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Abstract

:

Coastal Global Navigation Satellite System Reflectometry (GNSS-R) can be used as a valuable supplement for conventional tide gauges, which can be applied for marine environment monitoring and disaster warning. Incidentally, an important problem in dual-antenna GNSS-R altimetry is the crosstalk effect, which means that the direct signal leaks into the down-looking antenna dedicated to the reflected signals. When the path delay between the direct and reflected signals is less than one chip length, the delay waveform of the reflected signal is distorted, and the code-level altimetry precision decreases consequently. To solve this problem, the author deduced the influence of signal crosstalk on the reflected signal structure as the same as the multipath effect. Then, a simulation and a coastal experiment are performed to analyze the crosstalk effect on code delay measurements. The L5 signal transmitted by the Quasi-Zenith Satellite System (QZSS) from a geosynchronous equatorial orbit (GEO) satellite is used to avoid the signal power variations with the elevation, so that high-precision GNSS-R code altimetry measurements are achieved in the experiment. Theoretically and experimentally, we found there exists a bias in proportion to the power of the crosstalk signals and a high-frequency term related to the phase delay between the direct and reflected signals. After weakening the crosstalk by correcting the delay waveform, the results show that the RMSE between 23-h sea level height (SSH) measurements and the in-situ observations is about 9.5 cm.
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1. Introduction


The tide gauges (TG) located along continental coastlines and islands are crucial for providing global sea surface height (SSH) variation. However, the SSH data are directly affected by land vertical motions, and there is a decreasing number of TGs [1,2,3]. The Global Navigation Satellite System Reflectometry (GNSS-R) was proposed to retrieve SSH by using the signals of opportunity transmitted by the GNSS satellites [4]. It has the potential to become a low-cost coastal monitoring system that can provide high-precision, high spatial-temporal resolution measurements and work under all-weather conditions. In general, three different approaches are used to process GNSS reflected signals: the GNSS interferometric reflectometry (GNSS-IR), the interferometric GNSS-R (iGNSS-R), and the conventional GNSS-R (cGNSS-R). GNSS-IR takes advantage of the interference phenomenon, known as the multipath effect when the direct signal and the reflected signal enter the same geodetic antenna at low elevation angles [5,6,7,8]. A 10-year individual water level estimation showed a root mean square error (RMSE) of about 12 cm [9]. However, the temporal resolution is low because the sampling rate is fundamentally limited by the number of satellite overflights and elevation angle spans [10]. Compared with GNSS-IR, iGNSS-R and cGNSS-R adopt two antennas and have been proven to be feasible methods for remote sensing in a variety of experiments, such as ground-based, shipborne, airborne, and space-borne [11,12,13,14,15]. In iGNSS-R, the direct and reflected signals are directly correlated, which allows using the entire signal bandwidth to improve the range solution [16]. The enhancement in altimetry precision of iGNSS-R is 2–6 times that of cGNSS-R in 1-s integrated measurements [17]. However, more complex hardware than cGNSS-R is required to conquer the drawbacks of reduced signal-to-noise ratio (SNR) and larger vulnerability to radio frequency interference (RFI) signals [18]. In cGNSS-R, the reflected GNSS signal is cross-correlated with a clean replica of the transmitted code, which is beneficial for the coastal experiment [19]. The analysis in this paper is, therefore, based on the cGNSS-R method.



