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Abstract

:

The anomalous propagation conditions, particularly the tropospheric ducts, severely impact the regular operation and performance evaluation of radio devices in the atmospheric boundary layer. Therefore, it is necessary to provide the regional distribution of tropospheric ducts for utilizing or avoiding these abnormal propagation phenomena. As significant uncooperative signal sources, the global navigation satellite systems (GNSS) have been widely applied in the remote sensing of the ocean and atmosphere due to the greater convenience and lower cost. With the completed deployment of the BeiDou Navigation Satellite System (BDS) in 2020, an additional source can be chosen in the relevant studies. Taking the BDS as an example, since the scattered signals from the ocean surface at low satellite elevation angles can be effectively trapped by tropospheric ducts, we propose a method to invert for the regional distribution of tropospheric ducts using the received power of ocean-scattered signals in this paper. Firstly, the propagation model was built to calculate the received power, and a suite of simulations was made in various atmospheric environments. The results suggested that the received power is more sensitive to the surface duct without a base layer. Then, we made a preliminary estimation of the tropospheric ducts on the ocean nearby Qingdao utilizing the Weather Research and Forecasting (WRF) model as well as the echo data measured by a Doppler weather radar. Before the inversion, the actual satellite azimuth and elevation angles should be obtained to evaluate the bistatic scattering coefficients and the received powers of the selected satellite signals. Finally, we presented an inversion example using the proposed method. In absence of the actual measurements, the received powers pre-estimated at different SNRs served as the inputs of the inversion process and the estimated duct parameters were used to verify the validity of the proposed inversion method. For both the received power and modified refractivity profile, the fitness between the values pre-estimated using the estimated duct parameters and calculated by the inverted duct parameters gets better as the elevation angle decreases and the SNR increases. The variation of the fitness between the estimated and inverted values is slightly different for each duct parameter. Moreover, the calculation of inversion errors further explained the above behaviors, including the mean absolute error (MAE) and the root mean square error (RMSE). Despite some certain errors, the inversion results maintain the overall tendencies and most characteristics of the estimated values, thus proving the validity of the inversion method.
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1. Introduction


The transmitting environment is universally preset to be the normal atmosphere for radio systems operating in the lower atmosphere. However, the meteorological element fields in the atmospheric boundary layer are variable, and the resultant abnormal propagation conditions will seriously affect the regular operation and performance evaluation of radio devices [1,2,3]. Notably, the trapping structures formed in the states of temperature and humidity inversion, i.e., tropospheric ducts, can make the radio waves propagate towards the ground, resulting in the occurrence of over-the-horizon propagation [4,5]. For example, the ground clutters caused by super refraction at a lower radar elevation angle can degrade the quality of weather radar products potentially [6]. Hence, it is necessary to provide the regional distribution of tropospheric ducts around the radio equipment for utilizing or avoiding these abnormal propagation phenomena [7].



The detection of tropospheric ducts has always been a hot issue in studies involving abnormal atmospheric propagation conditions. As the research going, numerous methods have been developed. The most basic approach to obtaining atmospheric refractivity is to directly measure the meteorological elements using meteorological sounding equipment [8]. However, the temporal and spatial resolution is restricted by the measuring devices, which are costly and complicated to operate. Since the mid-1990s, more and more researchers have applied numerical weather prediction (NWP) models to predict the variation of atmospheric refractivity in space and time [9,10,11]. Moreover, based on the meteorological elements measured at a certain altitude, the height (EDH) or modified refractivity profile of the evaporation duct can be determined by numerous prediction models [12,13]. The remote sensing methods that utilize the impacts of tropospheric ducts on radio propagation to retrieve duct parameters have gained more and more attentions owing to greater convenience and lower cost, such as the methods based on sea clutters, GNSS signals, and so on. Since the input data is only the measured sea clutter power and the spatial resolution of output data is high enough, the refractivity from clutter (RFC) has become a helpful approach to estimating ocean tropospheric ducts [14]. The refractivity profile of the natural atmosphere is variable in the horizontal direction, which can result in different clutter power from that under the homogeneity hypothesis; thus the inhomogeneity should be characterized when using this method [15]. To achieve good stability, high accuracy, and fast convergence rate in the inversion process of tropospheric ducts using the RFC technique, a large number of improved algorithms were proposed based on classical optimization algorithms [16,17]. In recent years, deep learning has started to be applied in solving the inversion problems of atmospheric refractivity [18]. In addition to monostatic radar systems, the propagation data measured by multistatic radar systems can also be used to estimate atmospheric refractivity. Pozderac et al. [19] estimated the EDH values by comparing the propagation loss measured by an X-band beacon-receiver array system with that predicted by the variable terrain radio parabolic equation model. Zhang and Yang [20] used the signal strength sampled in the point-to-point propagation measurements to estimate the EDH and transmitting distance based on the repulsive particle swarm optimization.



A primary objective of constructing global navigation satellite systems (GNSS) is to provide essential navigation services for global users. However, since the satellite signals are available at all times and in all weather conditions, have a huge geographic coverage, and can be received at various platforms, GNSS has been widely applied in the remote sensing of the land, water, ice, and atmosphere as significant uncooperative signal sources over the past two decades [21,22]. With the completed deployment of the BeiDou Navigation Satellite System (BDS) in 2020 [23], an additional signal source can be chosen in the relevant studies.



The most widely applied technique is to retrieve the characteristics of the earth surface from the reflected GNSS signals, which is called GNSS reflectometry (GNSS-R), and the implementation of the GNSS-R is more convenient and frequent in the ocean environment. So far, the applications of the GNSS-R in ocean remote sensing have covered lots of fields, such as sea state estimation [24], ocean altimetry [25,26], target detection [27], etc. A generalized version of the bistatic radar equation was derived by Voronovich and Zavorotny [28] to simulate the waveforms and delay-Doppler maps (DDMs) of the surface-reflected GNSS signals in various scattering scenarios including partially coherent scattering and strong diffuse scattering. For the GNSS-R applications, the satellite elevation angle is a significant factor and the reflected signals at grazing angles are rarely used in the relevant studies as the strong coherent scattering may be present and the receiving antennas are usually pointed away from the grazing geometries. However, Semmling et al. [29] conducted an airborne GNSS-R experiment to retrieve the sea surface topography using the carrier phase data of reflected signals, and the retrievals with high precision were obtained at low elevations. Recently, Cardellach et al. [30] and Li. et al. [31] have been devoted some endeavors to achieve the sea and lake surface altimetry at the precision level of centimeters by measuring the carrier phase-delay of reflected GNSS signals which were acquired on a spaceborne platform at grazing angles.



