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Abstract

:

Global navigation satellite system reflectometry technology (GNSS-R) is rarely used for river flow velocity inversion, and in particular, there is currently no research using the BeiDou Navigation Satellite System reflectometry technology (BDS-R) for river flow velocity inversion. In this paper, a carrier phase observation of river flow velocity inversion model is proposed. The interference phase is the integral of the Doppler frequency. The raw intermediate frequency (IF) data sets are processed through an open-loop method to obtain the Doppler frequency observation generated by river flow and then realize velocity inversion. The shore-based river current measurement was conducted on the south bank of Dashengguan Yangtze River in Nanjing city, Jiangsu Province, for nearly two hours on 22 April 2021. After realizing the inversion of river flow velocity in GPS L1, the combined inversion of BDS B1I GEO satellite and IGSO satellite is realized for the first time, which demonstrates the feasibility of river flow velocity inversion using BDS reflected signals. Compared with the real river flow velocity, the GPS L1 PRN 4 (1st period) inversion precision reaches up to 0.028 m/s (mean absolute error, MAE) and 0.036 m/s (root mean square error, RMSE). In parallel, BDS GEO 2 inversion precision can reach 0.048 m/s (MAE) and 0.063 m/s (RMSE), and BDS IGSO 10 inversion precision is 0.061 m/s (MAE) and 0.073 m/s (RMSE). These results illustrate that satellite elevation change rate and distance between specular points and current meter may have a negative effect on the accuracy of river flow velocity inversion. Specular points obstructed by obstacles or too far from the velocity meter may introduce uncertain error in both MAE and RMSE. Neither the satellite elevation nor the signal strength has an obvious correlation with inversion precision, which is consistent with the theoretical principle.
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1. Introduction


River flow velocity detection is of great significance in hydrology work. It is also an essential fundamental link in hydrologic detection, hydrologic prediction, hydrodynamic research, flood control engineering design, and ecological environment assessment [1]. Traditional river flow velocity detection methods, such as artificial detection, are work-intensive, time consuming, and inefficient. Additionally, the more extreme the hydrological situation is, the more difficult it is to measure the river flow velocity, such as during floods and typhoons [2,3].



Global navigation satellite system reflectometry technology (GNSS-R) possesses the characteristics of being global, all-weather-accessing, and low-cost. At present, GNSS-R technology has been widely used in sea surface altimetry [4,5,6], sea surface wind fields [7,8,9], sea ice sensing [10,11,12], inland water detection [13,14], sea surface oil slicks [15,16], sea surface effective wave height [17,18], and other application fields. Better yet, it still has great potential in the applications of remote sensing inversion.



As in traditional radar remote sensing, GNSS-R carrier phase observation has been widely used to measure sea surface height (SSH). Since the first lake altimetry through carrier phase observation under shore-based conditions [19], attributed to its better measurement accuracy, carrier phase observation has also been introduced for sea-level [20] and sea ice experiments [21]. Meanwhile, GNSS-R carrier phase observation altimetry has been expanded in different airborne experiments [22,23,24], and more recently, with space-borne data collected by the U.K.’s TechDemoSat-1 (TDS-1) [25,26] and NASA’s Cyclone GNSS (CYGNSS) missions [27,28]. Based on the carrier phase observations, a different method for deriving Doppler observations is proposed and applied to altimetry [29]. In 2015, Weihua Bai et al. published a new potential application of GNSS-R through carrier phase observation [30], inversion of river flow velocity, and verified its feasibility by using GPS L1 satellite reflected signals, with MAE reaching 0.0271 m/s. However, the inversion lasted for only minutes, without further systematic analysis of the accuracy and principle of river flow velocity inversion. Above all, few experiments are using GNSS-R technology to detect river flow velocity, and in particular, there is no research on river flow velocity inversion currently using BeiDou Navigation Satellite System reflectometry technology (BDS-R).



BDS consists of geosynchronous orbit (GEO) satellites, inclined geosynchronous orbit (IGSO) satellites, and medium orbit (MEO) satellites. The GEO satellites have low angular velocity and almost no change in elevation. Their maximum speed is between 80 m/s and 90 m/s. The trajectory of an IGSO satellite is in the shape of “8”, and the elevation potentially changes at a considerable rate. The maximum speed will reach about 2800 m/s. The maximum velocity of an MEO satellite is about 3780 m/s. For BDS receivers under shore-based experimental conditions, the full Doppler frequency shift of BDS GEO/IGSO/MEO satellites are 70.8 Hz, 2207.4 Hz, and 4496.5 Hz, respectively [31].