In dual antenna GNSS-R architectures, the direct and reflected signals are received by dedicated antennas. However, these signals easily enter the same antenna due to the inappropriate polarization isolation of the antennas. When the line-of-sight (Los) direct signal enters the antenna dedicated to the reflected signal, the reflected signal becomes distorted, which is called signal crosstalk [20]. Particularly, when the receiver height is low, the delay between the reflected signal and the direct signal is less than one code chip and it is hard to distinguish between them in the delay waveform (DW). This results in a declination of the code delay accuracy. An error of standard deviation up to 40 cm is found caused by the crosstalk effect for an airborne iGNSS-R experiment. [21]. Statistical analysis of the crosstalk in iGNSS-R shows that for elevation angles higher than 60°, crosstalk can be almost permanent from the ground up to 61% from airborne receivers at 2-km height [18]. Some new estimation approaches are proposed to mitigate the crosstalk in ground-based and low altitude airborne GNSS-R [20]. Moreover, the impact of signal crosstalk on coastal GNSS-R altimetry using signals from GEO satellites has not been analyzed. Similar to multipath in standard GNSS receivers, the code, carrier phase, and SNR are also affected by the crosstalk. For the coastal code-level altimetry, biases for both B1C and B2a are found for each satellite by using the in-situ SSH [22]. Hence, 10 cm of bias is observed between the real data and the mean estimate by means of code and phase delay integration [23]. For the carrier phase altimetry, high accuracy is achieved using the signals from the QZSS GEO [24]. Obviously, the crosstalk impact on GNSS-R code delay altimetry is more severe. Incidentally, code-level measurements are important observations in coastal GNSS-R altimetry and the crosstalk impact has to be considered.



With the development of the GNSS, more new-generation civil signals have appeared. L1 and L5 are the shared frequency points of BDS-3 (B1C, B2a), GPS (L1, L5), Galileo (E1, E5), and other systems [25]. As multi-GNSS satellites are available, higher spatial and temporal resolution can be achieved [26]. Nevertheless, the code rate of L1 C/A is 1.023 MHz, which leads to poor altimetry performance due to the long code chip. L5 has greater bandwidth for improved jam resistance, four times stronger transmission power, and 10 times faster code rate than those of L1, and therefore a better GNSS-R code altimetry performance in the coastal experiment is expected [27,28]. In general, the crosstalk signals change with the elevation angle variation of GNSS satellites, showing the same signal structure as the direct signals. Thus, it is difficult to analyze the impact of the crosstalk effect on the observations because of the satellite’s motion. The non-coherent averaging method is used to weak the crosstalk. In order to simplify the problem, Quasi-Zenith Satellite System (QZSS) is adopted. QZSS is an augmentation system to enhance the Global Positioning System (GPS) in the Asia-Oceania regions. It transmits signals that are compatible with the GPS L1C/A signal, as well as the modernized GPS L1C, L2C, and L5 signals [29]. At present, the services of one Geostationary Earth Orbit (GEO) satellite and three Quasi-Zenith Satellite Orbit (QZO) satellites are available. With a stable elevation angle of the GEO satellite, it would be convenient to extract the effect of the crosstalk from the observations. Hence, L5 signals from the QZSS GEO satellite are selected to analyze the influence of the crosstalk on coastal GNSS-R code measurements.



In this paper, the direct signals were collected as a reference to correlate with the reflected signals in order to generate the power waveform based on the modification of SDRLIB [30]. We firstly derived and simulated the signal crosstalk impact on the code delay measurements with QZSS GEO satellites. Then, a coastal experiment using L5 signals from the QZSS GEO satellite is carried out to verify the analysis. The crosstalk is weakened according to the simulation and experiment, and altimetry performance is analyzed.



The organization of this paper is as follows. In Section 2, the principle of coastal code altimetry is explained, and the influence of signal crosstalk on the code delay measurements is derived and simulated. In Section 3, an introduction to the experiment and an analysis of the effect of signal crosstalk on the code delay measurements are provided. Moreover, the altimetry results after the signal crosstalk elimination are shown. Finally, Section 4 and Section 5 provide a discussion and conclusion of the paper, respectively.