In the remote sensing of atmospheric parameters, the GNSS-based techniques have also been extensively developed and made significant contributions. The most frequently studied and promising methods include GNSS tomography, single ground-based GNSS retrieval, and GNSS radio occultation. Based on the GNSS ground station network, the tomography method is primarily used to reconstruct the spatial distribution of tropospheric water vapor [32]. Moreover, the various integrated quantities (zenith total delay, precipitable water vapor, etc.) in the atmosphere can also be retrieved by the ground-based GNSS observations using the precise point positioning technique [33,34,35]. Since tropospheric ducts have fewer impacts on the satellite signals at high elevation angles and cause serious multipath effects at low elevation angles, GNSS tomography and single ground-based GNSS retrieval are unsuitable for monitoring tropospheric ducts. The bending angles can be extracted by the appropriate processing of the signal data acquired in GNSS radio occultation events. Then the atmospheric parameters can be further derived based on those bending angles [36,37]. The altitude of the observation platform determines the upper height of the atmospheric profile estimated by the radio occultation technique. The methods to reduce the adverse impacts of tropospheric ducts on the estimation accuracy have been proposed [38,39]. Besides the techniques mentioned above, some researchers have also attempted to monitor tropospheric ducts using the propagation loss of GNSS signals. Wang et al. [40] had some success in simulating the variation of the signal-to-noise ratio (SNR) with the satellite elevation angle acquired by a ground-based receiver in GPS radio occultation events and accomplishing the inversion of tropospheric ducts using the measured data. Liao et al. [41] described a hybrid method to estimate the refractivity profile of the surface duct utilizing the phase delay and propagation loss measured by a GPS receiver at multiple antenna heights over the ground.



It can be proved that the GNSS scattered signals from the ocean surface at low elevation angles may be trapped by tropospheric ducts to achieve over-the-horizon propagation. Therefore, it is reasonable to suppose that the regional distribution information of tropospheric ducts can be extracted from the scattered signal data measured by ground-based GNSS receivers. Zhang et al. [42] proposed a model to evaluate the received power of ocean-scattered low-elevation GPS signals when given the refractivity profiles of tropospheric ducts. Based on the above work, Liu et al. [43] analyzed the propagation characteristics of the ocean-scattered low-elevation GPS signals in tropospheric ducts. Focusing on the surface duct without a base layer and the BDS signals, we will present an effective method to invert for the regional distribution of tropospheric ducts using the received power of ocean-scattered signals at low elevation angles in this paper, which has rarely been studied in the currently published works.



Taking the BDS as an example in this paper, the methods to calculate the bistatic scattering coefficient from ocean surface and the received power of scattered signals in tropospheric ducts are presented in Section 2, and the effects of tropospheric ducts on the propagation of ocean-scattered low-elevation signals are also discussed in this section. Subsequently, a specific example of estimating the regional distribution of tropospheric ducts using the RFC method and the Weather Research and Forecasting (WRF) model is provided in Section 3. Then the method of inverting for the inhomogeneous surface duct without a base layer based on ocean-scattered low-elevation signals is presented in Section 4. Finally, we make a detailed discussion of the inversion results in Section 5 and a conclusion in Section 6. It is noticeable that the theory methods introduced in this paper are also suitable for similar applications using other GNSS signals by substituting the appropriate parameters.




2. Propagation of Ocean-Scattered Low-Elevation BDS Signals in Tropospheric Ducts


2.1. BDS Signal Characteristics


The BDS [23] constellation consists of Geostationary Earth Orbit (GEO) satellites, Inclined GeoSynchronous Orbit (IGSO) satellites, and Medium Earth Orbit (MEO) satellites. The orbit altitudes of GEO, IGSO, and MEO satellites are 35,786, 35,786, and 21,528 km respectively.



Because the B1I signals [44] can be transmitted by all the BDS satellites in normal operation for providing open services and share similar characteristics with other GNSS signals, the study will be focused on the B1I signals in this paper without loss of the convenience for extending this study to other GNSS signals. For B1I signals, the parameters relevant to this study are given in Table 1. The minimum received power is specified as the output power of an omnidirectional RHCP receiving antenna on the ground at the satellite elevation angle of about 5° in Reference [44]. Other signal characteristics such as ranging code and navigation message used in processing the received signals measured in an experiment can be found in Reference [44], which is not discussed in this paper.



Due to the absence of the official data, the transmitted power and gain of the satellite transmitting antenna should be estimated for the subsequent calculations, such as the product term of the transmitted power and gain when calculating the received power of ocean-scattered signals in tropospheric ducts. Equations (1) and (2) present a simple and effective method to roughly estimate the product of the transmitted power and gain. The product term is approximately equal to 25.6 dBW for B1I signals:


     (   R e  +  H s   )   2  =  R e 2  +  R 2  − 2  R e  R cos (  π 2  +  E s  ) ,  



(1)






   P r  =    P t   G t    4 π  R 2    ⋅    λ 2    4 π   ⋅  G r  ,  



(2)




where Pt and Gt are the transmitted power and gain of the satellite transmitting antenna respectively; Gr is the receiving antenna gain and taken as 0 dB herein; Pr is the output power of the receiving antenna and taken as −163 dBW herein; R is the distance from the satellite to the receiver; Re is the earth radius and taken as 6371 km; Hs is the satellite orbit altitude and taken as 35,786 km herein; Es is the satellite elevation angle and taken as 5° herein; λ is the wavelength in a vacuum and taken as that of B1I signals herein.




2.2. Bistatic Scattering from Ocean Surface


The bistatic scattering coefficient is a significant parameter to evaluate the propagation characteristics of scattered signals from the ocean surface in tropospheric ducts. Based on the facet discretization, some researchers developed the so-called “facet-based” models [45,46] that describe the distribution characteristics of the scattering intensity from the facets. However, many research problems require that the scattering models can provide the specific scattering fields corresponding to each facet, which contain both the amplitude and phase information.



