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Abstract: For a spaceborne pencil-beam rotating Doppler scatterometer, its precision in measuring the
ocean surface motion depends on the Doppler centroid of the received signals. The Doppler centroid
is determined by the relative motion between the scatterometer and the ocean surface. This relative
motion includes contributions from satellite velocity, the phase velocity of resonant Bragg waves, the
orbital motions of ocean waves, and the ocean surface current. Subtracting the contribution of the
satellite platform velocity from the complex Doppler information is important for the application of a
spaceborne Doppler scatterometer in ocean surface current retrieval. In this research, we propose a
method for the platform velocity correction influenced by the Doppler centroid offset and analyze
the accuracy of this correction method. The method is based on the echoed signal model of a Doppler
scatterometer. Our results show that the offset could lead to a measurement offset of up to 0.02 m/s
when the beam width was 0.3°. For a 0.6° beam width, the maximum offset was 0.07 m/s. Thus,
with the high accuracy of the current spaceborne sensors’” measurement, the offset can be accurately
eliminated. In future applications and data processing algorithms, this effect should be considered.

Keywords: Doppler scatterometer; Doppler centroid; satellite velocity; ocean current

1. Introduction

Ocean surface currents play an important role in the air-sea exchanges of energy and
heat [1,2], pollution dispersion (e.g., oil spills) [3], global climate balance, and other factors
of scientific research and human activity security [4,5]. Given that the in-situ data are
unavailable or incomplete in spatial scale in many parts of the world [6], using satellite
data to directly measure the global ocean surface currents holds great importance and
application value.

Currently, the spaceborne altimeter is the main instrument for obtaining global geo-
strophically derived ocean surface current information [7-9]. However, the ability of an
altimeter to measure ocean surface currents is mainly limited to the quasi-geostrophic
currents in off-equatorial open ocean areas. Moreover, it has the disadvantage of a long
repeat observation period.

To overcome the disadvantages of spaceborne altimeters, researchers have proposed
using Doppler shifts to directly observe ocean currents, such as retrieving ocean current
information via spaceborne synthetic aperture radar (SAR) using the Doppler centroid
anomaly method [10,11] and the along-track interferometry method [12,13]. Examples
include ENVISAT’s Advanced SAR instrument [14] and the proof experiment for the
SEASTAR mission [15].

In recent years, Doppler scatterometers have drawn attention owing to their global
coverage and two-component surface velocity measurement ability [16]. The Doppler
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scatterometer is a new type of radar for ocean remote sensing that can measure the Doppler
frequency shift. The ocean surface current parameters (two-component surface velocity)
can be retrieved from the Doppler frequency shift of the received signal caused by the
motion of the ocean surface [17].

Thus far, experiments based on airborne platforms and oceanographic platforms
have been carried out globally on the mechanism of the Doppler scatterometer inversion
method and the verification of the measurement principle. The NASA Jet Propulsion
Laboratory developed a Ka-band pencil-beam Doppler scatterometer named DopplerScatt.
They carried out an airborne experiment over the Mississippi River plume and Barataria
Bay in 2017 and at the edge of a Gulf of Mexico Loop Current Eddy in 2018 [18,19]. Further,
the Marine Hydrophysical Institute RAS carried out an experiment to measure Doppler
frequency with a Ka-band Doppler scatterometer from an oceanographic platform in
the Black Sea [20]. They developed a semi-empirical Doppler GMF (KaDOP) from the
scatterometer data. The results confirm the ability of the Ka-band Doppler scatterometer to
measure the ocean surface currents.

Previous theoretical analysis and experiments have shown that the pencil-beam scat-
terometer with the Ka-band achieves good performance. However, it remains difficult
for us to obtain high-precision ocean surface current information from a spaceborne
Doppler scatterometer. For a spaceborne pencil-beam rotating Doppler scatterometer,
the pulse—pair method seems to be a reliable way to detect ocean surface motion [21].
However, its precision heavily depends on the correlation and the Doppler information of
the received signals.

The measurement accuracy of ocean surface currents required by scientific research
and other applications is 0.1 m/s [22]. To accurately obtain the ocean surface motion
information from the scatterometer signals, we need to subtract the contribution of scat-
terometer platform velocity; that is, we need to propose a method to correct the influence
of platform velocity.

