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Abstract: Circular scanning synthetic aperture radar (SAR) is a novel imaging mode wherein the
radar antenna rotates from 0 degrees to 360 degrees along the platform flight direction, providing
us with a potentially effective technique to estimate the sea surface current velocity. In this paper,
we propose a novel method to estimate the sea surface current velocity utilizing the Doppler centroid
shifts of different scan angles over 360 degrees after the airborne platform motion compensation.
In this method, the Doppler centroid shifts of the sea clutter at different scan angles are first extracted,
and the corresponding compensation errors caused by the azimuth pointing and the incidence angle
of the radar beam are considered. Finally, the least squares (LS) technique is applied to estimate the
along-track velocity component and the cross-track velocity component of the sea surface current.
The effectiveness of the proposed method is verified by the real data recorded by an airborne circular
scanning SAR system.

Keywords: circular scanning synthetic aperture radar (SAR); sea surface current velocity; Doppler
centroid shift; least squares (LS) technique

1. Introduction

As an all-time and all-weather advanced modern sensing technique, the microwave remote
sensing of the sea surface plays a very important role in the monitoring of the ocean environment
because of its high spatial resolution and has drawn much attention in recent years. In the open sea,
the sea surface current is an important factor for practical applications, such as climate forecasting,
ocean environment surveillance, vessel navigation, etc. [1]. Therefore, the capability to precisely
measure the sea surface current velocity would be a very useful and desired development.

The sea surface velocity consists of the sea surface current velocity, the phase velocity of the
Bragg resonant waves, and the orbital velocity of the long waves [2—4]. The sea surface current can
flow stably along a fixed direction over a certain scope of the sea surface. The spatial scale of the sea
surface current varies from 1 km to 100 km, and can even reach several thousand kilometers. To date,
some radar techniques have been utilized to measure the sea surface current velocity. The Bragg
scattering theory specifies that the radar is primarily sensitive to radially-traveling waves that satisfy
the Bragg resonant condition, and the phase velocity of the Bragg resonant waves is also stable.
Therefore, the high-frequency (HF) ocean surface current radar can measure the sea surface current
velocity utilizing the Bragg scattering theory of the sea surface [5-8] and can be applied to estimate the
sea surface current velocity of large areas; for example, the shore-based HF ocean surface current radar
of the University of Miami has been used to measure the 2-D offshore surface current vectors from
1.2 km to approximately 45 km resolutions [5].
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For a spaceborne or airborne radar system, the radial velocity of the sea surface projection to
the radar line-of-sight direction is measured by the Doppler shift caused by the movement of the sea
surface obtained by the difference between the estimated Doppler centroid shift of the real data and
the predicted Doppler centroid shift [9-13]. ENVISAT’s Advanced SAR has been used to estimate
the sea surface current velocities with different resolutions by applying the median Doppler shift
of radar echoes [9]. However, only the radial velocity of the sea surface is measured, and the three
velocity components of the sea surface cannot be well distinguished such that the sea surface current
velocity cannot be effectively extracted. Today, a well-established technology for the sea surface current
estimation is represented by the X-band marine radar, both coherent [14,15] and non-coherent [16-18].

Recently, along-track interferometric (ATI) SAR has been widely applied to estimate the sea
surface speed [19-22], which is measured by the phase difference of two antennas installed along
the aircraft flight track (along-track) direction. However, ATI SAR can only extract the line-of-sight
velocity of the sea surface and cannot effectively obtain the sea surface current velocity. Since the
ATI SAR can only measure the overlapping area of the two SAR images, to overcome this limitation,
the dual-beam ATI SAR has been developed. The dual-beam radar system employs an along-track
pair of dual-beam antennas, and each antenna produces a forward beam and an aft beam [23,24]
so that the along-track velocity component and the cross-track velocity component of the sea surface
can be measured. Meanwhile, to distinguish the sea surface current velocity and the phase velocity
of the Bragg resonant waves, multiple-frequency (L- and C-Band) ATI SAR [25] has been explored
to estimate the sea surface current velocity, but the SAR system and the signal processing are more
complicated. In addition, the microwave scatterometer has been used to monitor the sea surface
current. The pencil-beam rotating scatterometer has been used to measure the sea surface current
velocity [26], and the along-track velocity component and the cross-track velocity component of the
sea surface current have been measured by the interferometric phases of the successive echoes of the
two observational azimuths. However, the system requires a large antenna and a high pulse repetition
frequency (PRF).