In some scattering models, it is considered that ocean waves are the large-scale waves superposed with small-scale ripples. To acquire the scattering fields from the deterministic ocean surface, the large-scale profile of the ocean surface is first discretized into many slightly rough facets. Then the scattering problem will be simplified into the procedure of solving the scattering fields from each facet. The analytic expression of the facet scattering fields can be obtained by some appropriate assumptions and derivations starting from the scattering amplitude. This method considers both the Bragg scattering from small-scale ripples and the specular scattering from large-scale waves, which is called the semi-deterministic facet scattering model (SDFSM) [47]. It is suitable for calculating the bistatic scattering fields and coefficients from the two-dimension ocean surface with the scattering surface much larger than λ2. It can also be time-saving with acceleration schemes such as parallel processing [48].



The geometry of the bistatic scattering from ocean surface is given in Figure 1. The mean profile of ocean surface is on the xOy plane and the origin is at the center of the mean profile. E0 is the field of an incident plane wave with the amplitude of 1 V/m and    E  m n   f a c e t     is the scattering field from the mn’th facet.     k ^  i    and     k ^  s    are the normalized incident and scattering wave vectors, respectively. θi, θs, φi, and φs are the incidence angle, scattering angle, incident azimuth angle, and scattering azimuth angle, respectively. The scattering angle is positive for forward scattering, and the scattering azimuth angle will increase or decrease by π when the scattering angle is negative. w is the wind vector and φw is the wind direction. It is assumed that a two-dimension ocean surface sample with the sizes of Lx and Ly along the x and y axes is uniformly divided into M × N facets. The facet sizes are Δx = Lx/M and Δy = Ly/N, and the wave vectors are assumed to be constant within each facet.



The calculation of the scattering field from each facet can refer to the relevant literature, such as [47]. Ignoring the multiple scattering between the facets, the total scattering field at a given time t can be written as:


   E  P Q   (   k ^  i  ,   k ^  s  , t ) =   ∑  m = 1  M     ∑  n = 1  N    E  P Q , m n   f a c e t   (   k ^  i  ,   k ^  s  , t )     ,  



(3)




where P and Q represent the polarization modes (horizontal or vertical polarization) of the incident and scattered waves, respectively. The scattering coefficient of the ocean surface sample can be expressed as:


   σ  P Q   (   k ^  i  ,   k ^  s  , t ) =   lim   R → ∞     4 π  R 0 2   A  [  E  P Q   (   k ^  i  ,   k ^  s  , t ) ⋅  E  P Q  *  (   k ^  i  ,   k ^  s  , t ) ] ,  



(4)




where A = LxLy is the area of the ocean surface; R0 is the distance from the coordinate origin to the receiving point of the total scattering field. The average scattering coefficient of the NS ocean surface samples is:


    σ ¯   P Q   (   k ^  i  ,   k ^  s  , t ) =  1   N s      ∑  j = 1    N s      σ  P Q , j   (   k ^  i  ,   k ^  s  , t )   .  



(5)







Figure 2 shows the variations of the bistatic scattering coefficients averaged over ten ocean surface samples with the scattering angle θs for B1I signals. Since the incident and scattered waves can be resolved into linear polarization components, the scattered fields and scattering coefficients should be synthesized by summation of those in the linear polarization cases. Only the co-polarized scattering terms are considered in this paper because the cross-polarized scattering terms are small enough to be ignored. The cut-off wave number is one tenth of the wave number in a vacuum. The large-scale profiles of ocean surface samples are constructed by the linear filtering model [49], based on the Elfouhaily spectrum [50] and the spreading function proposed by Longuet-Higgins [51]. The ocean area is 256 × 256 m2, and the facet area is 1 × 1 m2. The relative dielectric constant of the seawater is calculated by the double Debye model [52] at the sea surface temperature (SST) of 20 °C and the salinity of 35‰. The wind speed at 10 m above the mean sea level is taken as 5, 10 and 15 m/s, respectively, and φw = 0°. The satellite elevation angle is taken as 10°, 20°, and 30°, respectively, and φi = φs = 0°.



The maximum values of the bistatic scattering coefficients appear in the specular reflection directions and decrease with the increases of the satellite elevation angle and wind speed. The sharp peaks are caused by the coherent scattering components which are dominated at the low elevation angle and wind speed since the ocean surface is smoother under these conditions. The satellite elevation angle has more significant effects than the wind speed. The curves are smoother in the specular reflection and the nearby regions at the larger satellite elevation angle. In addition, the bistatic scattering coefficients decrease in the specular reflection and the nearby regions but increase in the diffuse reflection regions as the wind speed increases. The results embody the general characteristics of the electromagnetic scattering from ocean surface and are suitable for subsequent calculations.




2.3. Received Power of Ocean-Scattered Signals in Tropospheric Ducts


With consideration of the tropospheric ducting effects, the received power of ocean-scattered signals can be calculated using the following formula:


   P r  =    P t   G t   G r   λ 2  σ  A s   F 1 2      ( 4 π )  3   R 1 2   R 2 2    =    P t   G t   G r   λ 2   σ  max    A s      ( 4 π )  3   R 1 2   R 2 2    ⋅    (     σ   σ  max        F 1   )   2  =    P t   G t   G r   λ 2   σ  max    A s   F 2      ( 4 π )  3   R 1 2   R 2 2    ,  



(6)




where Gr is the receiving antenna gain; R1 is the distance from the satellite to the scattering point on the ocean surface; R2 and F1 are the distance and the propagation factor from the scattering point to the receiver respectively; σ is the bistatic scattering coefficient and σmax is the maximum; As is the area of the scattering region on the ocean surface. The effects of tropospheric ducts on the propagation of radio signals can be described by the pattern propagation factor F. Actually, the scattering region can be equivalent to a transmitting antenna whose beam pattern can be represented by the normalized bistatic scattering coefficient, and then the term      σ /   σ  max        F 1    can be regarded as the pattern propagation factor.



The incident and scattered waves are not linearly polarized for B1I and other GNSS signals. There is no means to directly calculate the received powers for nonlinearly polarized waves. Therefore, we can resolve the incident and scattered waves into linear polarization components, and then calculate the received powers of linear polarization components by substituting the corresponding parameters of linear polarization components into Equation (6). The total received power is the sum of the received powers of linear polarization components. Again, the cross-polarized scattering terms are ignored. For Equation (6) to be suitable for calculating the total received power for nonlinearly polarized waves (circularly and elliptically polarized waves), σmax and F can be expressed as:


   σ  max   =    σ  HH , max   +  σ  VV , max    2  ,  



(7)






   F 2  =    F  HH  2   σ  HH , max   +  F  VV  2   σ  VV , max      σ  HH , max   +  σ  VV , max     ,  



(8)




where the subscript HH or VV means that the incident and scattered waves are co-polarized (horizontal or vertical polarization).