2. Methods


2.1. Code Delay Altimetry


In wind speed retrieval, Zavorotny and Voronovich established the power model between GNSS reflected signals and sea surface characteristics based on the bistatic radar equation and geometric optics method of Kirchhoff approximation [31]. The model indicated that the reflected GNSS power was affected by the sea conditions, the propagation path, and the geometry. Meanwhile, in the GNSS-R receiver, the reflected GNSS signal power waveform is the cross-correlation of the reflected signals and local signals at different time delay   τ   under specific Doppler frequency shift    f 0    as below [32]:


  Y  (  τ ,  t 0   )  =   ∫  0   T i     s R   (   t 0  +  t ′  + τ  )  c  (   t 0  +  t ′   )  e x p  [  2 π j  (   f  I F   +  f 0   )   (   t 0  +  t ′   )   ]  d  t ′   



(1)






  P  (  τ ,  t 0   )  =   ∫  0   T a       |  Y  (  τ ,  t 0   )   |   2  d t  



(2)




where   Y  (  τ ,  t 0   )    is the correlation value.   P  (  τ ,  t 0   )    is the correlation power.    s R    is the reflected signal.  c  is the local code replica at epoch    t 0   .    f  I F     is the center frequency.    T i    is the coherent integration time.    T a    is the non-coherent integration time. To improve the signal-to-noise ratio, a large number of incoherent averages are required to obtain the correlation power. Figure 1 shows the correlation power of the direct and the reflected signals under the coastal conditions.



From the distance between the peak positions of the two waveforms, the code path delay is obtained and can be expressed as:


   Δ ρ  =  (   ρ r  −  ρ d   )  +  (   ρ a r  −  ρ a d   )  +  ρ  rough  r  +  ρ  ins  r  +  ϵ  rd    



(3)




where    Δ ρ    is the code path delay observations,    ρ r    and    ρ d    are the code measurements of the direct and reflected signals, respectively.    ρ a r    and    ρ a d    are the atmosphere-induced delays, including tropospheric delay and ionospheric delay.      ρ    rough  r    is the surface-roughness-induced term.      ρ    ins  r    is the possible instrumental bias.    ϵ  rd     is the unmodelled noise. Under the coastal condition, most of the atmospheric contributions to the delay will be common to both branches, and thus they cancel one another out. The errors due to the roughness of the sea surface, the instrument, and unknown reasons can be weakened by filtering [33].



Figure 2 illustrates the GNSS-R altimetry geometry in the coastal condition, and the sea surface height (SSH) can be calculated as:


  SSH =  H r  −    Δ ρ  −  d →  ·  e →    2 s i n θ    



(4)




where    H r    is the geodetic height of the reflector, which can be acquired by the positioning of the up-looking GNSS antenna.  θ  is the elevation angle of the GNSS satellites,   d →   is the vector between the up-looking and down-looking antennae, and   e →   is the unit vector between the reflector and the GNSS satellite. GNSS-R altimetry can provide a high-precision SSH by measurements of the vertical land motion. As shown in (3), the accuracy of the SSH depends on the path delay measurements between the direct and the reflected signals.




2.2. Signal Crosstalk


Figure 2 also shows the signal crosstalk in GNSS-R altimetry in the coastal condition. When only considering the specular reflection path, the crosstalk signal, the direct signal, and the reflected signal can be given as bellow [34,35]:


   {       S c  =  A c  s i n  [  2 π f t + C  ( t )  × π +  ϕ m   ]         S d  =  A d  s i n  [  2 π f t + C  ( t )  × π +  ϕ m   ]         S r  =  A r  s i n  [  2 π f  (  t + δ t  )  + C  (  t + δ t  )  × π +  ϕ m   ]         



(5)




where    A c   ,    A d   , and    A r    are the amplitudes of the crosstalk, direct, and reflected, respectively,  f  is the frequency of the carrier phase,   δ t   is the time delay between the direct and the reflected signals, and   C  ( t )    is the binary sequences including the ranging code and the navigation message. The binary sequences are transmitted by phase modulation, which causes phase reversal and limits the coherent integration time.    ϕ m    is the initial phase of the direct signal. To facilitate analysis, the binary sequences of the reflected signals can be rewritten as:


  C  (  t + δ t  )  = C  ( t )  + Δ c  ( t )   



(6)







The signals received by the down-looking antennae are the synthetic signals of the crosstalk signals and reflected signals, shown as:


   S  syn   =  S c  +  S r   



(7)







Then, according to (5) and (6), Equation (7) can be expressed as:


   S  s y n   = A sin  (  2 π f t + C  ( t )  × π +  ϕ m  + β  )  ,  



(8)






  A =    A c 2  +  A r 2  + 2 ·  A c  ·  A r  cos  (  δ ϕ  )    ,  



(9)






  β = arctan      A c     A d    sin  (  δ ϕ + Δ c  ( t )  × π  )    1 +    A c     A d    c o s  (  δ ϕ + Δ c  ( t )  × π  )    ,  



(10)




where    A    and β are the amplitude and phase of the synthetic signal and   δ ϕ   is the phase path delay between the direct and reflected signals, where   Δ c  ( t )    that can be eliminated for the determined value in (6). Similar to the analysis of the multipath effect, the impact of the crosstalk effect on the code delay measurements is greater than that of the phase delay [36], especially when      A c     A d    ≪ 1  . In the processing of the reflected signal, the direct signals are used to generate a continuously updated reference signal, which is given as:


   S  r e f   = s i n  [  2 π f t + C  ( t )  × π +  ϕ m   ]  ,  



(11)







The complex waveform consists of the in-phase   I  ( t )    and quadrature signal components   Q  ( t )    are obtained after the correlation of the reflected signal and the reference signal.


   {      I  (  t , τ  )  =  A 2  · D  ( t )  s i n c  (  δ t + τ  )  R  (  δ t + τ  )  cos  (  δ ϕ  )  +  η I        Q  (  t , τ  )  =  A 2  · D  ( t )  s i n c  (  δ t + τ  )  R  (  δ t + τ  )  sin  (  δ ϕ  )  +  η Q        ,  



(12)




where   D  ( t )    is the navigation bits and   R  (  δ t + τ  )    is the correlation value. The power waveform after N-ms non-coherent integration can be expressed as:


  P o w e r  (  τ , t  )  =  ∑ 1 N   (   I 2  +  Q 2   )  ,  



(13)







The power waveform is linked to three parts, which are    A c 2   ,    A r 2   , and   2 ·  A m  ·  A r  cos  (  δ ϕ  )   . These variables are used to refer to the related parts in the power waveform hereafter. According to (3), only the part related to    A r 2    is the power waveform of the reflected signals. The power waveform of the synthetic signal has changed in relation to the reflected signal due to the crosstalk. Figure 3 shows the power waveform of the reflected signals, the crosstalk signals, and the synthetic signals at epoch t. The precision of the code delay observations is decreased as a result of the delay error caused by the crosstalk. In addition, the bias cannot be mitigated by the non-coherent averaging method given the approximately constant value.





3. Results


3.1. Experiment


In order to verify the above analysis, a coastal GNSS-R code altimetry experiment was carried out on a trestle in Weihai city, Shandong Province, China (37°32′2.60″N, 122°2′44.06″E) from 5 to 6 November 2020. The top view of the experiment is shown in Figure 4. The GNSS-R reflector is installed at the end of the trestle, about 100 m away from the coastline, effectively avoiding the influence of the land.



