by the three methods.
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Spatial Distance (m)

	
X (m)

	
Y (m)

	
Z (m)

	
B (°)

	
L (°)






	
the S-C Wu method vs TDS-1

	
mean

	
4.147 × 104

	
1.761 × 104

	
1.736 × 104

	
2.764 × 104

	
3.488 × 10-1

	
4.839 × 10-1




	
Standard deviation

	
2.027 × 104

	
9.304 × 103

	
9.388 × 103

	
1.372 × 104

	
1.745 × 10-1

	
1.635 × 100




	
the GFRRSCMvs the S-CWu method

	
mean

	
2.515 × 101

	
1.085 × 101

	
1.170 × 101

	
1.459 × 101

	
2.817 × 10-4

	
1.733 × 10-4




	
Standard deviation

	
7.821 × 100

	
4.352 × 100

	
4.695 × 100

	
6.267 × 100

	
2.078 × 10-3

	
7.448 × 10-4
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Table 3. The specular reflection point positioning accuracy improvement by the NPRRSCM and the GF-NPRRSCCM.






Table 3. The specular reflection point positioning accuracy improvement by the NPRRSCM and the GF-NPRRSCCM.





	

	
Spatial Distance (m)

	
X (m)

	
Y (m)

	
Z (m)




	
Min

	
Max

	
Mean

	
Min

	
Max

	
Mean

	
Min

	
Max

	
Mean

	
Min

	
Max

	
Mean






	
the NPRRSCMto the GFRRSCM

	
5.173 × 10-5

	
5.610 × 101

	
1.305 × 101

	
7.291 × 10-6

	
4.344 × 101

	
6.843 × 100

	
1.506 × 10-5

	
4.802 × 101

	
6.794 × 100

	
3.133 × 10-5

	
4.035 × 101

	
5.832 × 100




	
the GF-NPRRSCCM to the S-C Wu

	
3.958 × 10-2

	
1.045 × 102

	
2.866 × 101

	
3.051 × 10-5

	
8.175 × 101

	
1.373 × 101

	
2.884 × 10-6

	
7.657 × 101

	
1.322 × 101

	
3.583 × 10-5

	
8.452 × 101

	
1.608 × 101
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