Here, the combination of B1I GEO satellite and IGSO satellite of BDS is used to carry out river flow velocity inversion for the first time. GPS/BDS dual-mode GNSS-R detection equipment was used to obtain the raw IF data of GPS L1/BDS B1I direct and reflected signals in the actual experiment. Meanwhile, self-developed soft receiver process data was used to obtain Doppler frequency extracted by interferometric carrier phase and realize river flow inversion. Finally, the velocity inversion results are compared with the actual velocity, and the influence of satellite elevation angle change rate and satellite signal intensity on the accuracy of river flow velocity inversion is further explored.




2. River Flow Velocity Inversion Model


The GNSS-R carrier phase river flow velocity model includes two essential parts: the open-loop tracking method and carrier phase river flow velocity inversion method. The former is used to obtain the interferometric carrier phase observation between direct signals and reflected signals and to extract the Doppler frequency, and the latter is used to conduct river flow velocity inversion.



2.1. GNSS-R Reiver Velocity Inversion Process


Under the shore-based experimental conditions, it could be assumed that the river flow velocity of the target area is a fixed vector over a short time. Therefore, velocity inversion results are calculated every two minutes in this paper. The whole inversion process includes three steps:



First of all, by preprocessing to remove corrupted raw IF data, the Lissajous figure is used to judge the multi-frequency relationship and phase difference between two waveform signals (I branch, Q branch) in the field of signal processing. It plays an important role in regulating the signal-tracking loop [31]. In addition, the Lissajous figure is also used as a criterion for judging whether the carrier phase replica    φ  L o c a l     could take the place of the direct signal carrier phase    φ  d i r e c t    t   . Figure 1 is the Lissajous figure of the GPS PRN 9 for 2 min on 22 April 2021, 10:40 am−10:42 a.m. local time (LT).



Then, in the data processing stage, the residual phase    φ  r a w     is obtained by processing the raw IF data. The details of processing raw IF data and how to obtain    φ  o u t     will be introduced in Section 2.2. After further processing of fast Fourier transform (FFT) data, the flow rate    V  f l o w     is inverted. The method of obtaining the Doppler frequency from the interferometric phase and using the river inversion model for inversion is introduced in Section 2.3. During the experiment, the average river flow velocity    V  r e a l     was recorded every 5 min in the experimental area using a contact current meter. The current meter model is H-ADCP CM300, and the system frequency is 300 kHz, which calculates the flow velocity by analyzing the frequency shift of the Doppler.



Eventually, the inversion river flow velocity    V  f l o w     is compared with the real velocity    V  r e a l     to verify the precision and conduct further error analysis. Figure 2 is the flowchart of the GNSS-R river flow velocity inversion method.




2.2. Signal Open-Loop Tracking Method


For the shore-based Yangtze River experiment, separated direct and reflecting antennas were used. The receiver provides direct and reflected samples at 20 MHz to GNSS signals and then generates raw IF data of GNSS signals. The direct sampling applies the open-loop tracking method to adjust Doppler frequency and carrier phase by soft receiver (direct carrier replica). The cosine carrier and sine carrier generated by the local carrier numerically controlled oscillator (NCO) can be expressed as follows:


     v I  ( t ) = cos (  φ Local  ( t ) +  φ  l 0   )      v Q  ( t ) = sin (  φ Local  ( t ) +  φ  l 0   )    



(1)




where    φ  L o c a l    t    and    φ  l 0     represent the carrier phase and initial phase of the direct signal, respectively. When the tracking loop enters a stable tracking state, the difference between the direct signal carrier and carrier replication frequency is 0, the carrier phase difference is close to 0, and the code phase difference is within 0.01–0.1 code chip [32]. The GNSS signal is a quasi-monochromatic and phase-modulated spherical wave signal [33], whose reflected signal can be expressed as follows:


   u r  ( t ) =  C r  ( t ) ⋅  D r  ( t ) ⋅  A r  ( t ) . cos (  φ Reflect  ( t ) +  φ  r 0   )  



(2)




where    C r   t    represents pseudo-random code,    D r   t    is navigation bit,    A r   t    is reflected signal’s amplitude, and    φ  R e f l e c t    t    and    φ  r 0     represent the carrier phase and initial phase of the reflected signal, respectively. The correlation operation between sine and cosine carrier replica and the reflected signal can be defined as follows [34]:


     I n  =  1   T coh       ∫   t n     t n  +  T coh      u r  ( t )    ⋅  V I  ( t ) +  N i      ≈   A n  ¯  ⋅ sinc  ( 2  π   Δ  f n   ¯  ⋅  T coh   )    ⋅ cos ( 2 π   Δ  f n   ¯  ⋅  T coh  + Δ ϕ ) +  N i       Q n  =  1   T coh       ∫   t n     t n  +  T coh      u r  ( t )    ⋅  V Q  ( t ) +  N q      ≈    A n   ¯  ⋅ sinc  ( 2  π   Δ  f n   ¯  ⋅  T coh   )    ⋅ sin ( 2 π   Δ  f n   ¯  ⋅  T coh  + Δ ϕ ) +  N q     



(3)




where    T  c o h     (1 ms in this paper) is the coherence integration time and is generally an integer multiple of 1 ms,   s i n c  x  = sin  x  / x  .     Δ f  ¯  =  f  R e f l e c t   −  f  L o c a l     refers to the frequency difference between the carrier replica and the input reflected signal in the coherent time,   Δ ϕ   is the initial phase difference between the carrier replica and the input reflected signal, and    N i    and    N q    represent the random noise of I and Q components, respectively. The subscript  n  is time t,    t n   < t <   t n   +   T  c o h    .



In the derivation of the above equation, the following assumption is made [35]: the coherence integral    T  c o h     is long enough for the high-frequency (replica carrier frequency plus reflected signal carrier frequency) components of I and Q to be filtered by the integrator. For this reason, Equations (4) and (5) reasonably omit the sum frequency (high-frequency) component in derivation, and the corresponding, approximately equal, sign appears.



Under the circumstances of the shore-based experiment, when signals enter the carrier tracking stage, the frequency difference between input reflected signal and local carrier replica has been very close. It has generally been much smaller than the integrator’s bandwidth, ∆f ≪1/   T  c o h    , so I and Q components can be approximated as follows:


     I n  =    A n   ¯  ⋅ cos ( 2 π   Δ  f n   ¯  ⋅  T coh  + Δ ϕ ) ) +  N i       Q n  =    A n   ¯  ⋅ sin ( 2 π   Δ  f n   ¯  ⋅  T coh  + Δ ϕ ) +  N q     



(4)







Equations (5) and (6) could be defined as the following complex vector form:


   r n  =  I n  + j  Q n  =    A n   ¯  ⋅  e  j ( Δ  ϕ n  )    



(5)







Vector amplitude    A n    and raw residual phase    φ  o u t     can be defined as follows:


       A n   ¯  =    I n 2  +  Q n 2          φ  out n  = arctan 2 (    Q n     I n    ) = 2 π   Δ  f n   ¯  ⋅  T coh  + Δ ϕ    



(6)







The raw residual phase    φ  o u t     is extracted from Equation (6) using the four-quadrant arctangent function. Figure 3a shows the wrapped phase of the GPS PRN 9 and Figure 3b shows the wrapped phase BDS IGSO 10 satellite in 2 min on 22 April 2021, 10:40 a.m.–10:42 a.m. (LT).



The raw residual phase may exceed the phase interval [-π, π ], in which case the phase wrapping phenomenon occurs.


   φ residual  = U n w a r p [  φ out  ] + 2 k π  



(7)




where Unwarp [] represents the phase unwrapping operation, and    φ  r e s i d u a l     represents the result after the raw residual phase unwrapping, with k as the integer ambiguity.



Figure 4 shows the residual phase after phase unwrapping of GPS PRN 9 and BDS IGSO 10 for 2 min on 22 April 2021, 10:40 a.m.–10:42 a.m. (LT). The first 100 ms unwrapped phase details are shown with red dashed boxes. The incoherence time in this paper is 1 ms, and the wrapped carrier phase in Figure 3 will be noisy in detail, but as long as the unwrapped carrier phase meets the relatively obvious linear trend, it can meet the requirements of inversion results every two min, as in this paper.




2.3. Inversion Method


When GNSS satellite signals are reflected by the river in the target region, the Doppler frequency shift caused by the river flow velocity is the low-frequency component in the spectrum, due to the very low river flow compared with the satellite’s velocity. Moreover, the disconnected residual phase caused by random noise    N i    and    N q    only affects the high-frequency part of the frequency spectrum. In this article, GPS and BDS use the same inversion method.