The pattern propagation factors of linear polarization components can be evaluated using the parabolic equation (PE) method [53]. The first step is to construct the PE field (a reduced function of field components) at the initial distance by applying the Fourier transform to the antenna beam pattern as follows [42]:


  u ( x = 0 , z ) =  1    2 π      e    i π  / 4       ∫    − 2 π  / λ      2 π  / λ       B (  θ g  )     cos (  θ g  )      e  i p z   d p    ,  



(9)




where   B (  θ g  ) =  {         σ  P Q   (  π 2  −  θ g  )  /   σ  P Q , max       ,    θ g  ≥ 0 ,     0 ,    θ g  < 0 ,      , and p = ksin(θg); k is the wave number in a vacuum; θg is the grazing angle; x is the horizontal distance from the scattering point and z is the vertical height above the mean sea level. u at other distances can be calculated by the split-step Fourier solution of the wide-angle parabolic equation:


  u ( x + Δ x , z ) =  e  i k  [  m ( x , z ) − 2  ]  Δ x    ℱ  − 1    {   e  i Δ x  (     k 2  −  p 2    − k  )    ℱ  [  u ( x , z )  ]   }  ,  



(10)




where ℱ(·) and ℱ−1(·) represent the Fourier transform and the inverse Fourier transform, respectively; Δx is the step of the horizontal distance; m is the modified refractive index associated with tropospheric ducts. The modified refractivity M is equal to 106 × (m − 1) and its spatial variations can be described by the duct parameters in parameterized models. Then the pattern propagation factor in decibels can be expressed as:


   F  P Q  2  = 20 log  |  u ( x , z )  |  + 10 log ( x ) + 10 log ( λ ) .  



(11)







A brief summary is provided here. The bistatic scattering coefficients of linear polarization components in Equations (7)–(9) can be calculated using the model in Section 2.2, and the pattern propagation factors of linear polarization components in Equation (8) can be calculated using Equations (9)–(11). Then, the total received power for nonlinear polarized waves can be calculated by substituting Equations (7) and (8) into Equation (6). Moreover, the profile, roughness, and impedance of ocean surface, which are closely related to the wind field, SST, and salinity, are required to use in the above calculations.




2.4. Effects of Tropospheric Ducts on the Propagation of Ocean-Scattered Low-Elevation Signals


To determine to which type of tropospheric duct the proposed method is suitable, we will make a detailed analysis of the propagation characteristics of ocean-scattered low-elevation signals in different atmospheric environments. Taking the B1I signals as an example and assuming that the height, gain, and horizontal beam width of the receiving antenna are 5.6 m, 27.0 dB, and 8.0°, respectively, a suite of simulations is conducted in the standard atmosphere, evaporation duct, and surface duct at the satellite elevation angle of 10° and the wind speed of 5.0 m/s.



Figure 3 shows the simulated curves of the received powers versus the horizontal distance from the scattering point to the receiver in a standard atmosphere and horizontally homogeneous tropospheric ducts for ocean-scattered B1I signals. For surface ducts, the parameterized models of M profiles are given in Figure 4a, where the duct parameters h1, k1, h2, s represent the base-layer height, base-layer slope, duct-layer thickness, and duct-layer strength respectively. M0 is the modified refractivity at the mean sea level and can be taken as a valid constant such as 330.0 M-units due to its less effect on radio propagation. k2 is the modified refractivity gradient of standard atmosphere and taken as 0.118 M-units/m in this paper. The parameter configurations in Figure 3 are: h1 = 97.0 m, k1 = 0.05 M-units/m, h2 = 130.0 m and s = 16.0 M-units for the surface duct with a base layer; h2 = 46.0 m and s = 6.4 M-units for the surface duct without a base layer. The evaporation duct height is 20 m.



Due to the higher cut-off frequency (about 1.5 GHz), the evaporation duct cannot trap the B1I signals well. Therefore, the received power will decrease with the increase of the horizontal distance as clearly as that in the standard atmosphere. However, no significant decreases of received powers are observed beyond a certain distance in surface ducts because more signal energy can be trapped in the duct layers. Moreover, the level of received power is lower in the surface duct with a base layer than that in the surface duct without a base layer. That is because the receiving antenna is in the base layer instead of the duct layer and only the signals leaking out of the duct layer can be received.



Figure 5 and Figure 6 present the two-dimension distributions of the pattern propagation factors in the horizontally homogeneous and inhomogeneous surface ducts for ocean-scattered B1I signals. The M profiles of horizontally inhomogeneous surface ducts are provided in Figure 4b,c where the parameters of M profiles at 0 km are the same as the cases in Figure 3. The horizontal axis represents the horizontal distance from the scattering point (the modified refractivity in Figure 4a) and the maximum is taken as 100 km. The vertical axis represents the vertical height above the mean sea level and the maximum is taken as 400 m (100 m in Figure 4a). The equivalent transmitting antenna is at the origin (0,0). Since the pattern propagation factor is the ratio of the field amplitudes in the atmosphere and free space, it has nothing to do with the receiving antenna. Finally, the received powers in standard atmosphere, horizontally homogeneous, and horizontally inhomogeneous surface ducts for ocean-scattered B1I signals are compared in Figure 7.



As shown in Figure 5 and Figure 6, the pattern propagation factor is larger in the duct layer than that at other points beyond a certain distance. In other words, the ocean-scattered signals can be trapped by surface ducts, especially the surface duct without a base layer. For the surface duct with a base layer, the signals leaking out of the duct layer will be reflected back by the ocean surface and continue to propagate forward, resulting in the occurrence of blind spots where the pattern propagation factor and received power are extremely low, such as at about 45 km. Moreover, the horizontal variation of M profiles can also affect the propagation of ocean-scattered signals to a certain extent. As shown in Figure 6 and Figure 7, there are some differences in the pattern propagation factor and received power between the horizontally homogeneous and inhomogeneous cases. In conclusion, the received power is more sensitive to the surface duct without a base layer. Therefore, the proposed inversion method is more appropriate to be applied to this type of tropospheric duct.