Previous research has focused more on the surface current geophysical model function
(GMF) and the contribution of effects, including long-wave modulation, Stokes orbit
motion, and wind-driven ocean surface velocity, on the total Doppler frequency [18-20].
However, compared with a platform velocity of tens of meters per second under airborne
conditions [23], a spaceborne Doppler scatterometer operates at a high velocity (several
kilometers per second) [24]. This difference can lead to further complexity of signal
processing or poor accuracy in the measurement of ocean surface velocity. Therefore, the
correction of the platform velocity is important.

Currently, the precise orbit determinations (POD) mainly include Satellite Laser
Ranging (SLR) [25], Doppler Orbitography and Radio-positioning Integrated by Satel-
lite (DORIS) [26], Precise Range and Range Rate Equipment (PRARE) [27] and Global
Navigation Satellite System (GNSS) [28,29]. The SLR system can obtain the distance with
an accuracy of 0.5~5 cm. The DORIS system can obtain the distance with an accuracy
of 0.5 mm/s. The PRARE data include the distance and velocity, with an accuracy of
2.5 cm and 0.25 mm/s, respectively. The GNSS system can obtain the satellite height
with an orbit accuracy of 2 cm. Due to the high sampling rate, low cost, comprehensive
coverage, and continuous observation, GNSS technology has been widely used in satellite
orbit determination.

The Doppler frequency induced by satellite platform motion can be estimated using
the satellite platform attitude and velocity information; however, it requires an accurate
and precise measurement of the attitude and velocity information [11,17,18,30]. The effect
of the satellite’s attitude and velocity determinations on ocean current remote sensing has
been analyzed in recent research.

Hansen et al. emphasized the need to accurately correct bias caused by geometrical
Doppler shift prediction errors for ocean current retrieval using advanced synthetic aperture
radar (ASAR) data in 2011 [11]. After bias correction, the root meansquare error of the
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Doppler shift was 4.7 Hz for VV polarization, corresponding to a horizontal Doppler
velocity of 0.23 m/s.

Bao et al. considered the error induced by satellite attitude determination and velocity
errors as one of the sources of the ocean surface radial velocity error in their proposed
ocean current retrieval method [31]. The ocean current velocity error induced by satellite
attitude determination error could be as large as 0.25 m/s for a Ku-band scatterometer with
an accuracy of 0.002° of satellite attitude determination.

Ardhuin et al. evaluated the error budget that satellite attitude error induced on
the geometrical Doppler shift [24]. They pointed out that a specific algorithm is required
to stabilize and decrease the platform attitude error for their Ka-band radar altimeter
system. A strict satellite platform stability of 10~* is necessary to ensure an acceptable
radial velocity error.

Miao et al.’s results show that ocean current speed retrieval accuracy is sensitive to the
accuracies of satellite attitude determination and velocity [32]. With an accuracy of 0.001°
satellite attitude determination and 0.01 m/s for satellite speed accuracy, the total ocean
current velocity retrieval error induced by satellite attitude determinations (including roll,
pitch, and yaw) and velocity errors reached a maximum value of 0.16 m/s in the side-
looking direction and a minimum value of 0.11 m/s in forward- and backward-looking
directions. All these studies highlight the great importance of the accuracy of platform
velocity elimination for ocean current retrieval.

In this research, we propose a method for platform velocity correction influenced by
the Doppler centroid offset and analyze the accuracy of this correction method. The method
is based on the echoed signal model of the Doppler scatterometer.

The rest of this paper is organized as follows. The ocean surface velocity measurement
simulation process is introduced in Section 2. The velocity correction method of the
influence of the Doppler centroid offset is presented in Section 3. The effects of satellite
attitude and height determinations on the velocity correction are discussed in Section 4.
Finally, the conclusions are provided in Section 5.

2. Materials and Methods
2.1. The Echoed Signal Simulation Model

The echoed signal simulation model was proposed in our previous work [33]. We
assume that the spaceborne rotating pencil-beam Doppler scatterometer rotates clockwise.
Let the scatterometer height be H; the scatterometer platform velocity is vp; the radius
of the Earth is Rg; the beam width of the antenna is ; and the incidence angle and
azimuth angle are 0 and ¢, respectively. It is assumed that in the azimuth angle, 0° is
the along-track direction, and 90°/270° is the cross-track direction. Figure 1 shows the
observation geometry.