In this paper, we mainly explore the estimation method of the sea surface current velocity utilizing
the circular scanning SAR technique based on the conical rotating microwave scatterometer. For the
airborne circular scanning SAR, the platform flight height reaches several kilometers at the median
grazing angles, and the measured range of the sea surface current extends from several kilometers to
a few tens of kilometers. First, the algorithm extracts the Doppler centroid shifts of the different scan
angles over 360 degrees, and the azimuth pointing error and the incidence angle error of radar system are
considered to precisely estimate the sea surface current velocity. Then, the along-track and cross-track
velocities of the sea surface current can be estimated by the LS method. The effectiveness of the proposed
method has been evaluated by comparing it with a method presented in Toporkov et al. [23]. As a result,
the proposed method allows us to improve the estimation precision of the sea surface current velocity.

The remainder of the paper is organized as follows: Section 2 analyzes the operational mode of
the airborne circular scanning SAR. In Section 3, we present the analysis of the Doppler error caused
by the platform motion and the estimation method of the sea surface current velocity. In Section 4,
the estimation method is verified using real data from the airborne circular scanning SAR with different
scan angles. In Section 5, the relevant conclusions are given.

2. Operational Mode of Airborne Circular Scanning SAR

In this section, we mainly analyze the operational mode of the airborne circular scanning SAR [27],
and the scanning geometry of the airborne circular scanning SAR system is depicted schematically
in Figure 1. As shown in Figure 1, the airborne platform flies along the horizontal plane x axis
(along-track direction); the y axis (cross-track direction) is perpendicular to the x axis at the sea surface,
and the aircraft is moving at a constant speed in a straight line. The antenna beam is, successively,
in anticlockwise or clockwise rotation with a constant speed along the flight direction of the airborne
platform using the mechanical rotating antenna or the phase control array antenna. ¢ is the incidence
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angle of the central slant range and is always kept at a constant value. The variable 6 represents the
azimuth angle. 0, is denoted as the scan angle with reference to the right side-looking direction or the
cross-track direction and ranges from —90 degrees to 270 degrees in this paper. H is the height of the
airborne flight, v, is the velocity of the airborne platform, and R; is the projection of the slant range R
at the sea surface.

Antenna rotati@(

directio \ Flight direction Up

Y

Figure 1. Schematic geometry of the airborne circular scanning SAR.

The azimuth resolution varies with the rotation of the scanning beam and is related to the azimuth
angle and flight parameters; it is expressed as:

B AH
20, T;(1 — cos? 0sin® @) |sin 6] cos ¢

)

Pa

where A represents the radar wavelength, the angle 0, is the projection of the azimuth beam 6y, at the
sea surface, and 6, = 0,/ sin ¢. T is the accumulative time and is denoted as:

wsin@ +vplsina|cosp/H — wsing

where w is the rotating angular velocity of the circular scanning antenna.
The range resolution of the circular scanning SAR is expressed as:

[

~ 2Bsing ®)

Pr
where c is the speed of light, and B is the bandwidth of the radar signal. As B and ¢ are fixed during
scanning, the range resolution remains constant.

The recorded data were preprocessed by the range compression and the azimuth compression
before the estimation of the sea surface current velocity. The platform motion is compensated
according to the central slant range of a beam patch during the imaging processing, and the data
are transformed into the range Doppler domain. As shown in Equation (1), if the scan angle is near
90 degrees (forward-looking direction) or 270 degrees (back-looking direction), p, — o, resulting
in the fact that the Doppler has no resolution ability, as shown in Figure 2. For this reason, the data
near the forward-looking and back-looking directions are not used for estimating the sea surface
current velocity.
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Figure 2. Variation of the azimuth resolution with the scan angle.