3. Estimation of the Regional Distribution of Tropospheric Ducts


The WRF [54] model is a numerical weather prediction and atmospheric simulation system designed for both research and operational applications, including real-time NWP, data assimilation, regional climate simulations, etc. Since the WRF model is a new, fully open, portable, and updated fast mesoscale model, domestic and foreign researchers have adopted it into meteorological research frequently. Based on the WRF model, we can make a rough estimate of the regional distribution of tropospheric ducts. The more accurate estimation of duct parameters requires other methods, such as the RFC method. In the absence of actual measurements, the estimated values serve as the measured values to verify the validity of the inversion method proposed in this paper.



3.1. Estimation of Tropospheric Ducts Using the WRF Model


It is not complicated to estimate the tropospheric ducts using the WRF model. The first step is to extract the spatial distributions of meteorological parameters from WRF outputs. The next step is to calculate the spatial distribution of modified refractivity based on the results in the previous step. The final step is to derive the duct parameters utilizing the parameterized models of M profiles.



The ocean area nearby Qingdao is only investigated in this paper. The domain configuration in the numerical estimation is given in Figure 8, where the fine domain labeled as d02 is a squared region centered in Qingdao with a side length of about 400 km. The total time span is 24 h starting from 00:00 on 18 July 2014 in coordinated universal time (UTC). The specific operation and configuration of the WRF model can refer to the relevant content in [55]. Figure 9 and Figure 10 show the estimation results of some parameters in the fine domain. Since the surface ducts (yellow regions in Figure 10a) were widespread over the ocean near Qingdao and one satellite could meet the requirement for the low elevation angle (about 10°~30°), the study is focused on the data at 4:00 on 18 July 2014 in UTC. Moreover, only the wind field and SST data are presented in Figure 9 owing to their close relationships with the profile, roughness, and impedance of ocean surface.



The wind speed varied slightly with a minimum of 1 m/s and a maximum of 6 m/s. The SST could be regarded as a constant of about 297 K. As shown in Figure 10, The duct parameters are unevenly distributed in the region, and thus have different variations in different directions. The duct-layer strength and thickness increased in the southern direction but decreased in the eastern direction away from the land. Due to the much lower base-layer height and estimation errors, it is reasonable to ignore base layers in the subsequent calculations and analyses. In the absence of ambiguity, we will refer to duct-layer thickness as duct height and duct-layer strength as duct strength in the rest of this paper. The estimation values of duct parameters can be used as the initial guesses in other remote sensing methods, such as the RFC method discussed later.




3.2. Estimation of Tropospheric Ducts Using the RFC Method


Limited by the lower resolution of input data in space and time, the estimation precision of the M profiles of tropospheric ducts using the WRF model is restricted. Therefore, it’s necessary to make a more accurate estimation of duct parameters using other methods, such as the RFC method. In this section, an attempt to estimate the tropospheric ducts distributed on the ocean nearby the radar is made utilizing the echo data measured by a Doppler weather radar situated in Qingdao. The corresponding radar parameters and the specific method can refer to that proposed in [55].



Figure 11 shows a PPI map of the equivalent reflectivity factor measured by the Doppler weather radar situated at (120.23°E, 35.99°N). The measurement was at 4:00 on 18 July 2014 in UTC. The radar elevation angle was 0.57°. We set the clockwise direction as the positive azimuth direction and the azimuth angle of the due north direction as 0°. The tropospheric ducts over the ocean area are solely investigated in this paper, and the measured data are lacking when the horizontal distance is beyond 100 km. Hence, the data in the azimuth interval from 75° to 185° within the distance of 100 km are helpful. Figure 12a also gives the corresponding echo power map, which can be evaluated using Equation (1) in [55]. Through the pretreatment of the original data using the methods such as median filtering and averaging, the missing data can be supplemented, and the noises from the maritime targets can be degraded. The preprocessed result is presented in Figure 12b. The characteristics of the original data are preserved very well. Figure 13 gives the estimation results of duct parameters, including the duct strength and height, which can describe the surface duct without a base layer. As shown in Figure 11, the strong echoes from weather objects rather than ocean surface were widely distributed in the azimuth interval from 75° to 120°, which would cause larger estimation errors. Thus, the estimated values in that interval will be not used in subsequent calculations.



For duct thickness, the value range is close to that of the WRF model, i.e., in the interval about from 20 m to 60 m. However, both the estimated value and the value range are much larger than those of the WRF model for duct height. Since the estimated values based on the WRF model are just used as the initial guesses in the RFC method, the estimated values based on the RFC method have great differences from those based on the WRF model.





4. Inversion Method of Inhomogeneous Surface Duct without a Base Layer Based on Ocean-Scattered Low-Elevation BDS Signals


4.1. Estimation of the Satellite Azimuth and Elevation Angles


Before the inversion, we should get the azimuth and elevation angle data of the satellites visible to the receiver within a certain period firstly. The elevation and azimuth angle data can be used to determine the ocean area on which the duct parameters can be retrieved by the ocean-scattered low-elevation signals. Based on the actual elevation angle data of the selected satellites, the bistatic scattering coefficients of satellite signals should also be calculated in advance so as to estimate the received powers of ocean-scattered signals. Through a series of coordinate transformations and the interpolation operation, the satellite azimuth and elevation angles at any time can be estimated accurately using the GNSS precise ephemerides downloaded from the Internet.



Assuming that the receiver was placed on a ship moored on the ocean with the coordinate of (120.9760°E, 35.5980°N) (the white dot in Figure 8) and the receiving antenna was at the height of 5.6 m above the ocean, the elevation and azimuth angle data of BDS satellites within the period from 3:00 to 5:00 on 18 July 2014 in UTC are presented in Figure 14. Because a small number of BDS satellites were recorded in the precise ephemeris, only the satellite numbered PRN11 in the southwest direction of the receiver could meet the requirement for the low elevation angle. As the azimuth angle of PRN11 increased continuously from 213° to 226°, its elevation angle increased from 8.2° to 31.1°. It can be proved that the regional distribution of tropospheric ducts did not change significantly within the period. Therefore, it is reasonable that the duct parameters were regarded as a constant and set as the estimation values at 4:00.




4.2. Inversion Process


For ease of operation, the selected range of azimuth angle should be discretized at a specific increment such as 1°, and the elevation angle data of the chosen satellites corresponding to each azimuth can be obtained from the accurate estimation of the satellite azimuth and elevation angles. Then, we can calculate the other necessary data in the inversion process further. The first step is to calculate the bistatic scattering coefficients of the selected satellite signals using the satellite elevation angle, wind field, SST, and other data at each azimuth angle, where the wind field and SST data can be obtained from the WRF outputs. The second step is to extract the estimation values of duct parameters at each azimuth angle from the results in Section 3.2. The third step is to estimate the received powers with noises using the method introduced in Section 2.3 and the data obtained in the first two steps, which will serve as the inputs of the inversion process in the absence of actual measurements. The additive white Gaussian noises, which are determined by the estimated received powers without noises at 10 km and the given SNR values, are adopted in this paper. The low SNR is taken as 5 dB and the high SNR is 15dB. In addition, the data in the first step are also used to calculate the received powers corresponding to the inverted duct parameters.



