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Abstract

:

Prior studies have highlighted the importance of calibrating receiver antennas in target direction-of-arrival (DOA) estimation and surface current measurement for high-frequency (HF) radar systems. It is worth noting that the calibration contributes to the performance of both shore-based HF radar and platform-mounted HF radar. Compared with shore-based HF radar, the influence of six-degrees-of-freedom (six-DOF) platform motion should be considered in the calibration of platform-mounted HF radar. This paper initially describes a calibration scheme that receives phased-array antennas for an anchored platform-mounted HF radar incorporating a model of free rotation, which is called yaw rotation and dominates the six-DOF platform motion in this study. In the presence of yaw rotation, the amplitude and phase of the source calibration signal from the other shore-based radar sites reveal the directional sensitivity of the receiver phased-array antennas. The calibration of receiver phased-array antennas is composed of channel calibration (linking cables and receiver hardware calibration) and antenna pattern calibration. The antenna pattern at each bearing can be represented by the Fourier series. The estimation of channel calibration and antenna pattern calibration depends on an overdetermined HF radar system consisting of observed values and theoretical constraints, so the least-squares fits of the channel calibration coefficients and antenna pattern calibration coefficients are obtained. The experimental results show that the target DOA estimation and surface current measurement can be improved if the phased-array platform-mounted HF radar system is calibrated.
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1. Introduction


High-frequency (HF) radar systems are currently invaluable instruments for measuring ocean surface currents. Crombie [1] deduced the Bragg scattering mechanism accounting for the two strong peaks appearing above and below the carrier frequency in the Doppler spectrum. The Bragg peaks are echoes diffracted from the ocean waves of one-half the radar wavelength and running towards and away from the radar. The theoretical Bragg frequency in the Doppler spectrum is proportional to the phase velocity of the Bragg ocean waves. The difference between the theoretical Bragg frequency and measured values of Doppler shift could be used to measure the radial component of the surface current velocity relative to the radar site [2]. The total vector surface current is produced by combining at least two radial current measurements into a vector current based on the geometric constraints of the radar site configuration [3]. In recent years, surface currents have been applied for civil purposes. Measured surface current data have been used to detect tsunami arrivals [4,5,6,7] and oil spill trajectories [8,9,10,11].



There are two types of HF radar-receiving antennas: monopole-crossed-loop antennas and phased-array antennas. The use of a direction-finding algorithm such as Multiple Signal Classification (MUSIC) [12,13,14,15,16] is a common technique employed to estimate the direction-of-arrival (DOA) of sea echo signals. Positioning the radial current at a bearing within a given range depends on estimating the DOA corresponding to each radial current speed. A crucial factor for estimating DOAs is determining the amplitude and phase errors caused by the antenna pattern distortions and channel distortions (linking cables and receiver hardware distortions). Accordingly, the calibration of receiver phased-array antennas plays a vital role in estimating the DOA and measuring surface currents [17,18,19,20].



For shore-based HF radars, several methods have been used in practical HF radar systems to conduct array calibrations. The conventional calibration of a shore-based HF radar system is implemented by means of a transponder or stable radio signal traveling in arcs around individual shore-based radar sites [17]. Subsequently, single-DOA sea echoes are utilized to conduct array calibrations based on the shift-invariance antenna pairs in the phased-array in the HF radar [21]. In recent years, one method for calibrating phased-array antennas was to employ ships of opportunity with unknown ship positions based upon the least-squares method [22,23,24]. In contrast, the ships of opportunity with known positions depending on the automatic identification system (AIS) transmitters are used to obtain the calibrated antenna patterns and channel calibration coefficients [25,26,27,28]. Furthermore, Washburn et al. [29] took advantage of the popular and practical aerial drone technique to obtain the calibrated antenna patterns.



Moreover, array calibration, including antenna pattern calibration and channel calibration, is beneficial to the performance of both shore-based HF radars and platform-mounted HF radars. An HF radar operating on an offshore platform [30,31,32,33,34] can meet the remote sensing requirements for obtaining ocean information farther away from the coast. However, when floating on the surface, the platform is subjected to six-degrees-of-freedom (six-DOF) motion (sway translation, surge translation, heave translation, roll rotation, pitch rotation, and yaw rotation) due to interactions with the ocean. Compared with shore-based HF radars, the influence of six-DOF platform motion should be taken into consideration in the array calibration for platform-mounted HF radars. In addition, the calibration signal cannot be extracted directly in the Doppler spectrum, since the Doppler spectrum has been modulated by the platform motion. There are few published reports that attempt to calibrate an anchored platform-mounted HF radar. In this paper, we put forward a calibration scheme to implement reliable DOA estimations and ocean surface current measurements for an anchored platform-mounted HF radar.



This paper documents a calibration scheme of receiver phased-array antennas for an anchored platform-mounted HF radar when the transmitting antenna and receiver antennas are mounted on a platform incorporating a model of free yaw rotation. Between the end of 2016 and the beginning of 2017, an HF radar mounted on a platform anchored on the ocean surface, as part of a distributed HF radar network, was deployed to measure ocean surface currents far from a coastal area. In this study, the yaw rotation is the predominant motion in the six-DOF platform motion and can cover a broad range. In recent years, Yao et al. [35,36,37], revealed the additional peaks caused by oscillations of yaw rotation. In this study, the calibration of the phased array is combined with the yaw rotation. From an analysis of the source calibration signal from the other shore-based HF radar site, the amplitude and phase of the source calibration signal are directional in the presence of yaw rotation. The calibration, including channel calibration coefficients and antenna patterns, is based on an overdetermined HF radar system involving observed values and theoretical constraints, so the least-squares fits of channel calibration coefficients and antenna patterns are obtained. Subsequently, the experimental results show that the DOA estimation and ocean surface current measurement can be improved if the channel calibration coefficients and calibrated antenna patterns are used.



In this paper, Section 2 describes the deployment of an HF radar network involving platform-mounted HF radars and how the channel calibration coefficients and antenna patterns are estimated. The verification results are shown in Section 3. Section 4 presents the discussion. Section 5 contains the conclusions.