By analyzing the residual phase spectrum of GNSS direct signal and reflected signal of the river to extract the low-frequency component of the spectrum, the inversion of river flow velocity can be realized. The geometric relationship of GNSS-R river flow inversion is shown in Figure 5.



In this paper, the principle of the reference [30] was expanded to apply to the inversion of river flow velocity under the experimental conditions of shore-based dual antennas. Unlike the experimental conditions of airborne experiments, under the conditions of shore-based experiments, there is no Doppler frequency caused by flight vibration. This paper explains in detail the magnitude and influence of each frequency component. The phase and frequency of the direct signal and reflected signal received by the receiver at time t are defined as follows:


     φ d  ( t ) = 2 π  f d  ⋅ t      φ r  ( t ) = 2 π  f r  ⋅ t    



(8)






     f d  =  f GNSS  −  f shock  +  f dm  +  f ds       f r  =  f GNSS  −  f shock  +  f rm  +  f ra  +  f flow     



(9)




where    f  G N S S     is the carrier frequency of satellite signals; the crystal vibration frequency of the receiver is    f  s h o c k     (the crystal vibration frequency of the GPS receiver used in this paper is 1575 MHz, and that of the BDS receiver is 1561 MHz);    f  d m    t    is the carrier Doppler frequency of direct signal due to satellite motion;    f  r m    t    is the carrier Doppler frequency of reflected signal carrier due to satellite movement;    f  d a    t    and    f  r a    t    are the Doppler frequencies generated when the satellite signal propagates through the ionosphere and the atmosphere of the direct signal and reflected signal, respectively; the magnitude of    f a   t    is near     10    - 2      Hz [35]. Since the receiver is fixed in the shore-based experiment, the receiver will not generate a Doppler frequency. Finally,    f  f l o w    t    refers to the Doppler frequency generated by the river.



Using the open-loop tracking method of Section 2.1, the residual interferometric phase    φ  o u t     of the unwrapped phase could be obtained:


     φ out  ( t )   = 2 π (  f r  −  f d  ) ⋅ t + Δ ϕ        = 2 π ( Δ  f m  + Δ  f a  +  f flow  ) ⋅ t + Δ ϕ    



(10)




where   Δ  f m   t  =  f  r m    t  −  f  d m    t   . Under shore-based experimental conditions, the delay of reflected signal and direct signal is within 1 ms. The path of direct/reflected signals are almost the same in the shore-based experiment set-up, so the satellite movement during the direct path and that during the reflected path are practically identical, and   Δ  f m    will be much lower than    f  f l o w    t   .



Due to the shore-based experiment setup, the path of direct/reflected signals through the ionosphere and atmosphere is almost the same,    f  d a    t    approximately equals    f  r a    t   , and the value is simultaneously very small (    10    - 2      Hz), so   Δ  f a   t  =  f  r a    t  −  f  d a    t    could also be ignored. Eventually, under shore-based experimental conditions, the parameters that have little influence on the inversion of river flow velocity are removed, and    φ  o u t    t    can be written as follows:


   φ out  ( t ) ≈ 2 π  f flow  ⋅ t + Δ ϕ  



(11)







By FFT processing, the maximum value of the low-frequency component in the residual phase output spectrum    f  f l o w     could be obtained from Equation (11). Figure 6 is the result of the FFT of the unwrapped residual phase (Figure 4) of the GPS PRN 9 and BDS IGSO 10 after unwrapping. Figure 6a is the spectrum of GPS PRN 9, the maximum value of the low-frequency component appears at 3.249 Hz and 3.047 Hz, which can be represented as the Doppler frequency    f  f l o w     generated by river flow.



Considering the geometric relations in Figure 5, the    V  f l o w     could be deduced as follows [30]:


   V flow  =  f flow  ⋅  c  cos ( θ ) ⋅  f GNSS     



(12)




where  c  is the light speed,  θ  is the elevation angle of satellite,    f  f l o w     is the low-frequency Doppler component caused by river flow, and    f  G N S S     is the carrier frequency of the satellite signal. According to the result of the maximum value of the low-frequency component in Figure 6 (upper panel 3.249 Hz and bottom panel 3.047 Hz), the flow velocity of the river can be calculated as 1.0217 m/s using GPS and 0.9758 m/s using BDS.