The GNSS-R antennas are mounted on a platform facing south to receive the QZSS GEO signals reflected off the sea surface as shown in Figure 5a. Both the dual-polarized GNSS-R antennas are identical. The operation band of the antenna is from 1.16 to 1.62 GHz. The antenna gain is 5 dBi and the noise figure of the antennae is less than 1.5 dB. The beam angle is ±60°. The down-looking antenna is 30° below the horizontal plane to receive the reflected signal, and the up-looking antenna is positioned symmetrically above the down-looking antenna to receive the direct signals. A recorder is connected to the antennas through RF lines and it digitizes the signals. Further, 2-bit real sampling is adopted. The IF data with the intermedia frequency of 15.58 MHz are sampled at a rate of 62 MHz and collected on a laptop computer. A GNSS receiver and a 26 GHz radar altimeter are placed near the reflector, providing the in-situ SSH during the experiment, as shown in Figure 5b and Figure 6c. The height differences between the various equipment are measured accurately by a Total Station. A software-defined receiver (SDR) is developed to process the IF data. During the experiment, the sea surface is calm and the scatter is coherent. The code delay and phase delay measurements from the QZSS GEO satellite signals are both extracted.




3.2. Crosstalk Effect Simulation


Based on (1) and (9), a simulation is carried out to analyze the impact of the crosstalk on the code delay measurements in the coastal condition. In order to simplify the simulation, L5 signal from QZSS GEO satellite is adopted to ensure high-precision code delay measurements, a long-term observation, and stable signal intensity. In addition, a better altimetry performance of L5 signal is expected because of the wide bandwidth and high transmission power, which is helpful to analyze the crosstalk. The code and phase path delay model is calculated using the in-situ SSH, the precise ephemeris from the IGS, and the precise position of the reflector.



The local waveform with a 2-chip-wide is generated by the correlation of the local L5 code. The local waveform is then lagged with the value of the code delay model to generate the waveform linked to    A r 2   . The power waveforms associated with    A c 2    and   2 ·  A c  ·  A r  cos  (  δ ϕ  )    are also generated using the same method. To determine the influence of the various parts on the code delay observations, three groups are settled to simulate the influence of crosstalk on the code delay measurements. Simulation I:    A r 2  +  A c 2   ; simulation II):    A r 2  + 2 ·  A c  ·  A r  cos  (  δ ϕ  )   ; Simulation III: 2:    A r 2  +  A c 2  + 2 ·  A c  ·  A r  cos  (  δ ϕ  )   .



In the simulation, the power ration      P c     P R      determines the amount of the crosstalk signal entering the direct antenna, where    P c    is the power of the crosstalk signal and    P R    is the power of the reflected signal.



When the power ratio is 14%, a constant bias between the simulation and delay model in simulation I is found and shown in Figure 6a,b shows the results of simulation II. There is no obvious bias compared with simulation I, but a strong interference of a high-frequency term occurs. The high-frequency term worsens the code delay observation accuracy even without the bias. In the simulation, the scatter is coherent and the high-frequency part is related to the phase delay between the direct and reflected signals. When the scatter is non-coherent, a random high-frequency is observed and it reduces the precision of the measurements. The results of simulation III in Figure 6c demonstrate the real impact of the crosstalk on the code delay measurements in (9). With the parts related to    A m 2    and   2 ·  A m  ·  A r  cos  (  δ ϕ  )   , a bias and a high-frequency term appear simultaneously. Moreover, the precision of coastal GNSS-R altimetry using L5 signals is greatly reduced. Another power ratio is calculated as shown in Figure 6d, which indicates that the bias is proportional to the power ratio. The crosstalk can be reduced by the subtraction of the bias from the code delay measurements.





[image: Remotesensing 13 04553 g006 550] 





Figure 6. The simulation of the crosstalk impact on the code delay measurements: (a) The simulation I:    A r 2  +  A c 2   ; (b) The simulation II:    A r 2  + 2 ·  A c  ·  A r  cos  (  δ ϕ  )   ; (c) The simulation III:    A r 2  +  A c 2  + 2 ·  A c  ·  A r  cos  (  δ ϕ  )   ; (d) The relation between the power ratio of the crosstalk signal and the reflected signal with the measurements bias. 
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From the simulation, the impact of the crosstalk on the code delay measurements is depicted. Specifically, there is a bias related with the crosstalk signal amplitude and high-frequency term related with the interferometric phase between the direct and reflected signals. The coastal altimetry accuracy based on the code delay measurements would be decreased with the two factors.