2. Materials and Methods


2.1. Introduction of the HF Radar Network


In the last three decades, the importance of an integrated HF radar network has been widely recognized and utilized [38,39,40,41,42,43]. For an HF radar network, several HF radar sites can operate independently and synchronously based on the Global Positioning System (GPS). Data were obtained from a distributed HF radar network in the Taiwan Strait between the end of 2016 and the beginning of 2017, which consists of three radar sites: one platform-mounted site (a ship, 23°42′9″N, 117°51′37″E) and two shore-based sites called Chihu (ChHU, 24°2′13″N, 117°54′9″E) and Dongshan (DoSA, 23°39′25″N, 117°29′2″E). Figure 1 shows the study area of the distributed HF radar network, and Figure 2 displays the platform (ship) and the circular phased-array consisting of eight receiver antennas.



The parameters of an HF radar, the ocean state monitoring and analyzing radar (OSMAR), which was developed by Wuhan University, are introduced in Table 1. The operating frequency is     f 0  = 13.15   MHz, and    λ = 22.8   m is the wavelength of the transmitted signal. If a linear-current-profile model [44] is assumed, the effective measurement depth is     λ  8 π   = 0.9   m. Under a logarithmic-current-profile model assumption [45], the effective measurement depth is     λ  14 π   = 0.5   m. The effective depth is considered to be between    λ  14 π     and    λ  8 π     (0.5∼0.9 m) [46,47]. Every radar site makes use of a frequency-modulated interrupt continuous wave (FMICW) waveform. The sweep period of FMICW is 0.5 s. The range resolution of HF radar is    Δ R = 5    km. In addition, the Doppler coherent integration time (CIT) is 5 min or 10 min.



The flowchart of this method, called “yaw-rotation calibration” (YRC) and used in the DOA esimation and ocean surface measurement, is shown in Figure 3 and includes six main steps: platform motion analysis, extraction of the calibration signal for each yaw angle, calculation of the array calibration coefficients, motion compensation and MUSIC algorithm, DOA estimation, and surface current radial velocity measurement.




2.2. Platform Motion Analysis


Platform motion results in time variation for the steering vector of the receiver phased-array antenna [48]. In addition, platform motion causes a broadening of the first-order echo to be superimposed on the continuum, and the platform displacement spectra measured by accelerometers mounted on a platform can be input into an algorithm to remove this effect in the inversion of the ocean surface parameters [30]. Hence, the installation of an accelerometer that records the platform motion data is necessary. An accelerometer consisting of two GPS antennas, the main controller, linking cables, and power supply was installed along the bow direction of the ship to record information about the ship motion attitude every 0.1 s starting at 1300 UTC+8 25 December 2016 and ending at 1300 UTC+8 26 December 2016, where UTC+8 means Universal Time Coordinated 8th Time Zone (East). Real-time attitude data were obtained by an accelerometer, including the easterly speed, northerly speed, upward speed, roll angle, pitch angle, and heading information. Emphatically, the heading information is defined as the clockwise angular discrepancy between due north and the bow direction (y axis) of the ship, which is called the yaw angle    α y    herein (see Figure 4c) [49].



The influence analysis based on platform motion is discussed in the Appendix A of this paper. According to this analysis, a moving antenna array is mainly affected by the yaw rotation. Accordingly, the receiver phased-array calibration should be combined with the yaw rotation. The yaw angle (limited from −180° to 180°) curves in the first 10 min and 1 day (the yaw angle largely remains stable in a time span of 1 s) are shown in Figure 5a,b. According to the histogram of the yaw angles (Figure 5c), large angular sectors of the array calibration can be obtained on a time scale of one day.




2.3. Extracting the Source Calibration Signal for Each Yaw Angle


In this distributed HF radar network, every radar site can receive echoes from the local (monostatic measurement) and other radar sites (bistatic measurement). Figure 6a shows a geometric sketch of the bistatic HF radar configuration, where Rx and Tx represent the ship site and ChHU radar sites, respectively. The radio signal straight from the ChHU site (the direction of the baseline) can be used as the source calibration signal. Figure 7a shows the range-Doppler spectra received by the ship radar site, where the central, top, and bottom signals represent echoes from the ocean surface caused by the signals transmitted from the local radar site, the ChHU radar site, and the DoSA radar site, respectively. The radio signals straight from the ChHU and DoSA sites are labeled by the red and black ellipses in the range-Doppler spectra, respectively.



In this study, radio signals straight from the ChHU site can be extracted in the range cell number of 40 from the range domain (red ellipse, Figure 7b) every 0.5 s (a sweep period) rather than the Doppler domain. There are two amplitude or phase values in 1 s (a time span) at each yaw angle, and the median value is the required value. Note that    L = 38    km is the distance from the ChHU site to the ship site. The total range cell number of 40 consists of the real bistatic range cells,     L  2  ×  Δ R   =  38  2  ×  5   ≈ 4    (   2 × Δ R = 10    km is the range isoline width of the bistatic radar) and the pseudorange cells, 36, derived from the artificial time delay in the FMICW waveform design, which is responsible for the shift in the range domain to prevent overlapping.



When the yaw angles range from −170° to 105°, the corresponding ChHU DOA bearing with respect to the y axis is from −177° to 98°. Note that the DOA bearing   θ  , limited to the range from −180° to 180°, is defined as the angle counterclockwise from the y axis (as the normal to the receiver array) to the baseline direction (see Figure 4d or Figure 6b). The conversion relation is described as    θ =  α y  −  α  B L     , where    α y    is the measured yaw angle and    α  B L     is the angle clockwise from true north to the baseline direction.




2.4. Calculating the Array Calibration Coefficients (Channel Calibration Coefficients and Calibrated Antenna Patterns)


The radio signal phases of the antenna number m (   m = 1 , 2 , … , 8   ) (hereafter abbreviated as Ant. m) received at every DOA bearing     θ j  = j − 178    (   j = 1 , 2 , … , 276   ) are    ϕ  j , m     (unit: °), and the radio signal amplitudes are    E  j , m     (Unit: V) or     E  d  B  j , m     = 20 · l o  g 10   (  E  j , m   )     (unit: dBm) (Figure 6b).