We can obtain the angle between the pencil-beam center and the near end of the beam by

Oy = sin~! [R%+Hsin<9 — g)} 1

E
The distance from the near end of the beam to the scatterometer is given by
Ry = {REZ + (Rg + H)? = 2Rg(Rg + H) cos [eN - (9 - g)} }0-5. )
Similarly, the angle between the pencil-beam center and the far end of the beam is

O = sin~! [%sin(@ + g” 3)
The distance from the far end of the beam to the scatterometer is given by

0.5

Rp = {RE2 + (Rg + H)? — 2Rg(Rg + H) cos [ep - (9 n g)] } @)
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Figure 1. Observation geometry of the spaceborne Doppler scatterometer.

To simulate the echoed signal within the footprint, we divide the pencil beam footprint
into grid nodes. Figure 2 shows the grid node division.

Scatterometer

Figure 2. Grid node division of the footprint. Point O is the geometric center, point C is the actual
Doppler centroid.

The pencil-beam footprint is divided into a 2D grid, where each grid node is at a
different radial distance to the scatterometer and a different Doppler frequency. The
distance from the ith grid node (x;, y;) to the scatterometer can be expressed as

Re(i) = [Re + Ri| , ®)

Here, R, is the radial vector from the scatterometer to the center of the footprint, and R;
represents the observation vector from the center of the footprint to the ith grid node.
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The incidence angle of the ith grid node can be expressed as

(6)

1| (Re+H)* +RE Ry (i)
0 = cos { s ZRE(REErH)L

The azimuth angle of the ith grid node can be expressed as

pi = COSl{ [( Htan gpcos 0 —x; - } (7)

— Htan @cos 8+x;)?+(Htan gsin 9+yi)z] '

The Doppler frequency is given by [34]

_ 2vcos @;sinb;

foli) = PR, ®)

Here, v is the radial velocity between the grid node and the scatterometer.
The amplitude of the echoed signal is determined by the radar equation [35]:

0.5

. 2 . i .
A0 = [t 0 ]

Here, P is the transmitted power, and G(i) is the antenna gain. We chose a Sinc antenna
pattern for the simulation. oy (i) is the backscattering coefficient related to the ocean surface
roughness and slope.

Note that the influence of the modulation of backscatter coefficient in Equation (9) on
the radial velocity measurement was analyzed in our previous work [33]. Therefore, we
do not consider the influence of backscattering coefficient modulation in the analysis of
the platform velocity correction in this research. The backscattering coefficient of each grid
node is uniform. Under this assumption, the echoed signal amplitude becomes

0.5
. PA2 N2 Ry (i
A = |G GO S 10

The echoed signal is the superposition of each grid node weighted by the echoed
signal power A(7). We use a sinusoidal signal model to measure the Doppler frequency
more accurately. Finally, the echoed signal is given by [36]

S=Y.5; =Y Ajexp{j2n[fc + fp(i) + flti}, (11)
where f. is the carrier frequency.

2.2. The Pulse—Pair Method

In Section 2.1, we simulated the received signal, so measuring the Doppler frequency
(fp) from the signal is the next step. For the rotating pencil-beam Doppler scatterometer, the
pulse—pair method is used to obtain the radial velocity effectively via theoretical analysis
and airborne validation experiments [21].

The principle of the pulse—pair method is to calculate the phase difference of two re-
ceived signals to estimate the radial velocity. The pulse—pair method only involves signal
processing in the time domain. Because of this simplicity, it is widely used for estimating
Doppler frequency from backscattered signals in Doppler weather radar [37,38].

We assume that the two received signals are S; and S5, the radial velocity between
the scatterometer and the ocean surface is v, and the interval of the two signals is AT. As
shown in Figure 3, during time interval A7, the relative position of the scatterometer and
the ocean surface changes owing to the radial velocity (v). The change in the position leads
to a phase difference of the two adjacent signals. By measuring the phase difference, we
can obtain the radial velocity information.
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Figure 3. The principle of the pulse—pair method. Point 1-3 are three points at the same time in the

two pulses to show the phase change between two pulses.
The change of distance can be expressed as

Ar = vAT.