Considering a larger river flow velocity condition, in the case of    V  f l o w   ≈  4 m/s and elevation   θ ≈  50 degrees,    f  f l o w     will be about 12 Hz according to Equation (12), which can be extracted from the residual phase using FFT. Therefore, this method can also be used under conditions of large river flow rates in theory, which is of great significance for water flow observation.





3. Shore-Based Velocity Inversion Experiment


3.1. The Experimental Set-Up


On 22 April 2021, a shore-based GNSS-R river flow velocity inversion experiment was carried out on the south bank of the Yangtze River basin (31°57′43″ N, 118°38′27″ E) near Dashengguan, Nanjing, China. The shore-based experiment was performed for almost 24 h, but because of damage to the receiver’s raw IF data reception during the experiment, the experimental results analysis only used about 2 h of data, from 9:30 a.m. to 11:30 a.m. (LT). Detection antennas and receiving equipment for receiving GPS/BDS dual-frequency direct/reflected signals were set up on the deck of a stationary cargo ship. The specific experimental set-up and antenna tilt settings are shown in Figure 7.



The parameters were as follows: The direct antenna points upward to maximize direct signals’ contribution from above and to optimally suppress reflections. The height of the antenna is 5.45 m. The reflecting antenna points downwards with a tilt angle of 45.8 degrees, and the vertical height difference between the direct antenna and the reflecting antenna is 0.38 m. The orientation of the erected antenna is 304 degrees northwest (facing the Yangtze River). Table 1 is a summary of the experimental parameters.




3.2. Experimental Configuration


The hardware used in the experiment was a miniature GNSS-R detector designed and manufactured by Shanghai Aerospace Electronics Institute, which is made of a left-hand circular polarization antenna (LHCP), right-hand circular polarization antenna (RHCP), and hardware delay/Doppler-mapping receiver (DDMR). The device can receive GPS L1 and BDS B1I signals simultaneously.



A contact velocity-detecting instrument was used to record the average flow velocity from 9:30 a.m. to 11:30 a.m. (LT) every 5 min, which will be viewed as real velocity to assess inversion precision.



To meet the experimental requirements, the reflecting antenna of the receiver can receive the reflected signals in the area from negative 90 degrees to positive 90 degrees, and the reflecting antenna was set with a direction angle of 304 degrees northwest, so the azimuth of the region of the specular reflection point was chosen from 214 degrees to 34 degrees. Combining the zenith map with the screening scheme above, the experimental satellites selected in this paper are GPS PRN 4, PRN 9/BDS GEO 2, and IGSO 10. Figure 8 shows the zenith map of the selected experimental satellite at 10:00 a.m. (LT) on 22 April.



Figure 9 shows the movement track of the selected satellites’ specular points on 22 April. The red mark is the location of the erected antenna and the blue mark is the current meter location. The green circles are the starting points of GPS satellites’ specular points, and the orange circles are the starting points of BDS satellites’ specular points. Triangles represent the terminal of the corresponding specular reflection points. The white arrow represents the movement track of the satellite’s specular point. The white and red dashed lines delineate areas with the current meter at the center and a radius of 25 m and 50 m, respectively.



As can be seen from Figure 9, since only one current meter is used in this experiment, there will be some difference between estimated river flow velocity on specular points and in situ measurements. We just chose the specular points within 50 m of the current meter (Figure 9, in the red dashed area) to reduce the difference impact in precision evaluation. Specular points within 25 m from the current meter are considered as the “close points” (Figure 9, in the white dotted area). Among specular points in Figure 9, PRN 4 specular points are divided into two periods due to environmental impact. In the 1st period, the specular points are almost “close points”; in the 2nd period, the specular points are obscured by platform obstacles.



Figure 10 and Figure 11 record the elevation and elevation change rate of the selected satellites during the experimental period (GPS PRN 4, GPS PRN 9; BDS GEO 2, BDS IGSO 10).



Surface water fluctuation is an important factor affecting the river’s surface roughness, and the wind speed affects the river’s surface roughness as well as the flow velocity of the river. Figure 12 shows a close-up view of the surface of the Yangtze River on the day of the experiment. During the experiment, the wind speed was small (not recorded), and the river surface was relatively stable. Therefore, we ignored the influence of river surface fluctuations on the monitoring of river flow velocity.