Besides the above data, we need to address several additional issues including how to characterize the horizontal inhomogeneity of duct parameters, solve the inversion problem for duct parameters, and evaluate the fitness values of the inverted duct parameters. The principal diagram of the entire algorithm is shown in Figure 15.



It is common to characterize the horizontal inhomogeneity of duct parameters using the principal component analysis (PCA) method based on Karhunen-Loeve (K-L) transformation [56]. A duct parameter varying with the horizontal distance can be regarded as a Markov chain, i.e., a random vector. We can get the eigenvectors and eigenvalues by a series of operations on the matrix consisting of numerous Markov chain samples.



The eigenvectors corresponding to the largest eigenvalues are selected and called principal components. Then we can approximately express the random vector corresponding to the i’th duct parameter using the principal components as shown below:


   d i  =  d  i , 0   +   ∑  j = 1  N    c  i , j    v  i , j     ,  



(12)




where di,0 is the value of the i’th duct parameter at the initial distance; vi,j is one of the N selected principal components; ci,j is the weight coefficient, a random number satisfying the uniform distribution in the interval    [  −    λ  i , j     ,    λ  i , j      ]    where λi,j is the corresponding eigenvalue.



For the surface duct without a base layer, it is usually to represent the M profile by a bilinear model as shown in Figure 4a, and the duct parameters are the duct height and strength. To reduce the computation and ensure a certain precision as much as possible, we express the horizontal variation of each duct parameter using two principal components. Assuming that the random vectors corresponding to the two duct parameters are denoted by d1 and d2, the number of parameters to be inverted for in the subsequent inversion example is six, including the values at the initial distance and the weight coefficients of principal components, i.e., d1,0, c1,1, c1,2, d2,0, c2,1, and c2,2.



The particle swarm optimization (PSO) algorithm [57], which optimizes the swarm by the collaboration between individuals, is an effective means to solve the global optimization problem, such as the inversion of tropospheric ducts, with advantages of simplicity and intelligence. In a swarm consisting of P particles, the position vector of each particle may be a potential solution to a problem with Q dimensions. The fitness value of the position vector is usually evaluated through constructing an appropriate objective function. For the i’th particle, denoting the position vector as zi and the velocity vector as vi, then we can update its position and velocity vectors by the iteration procedure as follows:


   v i  j + 1   = w  v i j  +  c 1   r 1  (  p i  −  z i j  ) +  c 2   r 2  (  p g  −  z i j  ) ,  



(13)






   z i  j + 1   =  z i j  +  v i  j + 1   ,  



(14)




where pi is the position vector whose fitness value is minimum among those in the previous generations for the i’th particle; pg is the position vector whose fitness value is the minimum among those in the previous generations for the whole swarm; j is the current generation number varying from 1 to (J − 1); w is the inertia factor; c1 and c2 are the learning factors; r1 and r2 are random numbers that satisfy the uniform distribution in the interval from 0 to 1. The values of these parameters have a significant effect on the convergence rate. Based on the previous experience and several attempts, the parameter settings adopted in the subsequent inversion example are: P = 100; Q = 6; J = 10; c1 = 2; c2 = 2;  w = 0.8 − 0.6 ×  j / J   . Moreover, the elements of the position vector z are d1,0, c1,1, c1,2, d2,0, c2,1, and c2,2, and the values of the position vector z and the velocity vector v in the first generation are randomly generated in the valid intervals.



The fitness value of the inverted duct parameters, i.e., the deviation between the received powers measured actually and calculated using the inverted duct parameters, can be evaluated through an appropriate objective function. The least squares method is most frequently adopted to construct the objective function as shown below:


  f =   ∑  x =  x  min      x  max         [   P r i  ( x ) −  P r m  ( x ) +  P r m  (  x  min   ) −  P r i  (  x  min   )  ]   2    ,  



(15)




where x is the horizontal distance;    P r m    and    P r i    are the received powers measured actually and calculated using the inverted duct parameters, respectively. The distance interval from xmin to xmax is effective for the calculation. In the subsequent inversion example, the minimum of the horizontal distance is taken as 10 km, and the maximum is taken as 100 km. The measured received power is replaced by the received power pre-estimated using the estimated duct parameters in the absence of actual measurements. We can run the inversion process at each azimuth angle first and then get the final outcomes of duct parameters distributed in the region by smoothing the results in all the azimuth directions. In the case that the satellite elevation angle varies greatly in the azimuth interval, the elevation angle should be discretized and the fitness values evaluated at multiple elevation angles in the azimuth interval need to be fused in a certain way, such as the simple weighted average:


  f =     ∑  i = 1  S    θ i e   f i     /    ∑  i = 1  S    θ i e     ,   



(16)




where    θ i e    is the i’th satellite elevation angle; fi is the fitness value at the i’th elevation angle; the number of elevation angles is S. In the case that multiple satellites meet the requirement for the low elevation angle at one azimuth angle, the fitness values of the received powers from those satellites also need to be fused.





5. Results and Discussion


Focusing on the surface duct without a base layer and the B1I signals, we will present an inversion example using the received power of ocean-scattered signals at low elevation angles. The effects of the satellite elevation angle and SNR on the inversion results are discussed based on a specific error analysis.



Figure 16 draws comparisons between the received powers pre-estimated using the estimated duct parameters and calculated using the inverted duct parameters at different satellite elevation angle and SNR cases. Figure 17 also gives the corresponding M profiles. The values pre-estimated using the estimated duct parameters are represented by the red solid lines. The values calculated using the inverted duct parameters are represented by the blue dash lines. As the satellite elevation angle increases, the less energy of scattered signals is trapped in the duct layer. Therefore, the overall level of the received power reduces, and the random jitter caused by noises becomes more visible. Especially in the worst case with the satellite elevation angle of 31.1° and SNR of 5 dB, the curve of the received power versus the horizontal distance loses some features, which raises the difficulty of inverting for duct parameters. As the satellite elevation angle increases and the SNR decreases, the matching degree between the received powers pre-estimated using the estimated duct parameters and calculated using the inverted duct parameters steps down, leading to the increasing deviation between the corresponding M profiles. The deviation is particularly distinct far away from the receiver. Despite some certain errors, the inversion results still remain the overall tendencies and most characteristics of the pre-estimated values, thus proving the validity of the inversion method proposed in this paper.