The Doppler frequency of radial velocity is

The phase difference is given by

4toAT

Ap =21tfAT = 3

The two adjacent signals can be written as

1= Arexplj(27ft + ¢o),

Sy = Azexp[j(2mtft + Ap + ¢o)],

(12)

(13)

(14)

(15)

(16)

where A and Aj are the echoed signal amplitudes determined by Equation (10), and ¢y is

the initial phase.

The complex correlation coefficient of two signals (I') is given by

r =s;-5

= A1exp[—j(27ft+ @o)] - Azexp[j(27ft+ Ag + ¢o)]

= A1Arexp(jAg).

(17)
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The interference phase (¢pp) is the argument of the complex correlation coefficient,
and it is given by
_1[Im(T)
1
1
Ppp = tan {Re(l") ] , (18)

Here, ¢ reflects the phase difference between pulses within the pencil beam of the Doppler
scatterometer. If the relative motion is stable, a linear relationship exists between the phase
difference and Doppler frequency. Therefore, the Doppler frequency (f,,) obtained from
the pulse—pair method can be expressed as

_ b [ Im(D)
Jor = gz tan [Re(l‘)}' (19)
where 7 is the interference interval. Then, the radial velocity can be obtained as follows:

foph
Opp = =5, (20)

where A is the wavelength.

2.3. Process of Measuring Ocean Surface Motion

The process of measuring ocean surface motion using the pulse—pair method was
simulated with the model introduced in Sections 2.1 and 2.2 to evaluate the measurement
error. The simulation process is shown in Figure 4.

Platform Motion Platform Motion
— >
Parameters Phase
Simulation Antenna . Ocean Surface
Parameters Pattern d 1S et Ao Subtraction Motion Phase
Observation Signal of Received Pulse-pair Interference
Geometry Each Grid Signal Method Phase
v \ 4
Actual Measured
Ocean Surface Velocity Error Evaluation » Ocean Surface
Velocity Velocity

Figure 4. The process of measuring ocean surface motion.

We evaluated the pulse-pair method measurement errors under the spaceborne condi-
tion using the simulation model described above to analyze the effect of modulation and
platform velocity. The parameters for this spaceborne condition were chosen to simulate
the spaceborne Doppler scatterometer (DOPS) in the ocean surface current multi-scale
observation mission (OSCOM) [22]. The key parameters are shown in Table 1.

Table 1. Key parameters of the simulation condition.

Parameters Value
Platform Height (km) 520
Platform Velocity (m-s~1) 7000
Signal Frequency (GHz) 35.6
Beam Width (°) 0.3 (Ka)/0.6 (Ku)
Antenna Size (m) 1.5 (Ka)/0.8 (Ku)
Pulse Width (us) 50
Pulse Repetition Time (ys) 100

Incidence Angle (°) 46
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Using the echoed signal model and the pulse—pair method introduced in Sections 2.1 and 2.2,
we could obtain the interference phase related to the platform motion and the ocean sur-
face motion. First, we can calculate the theoretical ocean surface velocity v,go from the
simulation parameters

Urso = (vf + vy + vc)sinecosgo. (21)
where v ¢ is the wind-driven drift velocity [39]

v = 0.03 Upg s, (22)

Here, U9 5 is the wind speed at 19.5 m above the ocean surface.
vy is the Stokes orbital velocity of the large-scale waves caused by the ocean surface
gravitational waves [40].

UV = wpr (%)2 (23)

Here, K, and H, are the wavenumber and wave height of a fundamental wave. The
fundamental wave corresponds to the wave at the spectral peak, related to the wind speed
above the ocean surface. w, = 271/ T) is related to the gravitational acceleration and wind
speed, and v, is the current velocity.

Then, we simulated the echoed signals by the model introduced in Section 2.1. The
radial velocity v between the ocean surface and the scatterometer in Equation (8) is

U = 050 + Upsinfcosg, (24)

where v), is the platform velocity.