Figure 5c shows that the angle with maximal emergence probability at all yaw angles is 26° (or a ChHU DOA bearing of 19°), and the angle with minimal probability is the yaw angle −35° (or a ChHU DOA bearing of −42°). Figure 8a,b show the relative phase with respect to Ant. 1 (the reference antenna)     ϕ  j , m   −  ϕ  j , 1      at yaw angles of 26° and −35°. The median values are the required values. Furthermore, Figure 8c,d show the relative amplitude with respect to Ant. 1     E  d  B  j , m     −  E  d  B  j , 1        at yaw angles of 26° and −35°. Note that some distorted values for     ϕ  j , m   −  ϕ  j , 1      at 26° are removed. As shown in Figure 6b,     E  j , m   ·  e  i  ϕ  j , m        relative to     E  j , 1   ·  e  i  ϕ  j , 1        consists of three parts, as described below:


           e  i  ϕ  j , m      e  i  ϕ  j , 1      =   e  i  α  j , m      e  i  α  j , 1      ·   e  i  β m     e  i  β 1     ·   e  i  γ m   (  θ j  )     e  i  γ 1   (  θ j  )     =  e  i (  α  j , m   −  α  j , 1   )   ·  e  i (  β m  −  β 1  )   ·  e  i [  γ m   (  θ j  )  −  γ 1   (  θ j  )  ]     ( i =   − 1   )        o r        ϕ  j , m   −  ϕ  j , 1   =  (  α  j , m   −  α  j , 1   )  +  (  β m  −  β 1  )  +  [  γ m   (  θ j  )  −  γ 1   (  θ j  )  ]       



(1)




and


           E  j , m    E  j , 1    =   B m   B 1   ·    C m   (  θ j  )     C 1   (  θ j  )          o r        E  d  B  j , m     −  E  d  B  j , 1     =  (  B  d  B m    −  B  d  B 1    )  +  [  C  d  B m     (  θ j  )  −  C  d  B 1     (  θ j  )  ]  ,      



(2)




where     θ j  = j − 178    (   j = 1 , 2 , … , 276   ), and    m = 1 , 2 , … , 8   . In Equation (1),     α  j , m   −  α  j , 1      denotes the constant phase error caused by the wave path difference in every direction among the antennas. In Equations (1) and (2),     β m  −  β 1     and     B  d  B m    −  B  d  B 1       are called the channel calibration coefficients of the phase and amplitude and are the phase and amplitude differences from Ant. m with respect to Ant. 1 caused by the linking cables and receiver hardware between the receiving antennas and the computer, respectively;     γ m   (  θ j  )  −  γ 1   (  θ j  )     and     C  d  B m     (  θ j  )  −  C  d  B 1     (  θ j  )     are the phase and amplitude differences caused by the anisotropy of the receiving antenna, respectively.



The phase pattern describes the phase response of the receiving antennas to a given signal as a function of the DOA bearing [25]. Hence, a common and advantageous representation for every phase response versus the DOA bearing (−180° ≤ θ < 180°) is to expand the response into a Fourier series. Accordingly, the estimation of the phase patterns depends on solutions to an unknown Fourier series. The phase patterns are substituted by a Fourier series in the following equation.


       γ m   ( θ )  =  ∑  n = 0  N   [  a  n , m   cos  ( n × θ × π / 180 )  +  b  n , m   sin  ( n × θ × π / 180 )  ]  ,      



(3)




where n is the order of the Fourier series, N is the total number of Fourier series,    a  n , m     and    b  n , m     are Fourier coefficients, and    cos ( n × θ × π / 180 )    and    sin ( n × θ × π / 180 )    are Fourier basis functions.



Equation (1) is represented as follows:


          (  β m  −  β 1  )   + {   ∑  n = 0  N   [  a  n , m   cos  ( n ×  θ j  × π / 180 )  +  b  n , m   sin  ( n ×  θ j  × π / 180 )  ]  −           ∑  n = 0  N   [  a  n , 1   cos  ( n ×  θ j  × π / 180 )  +  b  n , 1   sin  ( n ×  θ j  × π / 180 )  ]   } =   (  ϕ  j , m   −  ϕ  j , 1   )  −  (  α  j , m   −  α  j , 1   )  .      



(4)







We can mark     β 21  =  β 2  −  β 1  , … ,    and     β 81  =  β 8  −  β 1    , and     ϕ 21  −  α 21  =   [  (  ϕ  1 , 2   −  ϕ  1 , 1   )  −  (  α  1 , 2   −  α  1 , 1   )  ,  (  ϕ  2 , 2   −  ϕ  2 , 1   )  −  (  α  2 , 2   −  α  2 , 1   )  , … ,  (  ϕ  276 , 2   −  ϕ  276 , 1   )  −  (  α  276 , 2   −  α  276 , 1   )  ]  T  , … ,    and     ϕ 81  −  α 81  =   [  (  ϕ  1 , 8   −  ϕ  1 , 1   )  −  (  α  1 , 8   −  α  1 , 1   )  ,  (  ϕ  2 , 8   −  ϕ  2 , 1   )  −  (  α  2 , 8   −  α  2 , 1   )  , … ,  (  ϕ  276 , 8   −  ϕ  276 , 1   )  −  (  α  276 , 8   −  α  276 , 1   )  ]  T     (the superscript “T” indicates transposition).



Note that the uncalibrated patterns of the “monopole” antennas used in this experiment are theoretically perfect; they are assumed to be 1 (    e  i  γ m    = 1    or     γ m  = 0   ) in the horizontal plane. Hence, we can add the constrained equations such that the phase patterns at each    N  I n t e r v a l     degree interval ensure that the actual patterns become perfect as much as possible. The constraint equation is expressed as follows:


          γ m   (  θ ℓ  )  =  ∑  n = 0  N   [  a  n , m   cos  ( n ×  θ ℓ  × π / 180 )  +  b  n , m   sin  ( n ×  θ ℓ  × π / 180 )  ]  = 0 ,      



(5)




where     θ ℓ  = − 180 +  ( ℓ − 1 )  ×  N  I n t e r v a l      (   ℓ = 1 , 2 , … , ⌊ 360 /  N  I n t e r v a l   ⌋   ), and    ⌊ 360 /  N  I n t e r v a l   ⌋    is the maximum integer value less than or equal to    360 /  N  I n t e r v a l     .