To further observe the differences in the inversion results of duct parameters, Figure 18 makes comparisons of the estimated and inverted duct height at different satellite elevation angle and SNR cases. Figure 19 provides the estimated and inverted values of the duct strength. The estimated values are represented by the red solid lines. The inverted values are represented by the blue dash lines. As for duct height, the matching degree between the estimated and inverted values is less changed but steps down when the satellite elevation angle increases and the SNR decreases, which is in line with our expectation. However, the above behavior is less evident for duct strength. The most probable cause is that the estimated duct height decreases and varies slowly with the horizontal distance. In contrast, the duct strength has no obvious decreasing or increasing tendency and varies sharply. The variation of duct height is easier to be simulated when the horizontal inhomogeneity is represented by only two principal components. Therefore, the satellite elevation angle and SNR have more significant effects on the inversion results.



The mean absolute errors (MAE) and root mean square errors (RMSE) between the estimated and inverted duct parameters at different satellite elevation angle and SNR cases are listed in Table 2. The accurate calculation of inversion errors is further evidence of the behaviors observed in Figure 18 and Figure 19, both in the MAE and RMSE. The different variations of inversion errors all over the ocean area can account for the effects of SNR on the inversion results of different duct parameters, which is also consistent with the previous analysis. In addition, the errors are probably larger at the lower satellite elevation angle than those at the maximum satellite elevation angle due to the inhomogeneity of duct parameters, and the errors all over the ocean area are increased. Figure 20 presents the regional distributions of the estimated and inverted duct parameters at different SNR cases. At the SNR of 15 dB, both the estimated and inverted values of the duct height are much larger at the distance of less than about 20 km. These values vary in the interval from 20 m to 40 m at the distance larger than about 20 km, and the distributions differ slightly from each other. For the duct strength, both the estimated and inverted values are smaller at the distance larger than about 60 km and the azimuth angle larger than 221° and distributed more evenly in the rest of the region. At the SNR of 5 dB, the distributions of the inverted values remain some features of the estimated values, but the inversion errors are larger than those at the SNR of 15 dB. In short, the higher SNR can make the inverted values closer to the estimated values.




6. Conclusions


Focusing on the surface duct without a base layer and the BDS signals, we proposed a method to invert for the regional distribution of tropospheric ducts using the received power of ocean-scattered signals at low elevation angles, since the ocean-scattered signals at low elevation angles can be effectively trapped in tropospheric ducts (especially the surface duct).



To calculate the received power, the propagation model in tropospheric ducts should be built first. The two significant issues are to evaluate the bistatic scattering coefficient from ocean surface and the pattern propagation factor of ocean-scattered signals in tropospheric ducts. Based on the facet discretization and combining the statistical algorithm with the analytical algorithm, the SDFSM is a scattering model suitable for evaluating the bistatic scattering field and coefficient from the two-dimension ocean surface with the scattering surface much larger than λ2. The simulations at various satellite elevation angles and wind speeds embody the general characteristics of the electromagnetic scattering from ocean surface and are suitable for subsequent calculations. The pattern propagation factor is generally evaluated using the PE method, in which the initial PE field should be constructed by applying the Fourier transform to the beam pattern of the transmitting antenna. In fact, the scattering region can be equivalent to a transmitting antenna, and its beam pattern can be represented by the normalized bistatic scattering coefficient. Based on the propagation model, the received powers of ocean-scattered B1I signals in different atmospheric environments were simulated. The results suggested that the received power is more sensitive to the surface duct without a base layer. Therefore, the proposed inversion method is more appropriate to be applied to this type of tropospheric duct.



Taking the ocean area nearby Qingdao as the study object, we made a rough estimate of the regional distributions of tropospheric ducts by the WRF model. The results suggested that the surface ducts were widespread over the ocean near Qingdao at 4:00 on 18 July 2014 in UTC, and the base layers could be ignored. Limited by the lower resolution of input data, the estimation precision of the M profiles of tropospheric ducts using the WRF model is restricted. Therefore, a more accurate estimation was further made using the echo data measured by a Doppler weather radar situated in Qingdao. Before the inversion, the satellite azimuth and elevation angle data of the satellites visible to the receiver should also be obtained to evaluate the bistatic scattering coefficients and the received powers of the selected satellite signals. It was found that only the satellite numbered PRN11 in the southwest direction of the receiver could meet the requirement for the low elevation within the period from 3:00 to 5:00 on 18 July 2014 in UTC.



Based on the above efforts, we presented an inversion example using the proposed method. The modified refractivity profile was represented with two duct parameters, i.e., the duct height and strength. The variation of each duct parameter with the horizontal distance was expressed by two principal components using the PCA method. In absence of the actual measurements, the received powers estimated at different SNRs served as the inputs of the inversion process and the estimated duct parameters were used to verify the validity of the proposed inversion method. As the satellite elevation angle increases and the SNR decreases, the matching degree between the values pre-estimated using the estimated duct parameters and calculated using the inverted duct parameters steps down for the received power and M profile. For the duct height, the matching degree between the estimated and inverted values is less changed but also gets worse. However, the above behavior is less evident for the duct strength. The most probable cause is that the estimated duct height decreases and varies slowly with the horizontal distance. In contrast, the duct strength has no obvious decreasing or increasing tendency and varies sharply. The variation of duct height is easier to be simulated by only two principal components. Therefore, the satellite elevation angle and SNR have more significant effects on the inversion results. The calculation of inversion errors further explained the above behaviors, both in terms of the MAE and RMSE. Despite some certain errors, the inversion results maintain the overall tendencies and most characteristics of the estimated values, thus proving the validity of the inversion method.