3. Estimation of the Sea Surface Current Velocity

3.1. Ideal Model of the Doppler Shift

Due to the movement of the sea surface and the platform motion, the ideal model of the Doppler
centroid shift can be divided into four components and expressed as:

fd:fc+fb+fo+fp 4)

where fc, fy, fo, and f, represent the Doppler shift of the sea surface current velocity, the Doppler shift
of the phase velocity of the Bragg resonant waves, the Doppler shift induced by the orbital motions of
the long waves, and the Doppler shift caused by the platform motion, respectively.

3.1.1. Doppler Shift of the Sea Surface Current

The sea surface current velocity can be decomposed into two components: the along-track
velocity component Uy, and the cross-track velocity component Uy, at the sea surface. The axis z is
perpendicular to the sea surface, as shown in Figure 3. The sea surface current velocity is represented
as U = (Uy, Uy,0).

-
Flight direction U p

v u

y

Figure 3. Schematic diagram of the decomposition of the sea surface current velocity.

As the sea surface current velocity is steady at the scanning scopes of radar beams and is
independent of radar frequency, and f; is the function of the azimuth angle 6, which varies with
the rotation of the antenna beam. As shown in Figure 3, the Doppler shift f. caused by the sea surface
current can be calculated by:
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2(cos 8 sin pUy + sin 6 sin U
fo= 2 i l )

3.1.2. Doppler Shift of Phase Velocity of Bragg Resonant Waves

In terms of the two-scale model, the Bragg scattering is mainly from small-scale waves, and the
Bragg resonance is the primary mechanism of SAR ocean surface imaging for the moderate grazing
angles varying from 20 degree to 60 degree. The Bragg resonant occurrence needs to satisfy:

kp = 2ksin ¢ (6)

where kp represents the ocean wavenumber, and k is the radar wavenumber. The phase velocity of the

g . Tkg
vp = |+ — 7
B s T p @)

where g is the gravitational acceleration, T is the surface tension of the water, and p is the density of
the water. The Bragg frequency is the intrinsic frequency of the Bragg resonant waves and is related to
the radar frequency and the grazing angle [28-30]. For a given incidence angle, the Bragg frequency is

Bragg resonant waves [28] is given by:

considered as a constant value for different scan angles.

3.1.3. Doppler Shift of the Orbital Motions of the Long Waves

The sea surface motion is a random and time-varying process and is assumed to consist of the
random waves with the various heights, lengths, and directions. The random phase or amplitude
model is the basic model for describing the moving sea surface elevation [31,32]. The sea surface wave
is considered to be the sum of a large number of harmonic waves, and each of these waves can be
represented with a sinusoidal long-crested progressive wave, as shown in Figure 4.
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Figure 4. Schematic diagram of a long wave.

As shown in Figure 4, the orbital velocity of the long waves is time-varying and space-varying,
the wave profile is the linear superposition of sinusoidal waves, and the orbital velocity of the long
waves possesses the periodicity shown in Figure 4 [3,33]. The orbital velocity of the long waves is
modeled as the function of time ¢ and slant range r and can be written as Xin et al. [3]:
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NZU
v, = Y, Ajw;sin(k;r + w;t + ¢;) cos B

i=1
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=1
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i=1
where Ny, is the number of harmonic waves, A; is the amplitude of the ith harmonic sinusoidal
wave, w; is the angular velocity of the ith sinusoidal wave and k; is the wavenumber of the ith wave.
k; = w?/g, and g is the acceleration due to gravity. ¢; is the random phase and is uniformly distributed.
B is the propagation direction of the long orbital wave. Therefore, f, can be written as:
20 2
fOZTO:X(wsingocos@—{—vysinq)sinG+vzcosgo) )
The two-scale model [34] is widely used to describe the SAR imaging mechanism of ocean waves,
and for sea surface imaging, the cross-section modulation consists of three components: tilt modulation,
hydrodynamic modulation, and orbital motion modulation [32]. Since the three mechanisms interact,
the sea surface wave is no longer described by the simple linear superposition of sinusoidal waves,
as shown in Figure 5.

wave propagating
direction

Figure 5. Scattering mechanism of the two-scale model.