It is assumed that the performance of eight antennas is identical according to the symmetric relation with respect to the y axis between Ant. 2 and Ant. 8, between Ant. 3 and Ant. 7, and between Ant. 4 and Ant. 6. In addition, the self-symmetric relation of Ant. 1 also exists in Ant. 5. The symmetric relation is expressed as follows:


          γ r   (  θ  r k   )  −  γ s   (  θ  s k   )  =  ∑  n = 0  N   {  a  n , r   cos  ( n ×  θ  r k   × π / 180 )  +  b  n , r   sin  ( n ×  θ  r k   × π / 180 )  }  −           ∑  n = 0  N   {  a  n , s   cos  ( n ×  θ  s k   × π / 180 )  +  b  n , s   sin  ( n ×  θ  s k   × π / 180 )  }  = 0 ,      



(6)




when    r = 1 , 5   , and    s = r    and when    r = 2 , 3 , 4    and    s = 10 − r   . For     θ  r k   = k − 181    (   k = 1 , 2 , … , 360   ),    θ  s k     has the same remainder as    −  θ  r k      divided by 360,     θ  s k   ≡  ( −  θ  r k   )   mod  360   , and    − 180 ≤  θ  s k   < 180   . The operator mod 360 denotes the remainder operator divided by 360.



Considering Equations (4)–(6), the equation group is shown in Equations (7) and (8).   H   is the observation matrix;   X   is the solution matrix consisting of Fourier coefficients and array calibration coefficients    β 21   ,…,    β 81   ; and   Y   is a matrix consisting of   0   submatrices and sampling submatrices derived from the source calibration signals     ϕ 21  −  α 21    , …,     ϕ 81  −  α 81    .


   H X = Y   



(7)






           − A    B   0   0   0   0   0   0      − A    0   B   0   0   0   0   0     ⋮      ⋯      ⋱      ⋯   ⋮      − A    0   0   0   0   0   0   B     C   0   0   0   0   0   0   0     0   D   0   0   0   0   0   0     0   0   D   0   0   0   0   0     ⋮      ⋯      ⋱      ⋯   ⋮     0   0   0   0   0   0   0   D      F 1    0   0   0   0   0   0   0     0   F   0   0   0   0   0    − G      0   0   F   0   0   0    − G    0     0   0   0   F   0    − G    0   0     0   0   0   0    F 5    0   0   0          a  0 , 1        a  1 , 1        b  1 , 1       ⋮      a  N , 1        b  N , 1        β 21       a  0 , 2       ⋮      b  N , 2       ⋮      β 81       a  0 , 8       ⋮      b  N , 8       =       ϕ 21  −  α 21         ϕ 31  −  α 31       ⋮       ϕ 81  −  α 81       0     0     0     ⋮     0     0     0     0     0     0     ,      



(8)




where the submatrices   A   and   B   consisting of Fourier basis functions have the sizes    276 × ( 2 × N + 1 )    and    276 × ( 2 × N + 2 )   , corresponding to Equation (4); similarly,   C   and   D   are     ⌊ 360 /  N  I n t e r v a l   ⌋  ×  ( 2 × N + 1 )     and     ⌊ 360 /  N  I n t e r v a l   ⌋  ×  ( 2 × N + 2 )     matrices, corresponding to Equation (5);    F 1    is a matrix of size    360 × ( 2 × N + 1 )   , and   F  ,    F 5    and   G   are    360 × ( 2 × N + 2 )    matrices, corresponding to Equation (6).



  H   is written as    H  p × q    , where    p = 276 × 7 + ⌊ 360 /  N  I n t e r v a l   ⌋ × 8 + 360 × 5 = 4020       (  N  i n t e r v a l   = 10 )    is the row size of matrix   H   and    q = ( 2 × N + 1 ) + ( 2 × N + 2 ) × 7 = 303       ( N = 18 )    is the column size of   H  . Note that the details of     N  I n t e r v a l   = 10   , as the angular interval, and    N = 18   , as the total number of Fourier series, are discussed in the Appendix B.



The rank of   H   is labeled    r a n k ( H ) = q   , where    q < p   . The equation group is a typical overdetermined equation group (the number of equations is larger than the number of unknown solutions), which is treated as a least-squares problem. After the process of singular value decomposition (SVD),    H  p × q     can be represented as


       H  p × q   =  U  p × p    S  p × q    V  q × q  T  =  U  p × p        Σ  q × q        0  ( p − q ) × q        V  q × q  T  ,      



(9)







   U  p × p     and    V  q × q     are two orthogonal matrices, and    Σ  q × q     is a diagonal matrix.    H †    is the generalized inverse matrix or Moore–Penrose pseudoinverse matrix of   H   [50],


    H †  =  V  q × q    Σ  q × q   − 1      U 1    p × q  T  ,   



(10)




where       U 1    p × q      is the first q column of    U  p × p    . The least-squares solution to this equation group is expressed as


       X ^  =   arg min  X    ∥ HX − Y ∥   2  2  =  H †  Y .      



(11)







The phase patterns     γ m   ( θ )     versus the DOA bearing   θ   in Cartesian coordinates are shown in Figure 9a. In addition,    e   γ m   ( θ )      is an alternative style in polar coordinates in Figure 9b.



Equation (2) is similar to Equation (1), so the solution to the amplitude patterns is also a least-squares problem. The same study is repeated, and    C  d  B m      is transformed to     C m   ( θ )  =  10    C  d  B m     ( θ )   20     . The amplitude patterns     C m   ( θ )     in Cartesian and polar coordinates are shown in Figure 10a,b, respectively.