It is well known that evaporation ducts occur on the ocean frequently. However, the proposed method is not suitable for the evaporation duct, as shown in Section 2.4. The occurring probability is relatively low for the surface duct due to strict formation conditions and much less for the surface duct with a certain height and strength in which the received power can reach a maximum. In addition, the duration when the satellite elevation angle is in a given range and the range of satellite azimuth angle within the period are restricted. Therefore, the method is limited in both time and space. To overcome the limitations, we can invert for the tropospheric ducts by combining the received powers of multiple GNSS signals at multiple receiving positions. Since the data used for the inversion and verification are not actually measured, it is hoped that the real measurements can be used in future studies.
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Figure 1. The geometry of the bistatic scattering from ocean surface. 
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Figure 2. The variations of the bistatic scattering coefficients with the scattering angle for B1I signals at the satellite elevation angle of 10° (black line with square symbols), 20° (red line with circular symbols), and 30° (blue line with triangular symbols) under the wind speed: (a) 5 m/s; (b) 10 m/s; and (c) 15 m/s. 
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Figure 3. Received powers versus the horizontal distance in a standard atmosphere and horizontally homogeneous tropospheric ducts for ocean-scattered B1I signals. 
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Figure 4. Modified refractivity profiles of surface ducts: (a) parameterized models; (b) horizontally inhomogeneous surface duct without a base layer; and (c) horizontally inhomogeneous surface duct with a base layer. 
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Figure 5. Pattern propagation factors (dB) in horizontally homogeneous surface ducts for ocean-scattered B1I signals: (a) surface duct without a base layer; and (b) surface duct with a base layer. 
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Figure 6. Pattern propagation factors (dB) in horizontally inhomogeneous surface ducts for ocean-scattered B1I signals: (a) surface duct without a base layer; and (b) surface duct with a base layer. 
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Figure 7. Received powers versus the horizontal distance in standard atmosphere, horizontally homogeneous and inhomogeneous surface ducts for ocean-scattered B1I signals. 
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Figure 8. The domain configuration in the numerical estimation. 
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Figure 9. Regional distributions of the wind field and sea surface temperature (SST): (a) wind field (m/s); (b) SST (K). 






Figure 9. Regional distributions of the wind field and sea surface temperature (SST): (a) wind field (m/s); (b) SST (K).



[image: Remotesensing 13 03914 g009]







[image: Remotesensing 13 03914 g010 550] 





Figure 10. Regional distributions of tropospheric ducts and duct parameters: (a) tropospheric ducts (the yellow regions represent surface ducts and the red regions represent elevated ducts); (b) base-layer height (m); (c) duct-layer thickness (m); and (d) duct-layer strength (M-units). 
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Figure 11. A PPI map of the equivalent reflectivity factor (dBZ) measured by a Doppler weather radar situated in Qingdao. 






Figure 11. A PPI map of the equivalent reflectivity factor (dBZ) measured by a Doppler weather radar situated in Qingdao.



[image: Remotesensing 13 03914 g011]







[image: Remotesensing 13 03914 g012 550] 





Figure 12. PPI maps of the echo powers (dB): (a) the original data; and (b) the pretreated data. 
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Figure 13. Regional distributions of the duct parameters estimated by the refractivity from clutter (RFC) method: (a) duct height (m); and (b) duct strength (M-units). 
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Figure 14. The azimuth and elevation angle data of the visible BeiDou Navigation Satellite System (BDS) satellites from 3:00 to 5:00 on 18 July 2014 in coordinated universal time (UTC). 
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Figure 15. The principal diagram of the entire algorithm. 
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Figure 16. The received powers pre-estimated using the estimated duct parameters and calculated using the inverted duct parameters at different satellite elevation angle and SNR cases: (a) the satellite elevation angle is 8.2° and the SNR is 15 dB; (b) the satellite elevation angle is 31.1° and the SNR is 15 dB; (c) the satellite elevation angle is 8.2° and the SNR is 5 dB; and (d) the satellite elevation angle is 31.1° and the SNR is 5 dB. 
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Figure 17. The M profiles pre-estimated using the estimated duct parameters and calculated using the inverted duct parameters at different satellite elevation angle and SNR cases: (a) the satellite elevation angle is 8.2° and the SNR is 15 dB; (b) the satellite elevation angle is 31.1° and the SNR is 15 dB; (c) the satellite elevation angle is 8.2° and the SNR is 5 dB; and (d) the satellite elevation angle is 31.1° and the SNR is 5 dB. 
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Figure 18. The estimated and inverted duct height at different satellite elevation angle and SNR cases: (a) the satellite elevation angle is 8.2° and the SNR is 15 dB; (b) the satellite elevation angle is 31.1° and the SNR is 15 dB; (c) the satellite elevation angle is 8.2° and the SNR is 5 dB; and (d) the satellite elevation angle is 31.1° and the SNR is 5 dB. 
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Figure 19. The estimated and inverted duct strength at different satellite elevation angle and SNR cases: (a) the satellite elevation angle is 8.2° and the SNR is 15 dB; (b) the satellite elevation angle is 31.1° and the SNR is 15 dB; (c) the satellite elevation angle is 8.2° and the SNR is 5 dB; and (d) the satellite elevation angle is 31.1° and the SNR is 5 dB. 
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Figure 20. The regional distributions of the estimated and inverted duct parameters at different SNR cases: (a1) the estimated duct height (m); (a2) the inverted duct height (m) at the SNR of 15 dB; (a3) the inverted duct height (m) at the SNR of 5 dB; (b1) the estimated duct strength (M-units); (b2) the inverted duct strength (M-units) at the SNR of 15 dB; (b3) the inverted duct strength (M-units) at the SNR of 5 dB. 
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Table 1. Parameters of the B1I signals.
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	Parameter
	Value





	Carrier Frequency
	1561.098 MHz



	Signal Bandwidth
	4.092 MHz



	Minimum Received Power
	−163 dBW



	Polarization Mode
	RHCP



	Modulation Mode
	BPSK



	Signal Multiplexing Mode
	CDMA










[image: Table] 





Table 2. The inversion errors at different satellite elevation angle and SNR cases.
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Parameters

	
SNR (dB)

	
Azimuth (deg.)

	
MAE

	
RSME






	
Duct height

(m)

	
15.0

	
8.5

	
4.48

	
5.36




	
31.1

	
7.16

	
10.02




	
All

	
8.71

	
14.65




	
5.0

	
8.5

	
4.97

	
8.09




	
31.1

	
7.22

	
8.79




	
All

	
9.07

	
16.70




	
Duct strength

(M-units)

	
15.0

	
8.5

	
4.79

	
5.38




	
31.1

	
2.88

	
3.55




	
All

	
4.72

	
6.02




	
5.0

	
8.5

	
2.64

	
3.56




	
31.1

	
6.67

	
8.56




	
All

	
4.38

	
5.98
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