As illustrated above, the SAR imaging of ocean waves has an additional source of modulation
due to the effect of orbital motions. This effect is often the dominant imaging mechanism for waves
propagating in the azimuthal direction. The range-to-platform velocity ratio R/V is the key parameter
for the sea surface waves of SAR. When R/V < 50 s, the variation of the sea surface is so small that the
azimuthal offset can be neglected. In addition, at a moderate sea state or wind speed, the contribution
of wave modulations is very small at moderate grazing angles and, thus, the long orbital waves can be
modeled as the linear superposition of sinusoidal waves.

In this paper, our work considers the aforementioned general case. Therefore, the Doppler shift
caused by the orbital velocity of the long waves can be neglected by averaging over a large area
greater than the length of the long sea surface wave. After averaging over the certain spatial scales,
the additional residual orbital velocity is usually small, so the orbital velocity can be approximated
as zero.

3.1.4. Doppler Shift of the Platform Motion

The Doppler shift caused by the platform motion changes with the rotation of the antenna
scanning beam at a fixed incidence angle [10]. For convenience, the Doppler shift for the varying
azimuth angles can be written as:

2
fr= % cos 0 sin ¢ (10)
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3.2. Practical Model of the Doppler Centroid Shift

In the practical model of the Doppler centroid shift, after compensating for the aircraft platform
motion based on the high-precision inertial measurement unit (IMU) and Global Position System
(GPS), which record the antenna position parameters, there remain some errors, as follows:

(1) When estimating the Doppler centroid shift by applying the clutter lock method based on the
energy gravity center of the Doppler spectrum of the real data [35], there exists an estimation
error of the Doppler centroid shift, and the estimated Doppler centroid shift can be represented
as fe.

(2) When compensating the platform motion according to Equation (10) for all slant range cells in the
same wave beam, there will exist a compensation error A f, which contains the compensation error
of the incidence angle Af, departing from the central slant range and the residual compensation
error induced by the azimuth pointing error Af,.

Therefore, after compensating the airborne platform motion and averaging the certain slant range
cells near the central slant range within the same wave beam to eliminate the effect of the orbital velocity
of the long waves, the practical mean Doppler model for each scan angle can be represented as:

(fe) = (Bfp) + (f) + (Fo) (1)

where < fe> is the estimated mean Doppler centroid shift, and (.) represents the mean operator,
Afp = Mo+ Afr.
3.2.1. Compensation Error of the Incidence Angle

For all range cells in the same wave beam, the Doppler shift caused by the platform motion is
compensated based on Equation (10). As a consequence, the Doppler shift includes a deviation from
the incidence angle departing from the central slant range after the motion compensation.

The residual Doppler shift for the slant range greater than the central slant range can be written as:

2’Up . va .
Afry = Tcos@sm(q)—i—Agol) - Tcos@sm(p (12)

where Ag; is the angle between the greater-than-central slant range and the central slant range.
As shown in Figure 1, we can obtain:

Htan ¢ + np,

(13)
\/(Htanqo +np,)? + H2

sin(g + Agp) =

where p, is the range resolution and # is the number of range resolution cells departing from the central
slant range.
The residual Doppler shift for the slant range less than the central slant range can be written as:

2 2
Afr— = % cos@sin(p — Agy) — % cos 0sin ¢ (14)

where Ag, is the angle between the less-than-central slant range and central slant range. Meanwhile,

we can obtain:
Htan ¢ — np, (15)

sin(p — A¢y) = ;
\/(Htanqo —np,)” + H?

when np, < H tan ¢, the compensation error caused by the incidence angle can be neglected. However,

when the aforementioned condition is not satisfied, the compensation error cannot be neglected and

needs to be considered.
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3.2.2. Doppler Shift of Azimuth Pointing Error

In fact, as the airborne platform undergoes deviations from the ideal straight trajectory, the motion
compensation is based on the high-precision IMU and GPS data and is implemented during the imaging
processing stage. However, for a SAR system, the radar beam possesses a fixed azimuth pointing error.
Therefore, after the motion compensation of the airborne platform, the residual Doppler shift caused
by the azimuth pointing error can be calculated by:

20 20
Afa = Tpcos(9+A9) sing — TPCOSQSin(p (16)
where AB represents the azimuth pointing error. The aforementioned equation uses the Taylor series
expansion, and can be rewritten as:

Afa = —%vp sin 0 sin pAf (17)

3.3. Estimation of Sea Surface Current Velocity

Above all, after compensating the airborne platform motion and the Doppler shift caused by
the incidence angle, averaging the spatial scales for removing the orbital motions of the long waves,
substituting Equations (5) and (17) into Equation (11), and considering the azimuth pointing error
for the Doppler shift of the sea surface current velocity which uses the Taylor series expansion, the
estimated Doppler centroid shift f,, for each range cell can be rewritten as:

fm :fe_Afr:Afa+fc+fb
~ —2v,sinfsin pAd + 2 cos 0 sin ¢ (Uy + AOU) (18)
+2 sin 0 sin (U, — AOUx) + £,

where the range of m is from 1 to L, and L is the number of range cells.
Therefore, the estimated mean Doppler centroid shifts of the L range cells for N different scan
angles can be expressed in a matrix form and can be written as:

F = Ax (19)
where:

—2vpsinf;sing/A  2cosfysing/A  2sinf;sing/A 1
—2vpsinfsingp/A  2costpsing/A  2sinfsing/A 1

A= (20)
—ZUpsinGNsinq)/)\ 2cosfysing/A 2sinfysing/A 1
T
a:[Ae Uy + AOU, Uy — A6UL fh} 1)
N N n N T
E=[h f - fv] 22)

For the estimation of the unknown vector « of the Equation (19), we apply the LS method. We can
obtain the LS solution of &, which is expressed as:

i = (ATA) TATE (23)

By combining Equations (21) and (23), the azimuth pointing error, the along-track velocity
component, and the cross-track velocity component can be written as:

NG = &(1) (24)



Remote Sens. 2018, 10, 178 9of 16

_ &(2) —a(1)a(3)

= i(1)2 =
_ &(1)a(2) +&(3)

W a(1)2 26)

when neglecting the azimuth pointing error Af of the radar system, Equations (20) and (21) can be

written as:
2cosfising/A  2sinfsing/A 1

2costysing/A  2sinfrsing/A 1

A= (27)
2cosfysing/A 2sinfysing/A 1
T
a=| U U, fy | (28)
Similarly, by the LS method, we can obtain:
Ux = &(1) (29)
U, = a(2) (30)

Algorithm: The sea surface current estimation.

Input: Radar echo data
Output: Uy, Uy, A.
Forn=1: N
Process imaging and transform the data into the range Doppler domain.
form=1:L
Compute the Doppler centroid shift of every range cell fy,
after the motion compensation.
end for
Compute the mean Doppler shift as follows:

fi = <fm>
end for

Calculate Uy, Uy, A8 according to the LS method as follows:
f=Aa

4. Experimental Results and Analyses

4.1. Circular Scanning SAR Data

The datasets used herein were recorded by an airborne circular scanning SAR and collected on
11 January 2016 at 13:00 UTC in the Bohai Sea of China. The antenna of the system rotates at a scanning
rate of 30 degrees/s around the flight direction, as introduced in Section 2, and the key parameters of
the circular scanning SAR system are listed in Table 1. We selected 131 consecutive scan angles for
every 2.7 degree beam scan angle. Figure 6 shows the image for the radar beams over 360 degrees and
the two-dimensional swath approximates 12 km x 12 km (range x azimuth). It is clearly seen that the
imaging region is close to a circle, as shown in Figure 1.
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Table 1. Key parameters of the circular scanning SAR and sea surface.

Parameters Values
Antenna beam width(azimuth/pitch) 6.2/6.4 degree
Rader frequency 13 GHz
Range resolution 20m
Platform speed 130 m-s~!
Platform flight height 3000 m
Antenna scanning rate 30 degrees-s ™!
Pulse repetition frequency (PRF) 3000 Hz
Grazing angle of beam center 35 degree
Wind speed 78 m-s!
Sea state 3 level
Significant wave height 2.0m
Polarization HH

The sea surface parameters of the region of interest with 25 m water depth were measured via a
marine buoy system. The measured sea surface current velocity is 0.56 m-s— ! and the velocity field
is homogeneous. The key parameters of the sea surface measured by the buoy system are listed in
Table 1, and the sea state is calculated by Watts [36]:

Uy = 3.258%8, Hyy = 0.02412,

where uy, S, and Hy represent the wind speed, the sea state, and the significant wave
height, respectively.