3. Results


For shore-based HF radars, there are several methods for measuring antenna patterns [25,29,51]. The Euclidean distance is used to quantify the difference between the complex antenna pattern vectors at each bearing from the AIS method [25] (or the aerial drone method [29]) and the traditional transponder method [51]. Because conventional transponder measurements have not been conducted for platform-mounted HF radars, we intend to validate the platform-mounted HF radar patterns depending on the inversion results.



The calibrated patterns and the channel calibration coefficients are both calculated in this study, which is called complete calibration or standard calibration. First, we can check the validity of the channel calibration coefficients. Next, we can compare the results for complete calibration with those for incomplete calibration (the channel calibration coefficients and uncalibrated patterns are considered). This type of comparison can evaluate the sole influence of calibrated antenna patterns in the complete calibration system. Consequently, we devoted substantial effort to studying how to best adopt these channel calibration coefficients and calibrated patterns in the calibration of the inversion results. The results can be verified based on the target DOA, the radial current, and the bearing offset.



Note that the DOA bearing is the most convincing validation source because it is directly affected by the channel calibration coefficients and antenna patterns based on the MUSIC algorithm. In addition, some correctly determined radial velocities will be placed into incorrect bearing sectors because of the incorrect DOA bearing, and thus, the radial current is the secondary validation source. In addition, we attempt to calculate the bearing offset using root-mean-square error (RMSE) and correlation coefficient (CC) between acoustic Doppler current profiler (ADCP)-derived radial currents and platform-mounted HF radar radial velocities within a fixed range (ADCP deployed) and for all angles [52]. The bearing offset reflects the bearing angle bias between the platform-mounted HF radar measurement and the ADCP measurement.



3.1. DOA


Before validating the calibrated antenna patterns, we can check the validity of the channel calibration coefficients with respect to the DoSA DOA bearing. The DoSA land station, for which the range and bearing are definite, can offer a stable and robust radio signal. Under these circumstances, we can consider DoSA as a “target” to verify our platform-mounted HF radar patterns. The DoSA actual bearing     θ  A c t u a  l  D o S A     = − 97.3 °   , which is expressed as the angle clockwise from true north to the DoSA direction, can be calculated from the latitude and longitude of the ship site, DoSA radar site, and the radius of the Earth.



First, the MUSIC algorithm can be used to estimate the DOA bearing    θ  C  W  D o S A       for every 5 min of the Doppler CIT without any calibration (neither the array calibration coefficients nor the calibrated patterns are considered). DOA curves are drawn from the DoSA radar site’s calculated DOA from approximately 24 h of data and the actual bearing starting at 1300 UTC+8 25 December 2016 and ending at 1300 UTC+8 26 December 2016 (Figure 11a). The DOA results are terribly poor without any calibration.



Next, the MUSIC algorithm can use either the uncalibrated or calibrated patterns to estimate the DOA bearing    θ  C  W  D o S A       for the case considering the channel calibration coefficients. DOA curves before and after the pattern corrections are drawn from the DoSA radar site’s calculated DOA from approximately 24 h of data and the actual bearing (Figure 11b). From Figure 11a,b, the DOA bearing estimation improved dramatically after the channel calibration. These results prove that the channel calibration coefficients are valid.



The statistical values shown in Table 2 represent both the calibrated and uncalibrated patterns. The five statistical values improved after pattern corrections, especially in terms of the standard deviation, indicating that the DOA estimation is more accurate with the calibrated patterns than the uncalibrated patterns for the DoSA radar site.



On the other hand, the vessel targets corresponding to the AIS information can be detected with the platform-mounted HF radar (see an example in Figure 12a). The estimated 725 vessel-target DOAs in 24 h can reflect the validity of the channel calibration coefficients and calibrated patterns (see Figure 12b–d). The mean absolute error (MAE) and RMSE can be used to evaluate the validity. The RMSE and MAE are improved by 43.5° and 33.3° after channel calibration, respectively. Furthermore, the RMSE and MAE are improved by 5.1° and 4.8° after channel calibration and pattern calibration, respectively. Table 3 shows the technical specifications for convenience.




3.2. Radial Current and Bearing Offset


ADCPs are very common in situ instruments used to validate HF radar currents. ADCP-radial currents can provide the standard to validate the calibrated patterns. The ADCP called “Aquadopp Profiler” manufactured by Nortek company was integrated into a 10 m discus “buoy” (abbreviated as “B” and located at 23°37′47″N, 118°12′1″E, see Figure 13). There was a technical problem with the ADCP compass, and thus, the ADCP data are not used.



However, due to the complexity of the platform motion and imperfection of the motion-compensation technique for the platform-mounted HF radar, the shore-based radar systems that have been calibrated are more developed and reliable systems than the platform-mounted HF radar system. Hence, the data from shore-based HF radar systems can be considered the reference data for validating the calibrated antenna patterns for the platform-mounted HF radar. Accordingly, the radial current    V  R a d i a  l  s h i p       measured by the ship radar site (for the case using the uncalibrated (black line) and calibrated patterns (red line)) is compared with the radial projection    V  P r  j  s h o r e       (blue line) of the total vector current    V  T o t a  l  s h o r e       produced by the shore radar sites (see Figure 14a).



The total vector current    V  T o t a  l  s h o r e       produced by the shore radar sites is calculated by combining the two radial currents measured by the two shore sites, as shown in Figure 13.    α 1    is the direction of    V 1   ,    α 2    is the direction of    V 2   , and    α  T o t a  l  s h o r e       is the direction of total vector current    V  T o t a  l  s h o r e      . The formulas are expressed as follows in Equation (12).


        V 1  =  V  T o t a  l  s h o r e     cos  (  α  T o t a  l  s h o r e     −  α 1  )         V 2  =  V  T o t a  l  s h o r e     cos  (  α  T o t a  l  s h o r e     −  α 2  )        



(12)







At ‘B’, the radial currents measured by ship site    V  R a d i a  l  s h i p       (uncalibrated patterns versus calibrated patterns) can be compared with the radial projection    V  P r  j  s h o r e       and the projection along radial direction    α  P r j     (e.g., the crimson line from the ship site to ‘B’ in Figure 13). The conversion is described as follows:


       V  P r  j  s h o r e     =  V  T o t a  l  s h o r e     cos  (  α  T o t a  l  s h o r e     −  α  p r j   )  ,      



(13)




where the green angle denotes     α  T o t a  l  s h o r e     −  α  p r j      in Figure 13.