4. River Flow Velocity Inversion Result and Analysis


4.1. River Flow Velocity Inversion Results


The inversion river flow velocity results per 2 min were calculated according to the shore-based carrier phase river flow velocity inversion method in Section 2. Figure 13 shows the GPS L1 inversion results. The blue solid circle represents the real river flow velocity    v  r e a l     per 5 min; green points are split up into squares (results of PRN 4) and triangles (results of PRN 9). Inversion results are shown in 2-min intervals. Figure 14 shows the BDS B1I inversion results. The blue solid circle represents the real river flow velocity    v  r e a l     per 5 min; orange points are split up into squares (results of GEO 2) and triangles (results of IGSO 10). Inversion results are shown in 2-min intervals.



Four satellites’ (GPS PRN 4, GPS PRN 9, BDS GEO 2 and BDS IGSO 10) results and the accuracy verification results are listed in detail in Table 2.



The Spearman correlation coefficient is used to measure relevance in this paper. The correlation coefficient R is as follows:


  R =     ∑ i   ( x i −  x ¯  ) ( y i −  y ¯  )           ∑ i   ( x i −  x ¯  )    2    ∑ i     ( y i −  y ¯  )  2         



(13)







In the formula,    x i    and    y i    are correlated variables,   x ¯   and   y ¯   are the average values of the variables, and R ranges from −1 to 1. Generally, R > 0.7 demonstrates a strong correlation between variable, while 0.7 > R > 0.4 indicates there is a moderate correlation between variables.



By analyzing the results in Figure 13, Figure 14, and Table 2, GPS PRN 4 (1st period) inversion MAE reaches up to 0.028 m/s and root mean square error RMSE reaches 0.036 m/s. By contrast, GPS PRN 4 (2nd period) inversion MAE and RMSE are 0.080 and 0.090, respectively. The BDS IGSO 10 inversion MAE and RMSE are 0.061 m/s and 0.073 m/s, respectively. Compared with BDS IGSO 10 inversion results, the MAE and RMSE of BDS GEO 2 are improved by 0.013 m/s and 0.01 m/s, respectively, showing more accurate inversion results. R of PRN 4 (1st period), GEO 2, and IGSO 10 are higher than 0.7, showing strong correlation, which proves the effectiveness of inversion. Among these, a large gap existed between the inversion results of PRN 4 (1st period) and PRN 4 (2nd period). This may be due to the influence of obstacles or relatively fewer “close points”, as the current meter cannot accurately characterize the river velocity of specular points. The precision of PRN 9 is also lower than other inversion results, which may be due to the specular points of GPS PRN 9 being farther away from the current meter: the fixed current meter cannot represent the velocity at the specular points well, which affects the evaluation of results and the effectiveness of inversion.




4.2. Influence of Elevation Change Rate


It has been shown in Section 2.3 that the velocity of satellite movement has a direct influence on the elevation change rate of the satellite. Theoretically, the larger the elevation change rate is, the larger the   Δ  f m   t  =  f  r m    t  −  f  d m    t    will be;   Δ  f m   t    will superimpose with the low frequency    f  f l o w     generated by the river flow and affect the inversion accuracy of river flow velocity. Figure 15 shows the sensitivity of river flow inversion accuracy to satellite elevation and elevation change rate, respectively.



The following can be concluded from the results: (1) satellite elevation (Figure 15a) has little influence on inversion accuracy; (2) on account of the low elevation change rate of the BDS satellite during the experimental period, the BDS satellite overall has the lowest elevation change rate and the more stable inversion precision (Figure 15b); and (3) the elevation change rate of satellites plays a significant role in the inversion precision of river flow velocity. The experimental inversion results are consistent with the theoretical hypothesis. It is worth mentioning that it can be seen in Figure 15 that over a relatively long period, the elevation angle change rate has a negative impact on the inversion accuracy. On the contrary, the GPS PRN 4 inversion results show an abnormal phenomenon for a short time when the elevation angle change rate is greater than 2.5 degree/min. This may be due to the velocity recorded by the current meter being incidentally close to that at the specular reflection point of THE GPS PRN 4; because of this, a deviation exists between the water flow velocity at the specular point and the water flow velocity detected by the river current meter.



Table 3 shows the correlation coefficient between inversion accuracy and elevation change rate. R of GPS 4 and GPS 9 are 0.652 and 0.876, respectively. The comprehensive correlation coefficient reaches up to 0.727, proving a strong correlation between the inversion accuracy error and the elevation angle change rate.