Flight direction
.

Range

Azimuth

Figure 6. SAR image of the antenna rotating a circuit.

Figure 7a,c,e show the range Doppler images from 1.03 degree, 43.35 degree, and 89.91 degree
scan angles, respectively, and Figure 7b,d,f are the normalized Doppler spectra in the central slant
ranges corresponding to Figure 7a,c,e, respectively. If the sea surface is motionless, the Doppler
centroid shifts should be zero for different scan angles after compensating for the airborne platform
motion. However, as shown in Figure 7, it is clearly indicated that the Doppler centroid shifts are
nonzero. For the range Doppler images, the motion compensation is based on the central slant range,
and because the slant range cells departing from the central slant range include the compensation
error, the Doppler centroid shifts are not in accordance with the central slant range as indicated in
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Equations (13) and (15). Only when the scan angle is 0 degrees or 180 degrees is the Doppler centroid
shift consistent. Therefore, the Doppler shift induced by the incidence angle needs to be considered.
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Figure 7. Range Doppler images and normalized Doppler spectra in different scan angles: (a) Original

image at the 1.03 degree scan angle; (b) normalized Doppler spectrum for (a) in the central slant range;
(c) original image at the 43.35 degree scan angle; (d) normalized Doppler spectrum for (c) in the central
slant range; (e) original image at the 89.91 degree scan angle; and (f) normalized Doppler spectrum for

(e) in the central slant range.

4.2. Analyses of the Sea Surface Current Velocity Estimation

In this subsection, we mainly focus on verifying the effectiveness of the proposed estimation
method for the sea surface current velocity using real data from the airborne circular scanning SAR.
The data are range Doppler images over scopes of 360 degrees after compensating for the platform
motion. The actual sea surface current velocity is measured by the buoy during the collecting of the
data of the sea surface in the same region, and the measured sea surface velocity is 0.56 m-s~!, which is
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used to evaluate the validity and the estimation accuracy of the proposed method for estimating the
sea surface current velocity.

First, we process the imaging operation and obtain range Doppler data. We then calculate the
mean Doppler centroid shifts for different scan angles, as shown in Figure 8. The estimation accuracy
of the Doppler centroid shift is affected by the Doppler interval, which is calculated by the coherent
processing interval (CPI). The designed PRF of the radar system is greater than the Doppler bandwidth,
and the PREF satisfies the Nyquist sampling theorem. The Doppler interval is calculated by:

Af; = RPF/M

where M is the Doppler sampling number, M = CPI x PRF. In the aforementioned equation, if M is
too small, the Doppler sampling interval is quite large, resulting in a severe estimation error of the
Doppler centroid shift. Therefore, when designing the system, the sampling number should not be too
small to guarantee the estimation precision of the sea surface current velocity. The PRF of the data
used above is 3000 Hz, and the Doppler sampling number is 2048. In this case, the Doppler sampling
interval is 1.46 Hz.

60

40 |

20 |

-20 |

-40 |

Doppler centroid (Hz)

-60 |

-80

, , , , , , ,
-50 0 50 100 150 200 250
Scan angle (degree)

Figure 8. Estimated Doppler centroid shifts.

To verify the effectiveness of the proposed method, Figure 9 gives the curves of the estimated
line-of-sight velocities based on real data and the estimated line-of-sight velocities of the proposed
method considering and neglecting the azimuth pointing error by averaging seven range resolution
cells to eliminate the effect of the orbital velocity of the long waves. Note that the curve of the estimated
line-of-sight velocities considering the azimuth pointing error almost coincides with the curve of the
estimated line-of-sight velocities neglecting the azimuth pointing error in Figure 9. For a single azimuth
angle, only the line-of-sight velocity can be estimated. However, by utilizing different scan angles, the
sea surface current velocity can be extracted by the proposed method. When neglecting the azimuth

pointing error, the estimated along-track velocity of the sea surface current velocity is —0.25 m-s ™,

the estimated cross-track velocity is 0.78 m-s~!, and the sea surface current velocity is 0.81 m-s~!