The raw radial speeds are smoothed by means of a five-point moving average filter. The RMSE and CC can be used to assess and evaluate the performance of the amendment process. At ‘B’, the RMSE is reduced by 2.75 cm s−1, and the CC is increased by 0.18 after using the calibrated patterns from Figure 14a. The radial speed correlation between the shore and ship sites after using the calibrated patterns has been improved.



We intended to estimate the bearing offset with a given range cell following the procedures described in [52] using the radial projection    V  P r  j  s h o r e       of the total vector current    V  T o t a  l  s h o r e       instead of the ADCP-derived radial current because of the lack of ADCP direction data.



For a given range to the platform-mounted radar site, all radial velocities are sampled for the bearing angle sectors from 13° to 223° (clockwise from true north in Figure 13) at a resolution of 1.5° and then correlated with    V  P r  j  s h o r e       at ‘B’. Thus, many RMSEs and CCs have been calculated at the bearing sectors from 13° to 223°. The CC and RMSE bearing offsets are thus expressed as


       Δ  θ  C C      =     θ B  −  θ  m a x         Δ  θ  R M S E      =     θ B  −  θ  m i n         



(14)




where     θ B  =  103 °     is the bearing angle with respect to ‘B’,    θ  m a x     is the angle with maximum CC, and    θ  m i n     is the angle with minimum RMSE. From Figure 14b,c, the bearing offsets    Δ  θ  C C   = 103 − 77.5 = 25.5 °    and    Δ  θ  R M S E   = 103 − 92.5 = 10.5 °    when the uncalibrated patterns are used; on the other hand,    Δ  θ  C C   = 103 − 85 = 18 °    and    Δ  θ  R M S E   = 103 − 98.5 = 4.5 °    when the calibrated patterns are used. The CC and RMSE bearing offsets are improved by 7.5° and 6° after pattern corrections, respectively. Table 4 shows the technical specification in detail for convenience.





4. Discussion


In the present study, the calibrated patterns, which can be considered the least-squares solutions close to the uncalibrated patterns based on the overdetermined system consisting of observed values and theoretical constraints, and the channel calibration coefficients are obtained. The suggested scheme is a type of model-fitting and real-time calibration technique. The results validated the channel calibration coefficients and calibrated antenna patterns for target DOA estimation and surface current measurement. The antenna pattern calibration can result in more accurate DOA estimation in a complete calibration system. The following topics are analyzed in regard to this scheme:



First, the values observed account for a considerable part of the overdetermined system. The yaw angles (a total of 276°) occupied approximately 77% of the 360° space and, hence, could not cover the omni-directional range in this experiment. Their probabilities of emergence depend on the sea state (i.e., ocean surface currents, winds, and waves). As the yaw angles occupy more of the 360° space, the estimation of the antenna patterns becomes more accurate. Moreover, the least-squares solutions to the antenna patterns will be studied more under other constraints.



Second, this experiment (i.e., wherein the rotating ship radar received the radio signal from the shore-based radar site) appeared to be an inverted one compared with the conventional transponder experiment (i.e., wherein the shore-based radar site received the radio signal from the transponder on a boat).



Third, the superstructures in the ship and iron body of the ship could cause antenna pattern distortions. Moreover, the antenna patterns on the ship can be simulated and predicted by means of computational electromagnetics such as the method-of-moments (MOM) [53,54,55], which is a good auxiliary validation method.




5. Conclusions


In light of the discussion above, the suggested scheme seems to be a cost-effective way to estimate the channel calibration coefficients and antenna patterns for platform-mounted HF radars. The platform motion should be eliminated in the signal processing for HF radars on a floating platform. In contrast, this study aims to incorporate the influence of the moving antenna array due to platform motion into HF radar data processing. Finally, the scheme could potentially be applied to the shore-based HF radar if a supplementary rotary turntable were configured [56].



We can achieve better DOA estimation by calibrating the platform-mounted HF radar. Furthermore, reliable DOA estimation for platform-mounted HF radar is a key technology not only for ocean current measurement but also for ocean wind and wave measurements. Consequently, ocean wind and wave measurements would become available for further research.



Additionally, because the influence of other five-DOF motion (sway translation, surge translation, heave translation, roll rotation, and pitch rotation) is ignored, we only consider specific anchored platform-mounted HF radars with yaw rotation under a low sea state. Under a high sea state and a more comprehensive analysis, more studies about the influence of other five-DOF motion are needed. Finally, compared with anchored platform-mounted HF radar, forward movement will be considered in the calibration of sailing platform-mounted HF radar in the future. All of these are useful and can fully develop the platform-mounted HF radar’s application potential.
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Appendix A. Influence of Six-DOF Platform Motion


The easterly speed and northerly speed are defined as the easterly and northerly components of the translational motion speeds in Figure 4d. The easterly and northerly speeds are measured instead of the sway and surge motion. The roll angle is defined as the clockwise angle with respect to the barge’s longitudinal axis (y axis) (see Figure 4a), while the pitch angle is defined as the clockwise angle with respect to the transversal axis (x axis) (see Figure 4b). In addition, the upward speed is measured instead of the heave motion. Because the electromagnetic field distribution in the vertical direction is assumed to be the same everywhere and the radar transmits vertically polarized waves, the influence of heave motion (upward speed) in the Doppler spectrum is ignored.



If the easterly and northerly speeds were kept constant in a Doppler CIT, the Doppler frequency would experience a shift and the Doppler spectra would suffer spreading based on the Doppler coherent integration effect of the additional phase due to the constant ship velocity. This phenomenon and theory were described from the sailing shipborne HF radar experiment conducted by [57,58]. Unlike the sailing shipborne HF radar experiment, the easterly and northerly speeds (time span 1 s) of the anchored ship-mounted HF radar experiment cannot maintain a constant sailing speed (see Figure A1a,b). Accordingly, the impact of the easterly and northerly speeds in the Doppler spectrum was ignored.