4.3. Influence of Reflected Signal Strength


The quality and strength of the signal can be measured by the signal-to-noise ratio (SNR) of the reflected signal. In this paper, I and Q of the reflected signal are used to calculate the SNR. Figure 16 shows the Lissajous figures of four satellites (GPS PRN 4, PRN 9, BDS GEO 2, and IGSO 10) to display the I and Q branches of the reflected signal demodulated by the software receiver.



The carrier-to-noise ratio (CNR) of a reflected signal can be defined as follows [31]:


  C N R = 10 l g (   (  I i 2  +  Q i 2  )     (    I i 2  +  Q i 2    −  1 N    ∑  i = 1  N      I i 2  +  Q i 2      )  2    )  



(14)




where N is the signal tracking time (2 min). The unit of SNR is decibel (dB). After completing the signal carrier synchronization and baseband demodulation processing, SNR and CNR have the following relationship:


  S N R =  G B  + C N R  



(15)




where GB is baseband signal gain, including coherent cumulative gain value GC, incoherent cumulative gain value GI, and square loss GL:


   G B  =  G C  +  G I  −  G L   



(16)







SNR is obtained by demodulating the I and Q branch of the raw IF data by the software receiver [36], including the instantaneous SNR and the average SNR in Figure 17. The instantaneous SNR fluctuates over time, so the average SNR is selected as the standard for evaluating signal strength. The SNR of GPS PRN 4, GPS PRN 9, BDS GEO 2, and BDSI GSO 10 in this period are 49.76 dB, 47.51 dB, 43.79 dB, and 46.64 dB, respectively. MEO signal strength of GPS is slightly stronger than the signal strength of GEO and IGSO of BDS. The four satellites analyzed in this experiment all have good signal quality. The influence of signal quality on the inversion accuracy cannot be judged by the slight difference between the average SNR of the four satellites. Combining the analysis of the results in Table 2, there is no apparent correlation between signal strength and the inversion accuracy of shore-based river flow velocity.





5. Conclusions


In this paper, the GNSS-R river current measurement was carried out on the south bank of Dashengguan Yangtze River in Nanjing, China, for nearly two h on 22 April 2021. The self-developed GNSS-R soft receiver was used to process satellites’ direct and reflected signals. The Doppler frequency is extracted by the interferometric carrier phase of the direct signal, and the reflected signal is proposed for inverse river flow velocity. The accuracy of the inversion results is verified by using the actual obtained data. This shore-based experiment realized the detection of river flow velocity and achieved high accuracy. More importantly, the possibility of BDS-R inversion of river flow velocity was verified for the first time.



This article qualitatively analyzes the inversion results from three perspectives: (1) relative position of specular points to current meter, (2) elevation angle, (3) elevation angle change rate, and (4) signal strength. The following conclusions can be drawn from the inversion results of this experiment:



In the case that the specular points are far away from the current meter or the specular points are blocked by obstacles, the current meter may not accurately represent the flow velocity, which leads to a large error between the flow velocity results of experimental inversion and the flow velocity results recorded by the current meter, which affects the evaluation of results and the effectiveness of inversion.



The MAE and RMSE of GPS PRN 4 (1st period) inversion results are 0.028 m/s and 0.036 m/s, respectively. The MAE and RMSE of BDS GEO 2 and IGSO 10 inversion results are 0.049 m/s and 0.063 m/s, and 0.061 m/s and 0.073, respectively. Both achieve high inversion accuracy, which proves the effectiveness of the inversion model of river flow velocity.



The analysis of elevation results and the SNR of different satellites show that signal strength and elevation of satellites have obvious correlations with the inversion accuracy of river flow velocity in this shored-based experiment.



Because the elevation angle of specular points of the BDS GEO 2 and IGSO 10 satellites is little changed during the period of the experiment, the Doppler frequency value generated by satellite motion is very small, while the elevation change rate of the GPS MEO satellite is larger, and the Doppler frequency generated by satellite motion is larger than the former. The inversion results show that the inversion results of BDS GEO 2 and IGSO 10 are superior to those of GPS PRN 4 and GPS PRN 9. The elevation angle change rate of GEO 2 is almost close to 0 degrees/minute. Its achieved inversion precision was the best. The decrease of elevation change rate directly reduces the Doppler frequency shift difference   Δ  f T    between direct and reflected signals and is more conducive to inversion of river flow velocity.