(y/ U2+ U;). When considering the azimuth pointing error, the estimated along-track velocity of the

sea surface current is —0.23 m-s—!, the estimated cross-track velocity is 0.53 m-s~ 1 and the sea surface
current velocity is 0.58 m-s~!. The estimated azimuth pointing error is 0.0036 rad. Compared with
the measured sea surface current velocity of 0.56 m's~! from the buoy, when neglecting the azimuth
pointing error, the estimation value has a considerable deviation; but when considering the effect of the
azimuth pointing error, the estimated sea surface current velocity can be effectively improved and is
close to the real sea surface current velocity. Therefore, the azimuth pointing error should be considered
in order to acquire the highest possible estimation accuracy of the sea surface current velocity.
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Figure 9. Curves of estimated line-of-sight velocities.

The spatial averaging processing is carried out to remove the orbital velocity of the long waves,
but the choice of spatial scale will affect the estimation precision. Figure 10 shows the estimated sea
surface current velocities for averaging different spatial scales, and it is clearly demonstrated that if the
proposed method does not consider the spatial averaging processing, the estimated sea surface current
velocity has a larger error; if averaging over an appropriate spatial scale, the estimation error can be
minimized. Averaging 13 range cells, in this case, produces the minimum estimation error. Although
the estimation value still contains the additional residual velocity components induced by the orbital
motions of the long waves, the proposed method is practical. By the experimental analyses, we can
obtain the number of range cells by choosing the minimum estimation value for averaging different
range cells.
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Figure 10. Curve of the estimated sea surface current velocities for averaging different spatial scales.

In addition, for the two-scale model, the sea backscattering coefficient is related to the radar
frequency, incidence angle, wind speed, etc. Although the sea backscattering coefficient increases as
the frequency increases, the three responses have the same trends [37]. For moderate wind speeds,
the backscattering coefficients of the C-band, X-band, and Ku-band are similar [38]. As shown in
Figure 9, at the moderate sea state, the orbital velocity of the long waves can be approximated as zero
in Ku-band, which is close to that of the X-band.
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Compared with the estimated sea surface velocity of the dual beam [23,24], the velocity can be
written as:
cos B sin pUy + sin 07 sin U, = v;
cos th sin Uy + sin 6 sin pU, = v

As shown by the two equations above, the dual-beam technique only estimates the along-track
velocity and the cross-track velocity of the sea surface. We chose the two azimuth angles in the
near side-looking direction, and we can estimate the along-track velocity to be —0.97 m-s~! and the
cross-track velocity to be 0.43 m-s~!. When choosing the maximum and minimum Doppler centroid
shifts to estimate the sea surface current velocity [28], the sea surface current velocity is 0.82 m-s~ 1,
which is considerably different from the real sea surface current velocity. Therefore, according to the

comparison results, the proposed method can effectively improve the estimation accuracy.

5. Conclusions

In this work, we have proposed an effective technique to estimate the sea surface current velocity
in an airborne circular scanning SAR system. The effectiveness of the proposed algorithm has been
verified by the processing results of real data from the airborne circular scanning SAR. Compared with
the estimation method neglecting the compensation errors, because the compensation errors of the
Doppler shift caused by the azimuth pointing and the incidence angle are considered, the estimation
precision of the sea surface current velocity can be significantly improved. Meanwhile, compared with
the conventional method, which only applies two azimuth angles, the proposed method can obtain a
higher estimation precision.

Considering that the experimental analyses were performed at a moderate sea state and wind
speed, the proposed approach may not always be effective for all conditions. The effect of the orbital
motions of the long waves may not be averaged in the case of high sea states, strong current gradients,
or internal waves. Despite these limitations, the proposed method of the sea surface current velocity
estimation is valid and practical for use. How to estimate the sea surface current velocity in the case of
a high sea state will be studied in our future investigations.
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