Furthermore, the ranges of the variation in the roll and pitch motion (see Figure A1c,d) were much less than that in the yaw motion. In this study, we consider the influence of the moving antenna array focused on the dominant yaw rotation.
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Figure A1. In the first 10 min (time span 1 s): (a) easterly speeds, (b) northerly speeds, (c) roll angles, and (d) pitch angles. 
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Appendix B. Analysis of the Least-Squares Solution


First, the estimated phase pattern represented by the Fourier series approaches the real phase patterns as the number N increases. This is related to the convergence of the Fourier series. The sensitivity analysis of phase patterns versus N is shown in Figure A2a. When    N ≥ 18   , the phase pattern value approaches a constant value. Accordingly,    N = 18    is a reasonable choice.



Second, the additional constraint of the actual patterns (i.e., calibrated patterns) close to the ideal patterns (i.e., uncalibrated patterns) should be discussed (see Figure A2b). If     N  i n t e r v a l   > 35   , the solution cannot be found because the number of constraints in the overdetermined system is not sufficient (   ⌊ 360 /  N  i n t e r v a l   ⌋    is small). We have chosen many angular intervals between 1° and 35° to compare the DoSA DOA with the actual DoSA bearing as well as the radial currents with those measured by the shore radar sites. The comparison results are the best when the angular interval     N  i n t e r v a l   = 10    is used. Accordingly,     N  i n t e r v a l   = 10    is a suitable option.
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Figure A2. Phase pattern of Ant. 1: (a) versus the total number N of Fourier series; (b) versus the angular interval    N  i n t e r v a l    . 
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Figure 1. Location of the distributed HF radar network including three radar sites (black dots): the ChHU site, the DoSA site, and the ship site. 






Figure 1. Location of the distributed HF radar network including three radar sites (black dots): the ChHU site, the DoSA site, and the ship site.



[image: Remotesensing 14 02174 g001]







[image: Remotesensing 14 02174 g002 550] 





Figure 2. Anchored ship platform and circular phased-array receiver antennas consisting of eight monopole elements. 
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Figure 3. Flowchart of the proposed method (YRC) used in the DOA estimation and surface current measurement, including six main steps: platform motion analysis, extraction of the calibration signal for each yaw angle, calculation of the array calibration coefficients, motion compensation and MUSIC algorithm, DOA estimation, and surface current radial velocity measurement. 
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Figure 4. Kinematics of the platform motion (Ant. 1): (a) roll rotation, (b) pitch rotation, (c) yaw rotation, (d) easterly and northerly movement. 
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Figure 5. Yaw angles: (a) first 10 min (time span 1 s); (b) 1 day (time span 1 s); (c) histogram of yaw angles in 1 day. 
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Figure 6. Bistatic geometry of the ChHU and ship sites: (a) sketch of the bistatic geometry (Tx: ChHU radar site, Rx: ship radar site); (b) detailed drawing of the source calibration signal path (from the receiver antennas to the computer). The phase relative to Ant. 1     ϕ  j , m   −  ϕ  j , 1      at bearing    θ =  θ j     is extracted from the range spectra, which result from the antenna patterns     γ m   (  θ j  )  −  γ 1   (  θ j  )    , wave path difference     α  j , m   −  α  j , 1     , and linking cables and receiver hardware     β m  −  β 1    ; the amplitude relative to Ant. 1 is     E  j , m   /  E  j , 1      at bearing    θ =  θ j    , which results from the antenna patterns     C m   (  θ j  )  /  C 1   (  θ j  )    , and linking cables and receiver hardware     B m  /  B 1    . 






Figure 6. Bistatic geometry of the ChHU and ship sites: (a) sketch of the bistatic geometry (Tx: ChHU radar site, Rx: ship radar site); (b) detailed drawing of the source calibration signal path (from the receiver antennas to the computer). The phase relative to Ant. 1     ϕ  j , m   −  ϕ  j , 1      at bearing    θ =  θ j     is extracted from the range spectra, which result from the antenna patterns     γ m   (  θ j  )  −  γ 1   (  θ j  )    , wave path difference     α  j , m   −  α  j , 1     , and linking cables and receiver hardware     β m  −  β 1    ; the amplitude relative to Ant. 1 is     E  j , m   /  E  j , 1      at bearing    θ =  θ j    , which results from the antenna patterns     C m   (  θ j  )  /  C 1   (  θ j  )    , and linking cables and receiver hardware     B m  /  B 1    .
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Figure 7. (a) Range-Doppler spectra at 1300 UTC+8 25 December 2016 including one monostatic (blue rectangle) and two bistatic measurements (red and black rectangles) received by the ship radar site (Ant. 8); (b) range spectra in a sweep period (0.5 s) including radio signals from the ChHU site (red ellipse) and the DoSA site (black ellipse). 
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Figure 8. Measured phase relative to Ant. 1: (a) at 26° (DOA bearing of 19°) and (b) at −35° (DOA bearing of −42°); measured amplitude relative to Ant. 1: (c) at 26° (some distorted values are removed) and (d) at −35°. 






Figure 8. Measured phase relative to Ant. 1: (a) at 26° (DOA bearing of 19°) and (b) at −35° (DOA bearing of −42°); measured amplitude relative to Ant. 1: (c) at 26° (some distorted values are removed) and (d) at −35°.
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Figure 9. Phase patterns of the eight antennas: (a)     γ m   ( θ )     in Cartesian coordinates, where “Ideal” and “Actual” denote uncalibrated and calibrated antenna patterns, respectively; (b)    e   γ m   ( θ )      in polar coordinates. Each bearing of −180° ≤ θ < 180° in this figure indicates degrees counterclockwise from the y axis. 
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Figure 10. Amplitude patterns of the eight antennas: (a)     C m   ( θ )     in Cartesian coordinates; (b)     C m   ( θ )     in polar coordinates. 
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Figure 11. From 1300 UTC+8 25 December 2016 to 1300 UTC+8 26 December 2016: (a) DoSA DOA without any calibration (black line) compared with the actual DoSA bearing (blue line); (b) DoSA DOA before pattern corrections (black line) and after pattern corrections (red line) compared with the actual DoSA bearing (blue line). 