3.3. Crosstalk Effect in the Experiment


The code delay measurements are extracted based on (12) and (13) using the SDR. Figure 7a shows the raw code delay measurements, the filtered code delay measurements, and the code delay model calculated from the in-situ SSH over approximately 23 h during the experiment. The code delay measurements output at 20Hz sampling rate after Fourier interpolation in the SDR. Large errors caused by sea state, instrument, and other reasons are observed, and the precision of code delay measurements is significantly reduced. To filter errors, a moving mean filter of 60 s is used to obtain better measurements. The length of the filter window is an empirical value. Although a long time of the filter window may improve the accuracy, some information may be lost and it may affect further analysis. By comparing the filtered code delay measurements and the code delay model, a high-frequency term and a bias can be found in the experiment.



In order to analyze the high-frequency term and the bias, the empirical mode decomposition (EMD) method is used to decompose the filtered measurement sequences. The EMD method can be applied to the decomposition of nonstationary and non-linear data [37]. The GNSS-R water level monitoring accuracy can be effectively improved with the EMD method [38,39]. The filtered measurements are then decomposed and separated into 10 intrinsic mode function (IMF) components. The residual sequences are obtained by subtracting the sum of the IMFs from the filtered measurements. The residual sequences and the sum of the IMFs are the trend term and high-frequency term of the filtered measurements, respectively. Figure 7b shows the trend term, the high-frequency term, and the filtered measurements. The sum of the IMFs has a mean value of approximately 0, which means that the high-frequency term is extracted perfectly without bias. Compared with simulation II, a similarly strong interference of a high-frequency term is also found in the filtered measurements in the experiment. Moreover, this is an important reason for the decline in the precision of the coastal code altimetry when the random errors are filtered. Since the reason for the high-frequency term in simulation II is the phase difference between the direct and reflected signals, the same reason may also lead to the high-frequency term in the experiment.



The comparison of the high-frequency term and the phase delay in the experiment is shown in Figure 8a. In the coastal altimetry experiment, the scatter is coherent, as shown by the continuous phase delay measurements. The variation of the phase delay is completely compatible with the high-frequency term. The phenomenon can demonstrate that the phase delay between the direct and the reflected signals is the reason for the occurrence of the high-frequency term in the code delay measurements. According to simulation II, the part containing the phase information becomes important owning to the large power of the reflected signals even with the small power of the direct signal leaking into the reflected antennas, known as the crosstalk signal. Thus, the code altimetry performance is weakened as the induced high-frequency term. Further, a comparison of the trend term and the model is provided in Figure 8b. To contrast with simulation I, the obvious bias between the trend term and the in-situ measurements is observed despite some errors due to inappropriate decomposition of the EMD method, and the mean value of the bias is approximately 0.52 m. As can be seen in Figure 6a, the power ratio between the crosstalk signal and the reflected signal is around 14%, which demonstrates that the bias is due to the crosstalk signals.



Figure 9 shows the comparison between simulation III and the code delay measurements in the experiment. In most of the periods, the variation of the measurements is consistent with the simulated measurements. In some periods, there are some differences in the high-frequency term becasue the phase delay model in the simulation is calculated from the in-situ SSH, which is different from the actual phase delay variation. The results can prove the existence of a crosstalk signal in the down-looking antenna.




3.4. Crosstalk Effect Mitigation


The high-frequency term induced by the phase delay and the trend term induced by the waveform distortion of the crosstalk represent the two reasons for the poor precision of the coastal code altimetry in GNSS-R. Thus, two different strategies are adopted. The EMD method is used to filter the high-frequency term and the power waveform is corrected to weaken the constant bias for the GEO satellite. Firstly, the standard power waveform is generated by using the local L5 code, and the power waveform of the crosstalk signal is built by adjusting the local power waveform value. Then, the power waveform of the crosstalk is subtracted from the waveform generated by the synthetic signals. Consequently, the two errors of code delay measurements can be corrected.