Apart from the factors discussed in this article, whether the differences between GPS and BDS systems in other aspects would impact the inversion accuracy of river flow velocity should be explored in future studies. Longer-term experimental data (more than 24 h), more river current meters, and more environmental data (such as wind speed, etc.) should be used in the future to verify the factors affecting river flow rate under different conditions.
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Figure 1. The Lissajous figure of the GPS PRN 9 direct signal in 2 min. 
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Figure 2. Flow chart of stream velocity inversion method. 
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Figure 3. An example of wrapped phase of GPS PRN 9 (a) and BDS IGSO 10 (b) in 2 min (10:40 a.m.–10:42 a.m. local time). 
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Figure 4. Unwrapped residual phase of GPS PRN 9 and BDS IGSO 10 in 2 min (10:40 a.m.–10:42 a.m. local time) (left panel); unwrapped phase details of GPS PRN 9 and BDS IGSO 10 in 100 ms (right panel). 
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Figure 5. Geometric relationship of river flow velocity inversion. 
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Figure 6. Spectrum analysis of GPS PRN 9 (a) and BDS IGSO PRN 10 (b) in 2 min (10:40 a.m.–10:42 a.m. local time). 
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Figure 7. Experimental set-up. 
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Figure 8. Satellite zenith at 10:00 a.m. (LT), 22 April 2021. 
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Figure 9. Movement trajectory of specular points. Circle points represent the beginning of specular points and triangle points represent the end of specular point. In this paper, the specular points in the red dotted line region are selected for inversion, and the “close points” in the white dotted line region are selected. In the figure, “①” represents the 1st period of GPS PRN4 inversion, and “②”represents the second stage of GPS PRN4 inversion. 
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Figure 10. GNSS satellite elevation diagram. 






Figure 10. GNSS satellite elevation diagram.



[image: Remotesensing 14 01170 g010]







[image: Remotesensing 14 01170 g011 550] 





Figure 11. GNSS satellite elevation change rate diagram. 
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Figure 12. Photograph of the Yangtze River surface. 
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Figure 13. GPS L1 inversion results. In the figure, “①” represents the 1st period of GPS PRN4 inversion, and “②”represents the second stage of GPS PRN4 inversion. 
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Figure 14. BDS B1I inversion results. 
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Figure 15. The relationship between satellite rate and error (a). The relationship between satellite elevation change rate and error (b). 
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Figure 16. The Lissajous figures of four satellites’ reflected signals. The Lissajous examples include GPS PRN 4 SNR 10:00–10:02 a.m. (LT), GPS PRN 9 SNR 11:00−11:02 a.m. (LT), BDS GEO 2 SNR 10:00–10:02 a.m. (LT), and BDS IGSO 10 SNR 11:00−11:02 a.m. (LT). 
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Figure 17. SNR of four satellites’ reflected signals (GPS PRN 4 (a), PRN 9 (b), BDS GEO 2 (c), and IGSO 10 (d)). Blue represents the instantaneous SNR, and red represents the average SNR in 2 min. 
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Table 1. Experimental parameters.
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	Attributes
	Value





	Antenna latitude
	31°57′43″ N



	Antenna longitude
	118°38′27″ E



	Antenna azimuth angle
	304° (northwest)



	Tilt angle of reflecting antenna
	45.8°



	Height of antenna
	5.45 m



	Vertical height difference of direct/reflective antenna
	0.38 m
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Table 2. Accuracy of satellite inversion results.
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	Satellites System
	PRN
	Close Points Rate

(Close Points/Total Points)
	MAE(m/s)
	RMSE(m/s)
	R





	GPS L1
	PRN 4 (1st period)
	100%
	0.028
	0.036
	0.855



	GPS L1
	PRN 4 (2nd period)
	13%
	0.080
	0.090
	0.401



	GPS L1
	PRN 9
	0%
	0.103
	0.14
	0.378



	BDS B1I
	GEO 2
	100%
	0.048
	0.063
	0.806



	BDS B1I
	IGSO 10
	100%
	0.061
	0.073
	0.763
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Table 3. Correlation analysis between precision and elevation change rate.






Table 3. Correlation analysis between precision and elevation change rate.





	Satellite System
	PRN
	R





	GPS L1
	PRN 4
	0.652



	GPS L1
	PRN 9
	0.876



	GPS L1
	ALL
	0.727
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