Figure 11. From 1300 UTC+8 25 December 2016 to 1300 UTC+8 26 December 2016: (a) DoSA DOA without any calibration (black line) compared with the actual DoSA bearing (blue line); (b) DoSA DOA before pattern corrections (black line) and after pattern corrections (red line) compared with the actual DoSA bearing (blue line).
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Figure 12. From 1300 UTC+8 25 December 2016 to 1300 UTC+8 26 December 2016: (a) an example of a vessel target in the range of 40 km detected by the platform-mounted HF radar and denoted by a blue asterisk embedded in a circle in the Doppler spectrum (Ant. 8); (b) estimated 725 vessel-target DOAs (clockwise from true north to the vessel target) compared with the true directions without any calibration; (c) estimated 725 vessel-target DOAs after channel calibration; (d) estimated 725 vessel-target DOAs after channel calibration and pattern calibration. 






Figure 12. From 1300 UTC+8 25 December 2016 to 1300 UTC+8 26 December 2016: (a) an example of a vessel target in the range of 40 km detected by the platform-mounted HF radar and denoted by a blue asterisk embedded in a circle in the Doppler spectrum (Ant. 8); (b) estimated 725 vessel-target DOAs (clockwise from true north to the vessel target) compared with the true directions without any calibration; (c) estimated 725 vessel-target DOAs after channel calibration; (d) estimated 725 vessel-target DOAs after channel calibration and pattern calibration.
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Figure 13. Total vector currents:    V  T o t a  l  s h o r e       (black line) calculated from two radial currents    V 1    (red line) and    V 2    (red line) by the two shore radar sites; the carmine line (from the ship site to ‘B’) denotes the radial projection of    V  T o t a  l  s h o r e      ; the green angle denotes the projection angle. 
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Figure 14. Point ‘B’ from 1300 UTC+8 25 December 2016 to 1300 UTC+8 26 December 2016: (a) radial currents detected by the ship radar site (using the uncalibrated (black line) and the calibrated patterns (red line)) compared with the radial projection (blue line) of total vector currents produced by the shore radar sites; (b) CCs at a fixed range passing through point ‘B’ before pattern corrections (black line) and after pattern corrections (red line); (c) RMSEs at a fixed range passing through point ‘B’ before pattern corrections (black line) and after pattern corrections (red line). 






Figure 14. Point ‘B’ from 1300 UTC+8 25 December 2016 to 1300 UTC+8 26 December 2016: (a) radial currents detected by the ship radar site (using the uncalibrated (black line) and the calibrated patterns (red line)) compared with the radial projection (blue line) of total vector currents produced by the shore radar sites; (b) CCs at a fixed range passing through point ‘B’ before pattern corrections (black line) and after pattern corrections (red line); (c) RMSEs at a fixed range passing through point ‘B’ before pattern corrections (black line) and after pattern corrections (red line).
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Table 1. Ocean state monitoring and analyzing radar (OSMAR) parameters.
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	Radar Site
	Site 1
	Site 2
	Site 3





	Site Code
	Ship
	DoSA
	ChHU



	Latitude
	23°42′9″N
	23°39′25″N
	24°2′13″N



	Longitude
	117°51′37″E
	117°29′2″E
	117°54′9″E



	Operation Frequency
	
	13.15 MHz
	



	Transmitted Wave Length
	
	22.8 m
	



	Measurement Depth
	
	0.5∼0.9 m @ 13.15 MHz
	



	Waveform
	
	FMICW
	



	Sweep Period
	
	0.5 s
	



	Range Resolution
	
	5 km
	



	Number of Transmitter Antenna Elements
	
	1
	



	Number of Receiver Antenna Elements

(Phased-Array)
	
	8
	



	Technique for Azimuthal Resolution
	
	Direction-finding
	



	Doppler Coherent Integration Time (CIT)
	
	5 min or 10 min
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Table 2. DoSA DOA statistics using the uncalibrated and calibrated patterns.
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DoSA DOA (    θ  CW DoSA     )

	
Mean (°)

	
Std. (°)

	
Max. (°)

	
Min. (°)

	
Med. (°)






	
Calibrated Channels and Uncalibrated Patterns

	
−95.0

	
6.3

	
−83.6

	
−113.9

	
−94.1




	
Calibrated Channels and Calibrated Patterns

	
−95.1

	
2.8

	
−88.1

	
−102.5

	
−95.5




	
Actual DoSA bearing (   θ  A c t u a  l  D o S A      )

	
−97.3











[image: Table] 





Table 3. Estimated vessel-target DOAs compared with the true vessel-target directions without any calibration, after channel calibration, and after pattern calibration.






Table 3. Estimated vessel-target DOAs compared with the true vessel-target directions without any calibration, after channel calibration, and after pattern calibration.





	725 Vessel-Target DOAs vs. True Directions
	RMSE (°)
	MAE (°)





	Uncalibrated Channel and Uncalibrated Patterns
	56.5
	43.2



	Calibrated Channels and Uncalibrated Patterns
	13.0
	9.9



	Calibrated Channels and Calibrated Patterns
	7.9
	5.1
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Table 4. Comparison statistics with respect to the shore using the uncalibrated and calibrated patterns at `B’.
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Ship (    V  Radial ship     )

	
Shore (    V  Prj shore     )

	
Shore (Bearing Offset)




	
RMSE (cm s−1)

	
CC

	
    Δ  θ RMSE      (°)

	
    Δ  θ CC      (°)






	
Calibrated Channels and Uncalibrated Patterns

	
9.40

	
0.69

	
10.5

	
25.5




	
Calibrated Channels and Calibrated Patterns

	
6.65

	
0.87

	
4.5

	
18
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