Figure 10 shows the correlation power of the direct and reflected signals during the experiment. As expected, there is no dramatic power average variation of the direct signal and reflected signal due to the stable geometry of coastal GNSS-R altimetry using GEO satellites. However, the small variation of the power indicates that the direct signals suffer heavily from the multipath effect, which has not been taken into account in the simulation for simplicity. On the other hand, the antennas cannot well suppress the interference in the experiment. Axelrad et al. (2005) proved that the code multipath error is proportional to the additional path length when the delay path length was shorter than half of the early/late discriminator spacing [40]. In our experiment, the maximum delay path length is about 14 m, which is shorter than the discriminator spacing of 19.34 m. As a result, the code phase of the direct signals is extended due to the path delay, and the path delay varies with the sea surface. When the reference signals are constructed, a 2-chip wide window is set with the direct signal code phase as the center, which causes the delay of the direct waveform. Therefore, the bias of the code delay measurements becomes larger. In order to realize the effective correction of the code delay observations, the power of the multipath signal is taken into account.



As shown in the antenna patterns in Figure 11, the direct signal and the reflected signal will leak into antennas dedicated to the other signals. Furthermore, in the experiment, the antenna is symmetrically settled relative to the horizontal plane. The direct and the reflected signals will enter the antennas with the same antenna gain since the symmetric arrangement. Thus, the power of the crosstalk signal can be obtained by the direct signal power, and the power of the multipath signal can be obtained by the reflected signal power. The crosstalk power waveform is generated by using the sum of the crosstalk signals power and multipath signals power, which is then subtracted from the power waveform of the synthetic signals. As in the analysis, the bias can be weakened.



Table 1 shows the SSH precision calculated in the paper. According to the statistical results, coastal GNSS-R altimetry is greatly affected by the crosstalk signals, the large standard deviation (Std) is caused by the high-frequency term, and the large mean value (Mean) of the residual is caused by the bias term. Therefore, we reduce the high-frequency terms with different filtering methods. The bias is weakened by the waveform correction.



Before the bias is removed, the root mean squares error (RMSE) between the raw code delay measurements and the in-situ SSH is 436.0 cm, which is useless in practice. With a moving mean filter of 1-min, most of the random errors can be filtered and the RMSE is 46.3 cm. When the length of the filter window is enlarged to 5-min, the result is not obviously improved. When using a more appropriate filter, the code altimetry accuracy can be improved further. The SSH using the code delay measurements trend extracted by the EMD method shows that the Std is 9.8 cm and the RMSE is 37.3 cm. The EMD method weakens the errors caused by the high-frequency term in the code delay measurements better than the mean filters. However, with a large mean value of approximately 35.0 cm, the crosstalk is a critical problem in coastal code altimetry. After the correction of the power waveform, the bias is removed. The mean value of the residuals of −1.4 cm and the RMSE of 30.1 cm is achieved using the 1-min filtered measurements. The 5-min mean filter could better filter the high-frequency term. With the EMD method, the trend term has an Std of 9.3 cm. The RMSE between the trend of the measurements and the in-situ SSH is 9.5 cm. The results show that the crosstalk is greatly mitigated by our method.





4. Discussion


Signal crosstalk would lead to a significant decline in the precision of code delay measurements. The crosstalk impact on the coastal GNSS-R code altimetry is analyzed in this paper. The L5 signal from QZSS GEO satellites is adopted in the experiment. With the mitigation of the crosstalk, the precision of SSH measurements can be improved under coastal conditions for a long time.



However, the multipath is not fully considered in the analysis because the multipath effect can be greatly reduced when the choke ring antenna is adopted. Moreover, if the antennas are far away from a reflective surface, the multipath effect on code delay measurements is more complicated. The mean filter is more suitable for continuously updated observations but poor to process the high-frequency term. Better filters still need to be studied. The bias can greatly weaken the coastal altimetry performance. For the GEO satellite, the bias is approximately a constant value and can be processed by the proposed method. The crosstalk impact on other types of GNSS satellites is more difficult than that of GEO. For example, the biases are different for each of the satellites and the high-frequency term will interfere with sea state and the other factors.




5. Conclusions


In this paper, L5 signals from the QZSS GEO satellite are used to study the impact of crosstalk signals on coastal GNSS-R code altimetry. Because the crosstalk signal leaks into the down-looking antenna, the power waveform is greatly changed according to the code altimetry principle. Through reasonable simplification, we simulate the impact of crosstalk on code delay observation. A constant bias and a high-frequency term are found. The bias is related to the amplitude of the crosstalk and the high-frequency term is related to the carrier phase delay between direct and reflected signals.



In order to verify our simulation, a coastal-based altimetry experiment is conducted. By comparing the simulation results with the measurements, the bias and the high-frequency term are also verified in the experiment. The high-frequency term contains the information of carrier phase delay and can be filtered out well by using the EMD method. The RMSE between the measurements and the in-situ SSH before removing the bias is 37. 3 cm. According to the analysis, we use the power of the direct and reflected signals to correct the power waveform of the synthetic signals. In addition, the mean value of the residual between the measurements and the in-situ SSH is −1.8 cm after the crosstalk mitigation. At last, a 23-h-long coastal experiment demonstrates that the RMSE is about 9.5 cm when the bias is removed.
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Figure 1. The correlation power waveform of the reflected (blue) and direct signals (red) in coastal conditions. 
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Figure 2. The geometry of coastal GNSS-R altimetry. 
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Figure 3. The delay map of the crosstalk signal, the reflected signal, and the synthetic signal. 
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Figure 4. The top view of the experiment. 
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Figure 5. The instruments in the experiment. (a) the dual antennas; (b) the choke ring antenna for positioning; (c) the radar altimeter. 






Figure 5. The instruments in the experiment. (a) the dual antennas; (b) the choke ring antenna for positioning; (c) the radar altimeter.



[image: Remotesensing 13 04553 g005]







[image: Remotesensing 13 04553 g007 550] 





Figure 7. The code delay measurements during 23 h experiment: (a) The comparison between the raw code delay measurements (blue), the code delay measurements with 60-s moving mean filter (red), and the code delay model from the in-situ SSH (green); (b) The filtered code delay measurements with the EMD method: filtered measurements (red), the trend term (the black), the high-frequency term (green). 
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Figure 8. The results after the EMD method: (a) The comparison between the phase delay measurements (blue) and the high-frequency term (green); (b) The comparison between the trend (black) and the code delay model (green). 
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Figure 9. The comparison between the filtered delay measurements (blue) and simulation III (red). 
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Figure 10. The power of the direct signals (blue) and the reflected signals (red). 
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Figure 11. The sketch of the received signals: (a) the incident angle of the direct, reflected, and crosstalk signals, (b) the antenna pattern dedicated to the reflected signals. 
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Table 1. The Std, Mean, and RMSE of the residuals between different methods and the in-situ SSH.
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	Methods
	Std (cm)
	Mean (cm)
	RMSE (cm)





	Code delay
	435.0
	−36.2
	436



	Mean filter (1 min)
	30.1
	−35.2
	46.3



	Mean filter(5 min)
	24.6
	−35.5
	43.2



	EMD
	9.8
	−36.0
	37.2



	Mean filter (1 min) (Bias removed)
	30.2
	−1.4
	30.1



	Mean filter (5 min) (Bias removed)
	24.5
	−1.6
	24.5



	EMD(Bias removed)
	9.3
	−1.8
	9.5
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