From two echoed signals, we can obtain the radial velocity using Equations (18)—(20)
introduced in Section 2.2. To separate the ocean surface motion information from the
measurement results, we subtracted the platform velocity contribution as follows [18]:

_ 1 (opph -
Uy = sin@<4m.' vpsinfcosy |, (25)

Here, 6 is the incidence angle; ¢ is the azimuth angle; ¢, is the interference phase; 7 is the
interference interval.

Parameter v, eliminates the contribution of platform velocity. It includes several
effects, such as long-wave modulation, Stokes orbit motion, and wind-driven ocean surface
velocity. In our evaluation of the radial velocity error, we primarily focused on the Doppler
frequency related to the total ocean surface velocity (v,s), which encompasses the combined
effects of wind and waves. By comparing the measured radial velocity v,5 compared with
the theoretical velocity v,sp, we can evaluate the measurement offset.

We attempted to eliminate the effect of platform velocity using Equation (25) and
found that this could result in a significant measurement error in the spaceborne scenario
owing to the offset of Doppler centroid. Under the conditions of a spaceborne platform, an
offset was observed between the radial velocity measured by the pulse—pair method and
the real ocean surface velocity.

Figure 5a shows the measured radial velocity with beam widths of 0.3° and 0.6° and
the theoretical velocity. Figure 5b shows the radial velocity offset with beam widths of 0.3°
and 0.6°. The maximum offset was 0.02 m/s when the beam width was 0.3°. For the 0.6°
beam width, the maximum offset was 0.07 m/s.

In the next section, we analyze the sources of the offset and propose a method for
platform velocity correction.
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Figure 5. (a) The measured radial velocity v,s compared with the theoretical velocity v,gy. (b) Radial
velocity offset.

3. The Velocity Correction Method
3.1. Analysis of the Doppler Spectrum

To analyze the velocity offset, we analyzed the Doppler spectrum within the beam
width in the along-track direction. From the received signal, we could obtain the Doppler
spectrum from the Fourier transform of the received signal (S) with Equation (11). First,
the carrier frequency was removed as follows:

Sp = S-e et = Y Ajexp{j2n(fp(i) + flt:}. (26)

The Doppler spectrum (F},) is the Fourier transform of the signal Sp

+o00 .
EL(f) = / Spe27ftap. 27)

Before the analysis of the Doppler spectrum, the platform velocity contribution is
subtracted as follows:

Fp(f) = Fp(f) — vpsinfcosg. (28)

For simplicity, we first considered that the echoed power of the signal is not modulated
by the antenna pattern.

Figure 6 shows the Doppler spectrum of the received signal in the footprint. The
theoretical Doppler centroid f,sg in Figure 6 is calculated from the theoretical velocity v,gg
in Equation (21):

frso = 20;\50- (29)

For a middle wind speed (10 m/s), when the current velocity is set to 0.1m/s, the the-
oretical Doppler centroid f,sg is about 194 Hz. The Doppler spectrum was not symmetrical
about the theoretical Doppler centroid but had a certain skewness. The asymmetry made
the Doppler spectrum centroid of the footprint (solid line) and the theoretical Doppler
centroid (dashed line) unequal. Therefore, when we used the theoretical Doppler centroid
of the beam for platform motion correction in the process of measuring ocean surface
motion (Section 2.3), the measured ocean surface velocity would be offset.

Figure 7 shows the equidistant line of the footprint. Because the footprint had a certain
width, the equidistant line of the panel in the azimuth direction was not perpendicular to
the observation direction, which led to the Doppler centroid in the footprint being closer to
the scatterometer than the geometric center of the beam.

The geometric center of the beam could not be equivalent to the Doppler center
of the beam. Therefore, we used the actual Doppler centroid instead of the geometric
center to correct the platform velocity. This Doppler centroid offset was not handled
in the process of measuring ocean surface motion introduced in Section 2.3. For the
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combined Doppler frequency obtained by the pulse—pair method, the platform Doppler
frequency corresponding to the geometric center of the beam was simply subtracted, so the
measurement result had an offset value that could not be ignored.

%107

Probablity

+Theorical Centroid

Real Centroid—

-2 =15 ;1 -0.5 6 05 ; 1.5 2
Doppler Frequency / Hz

Figure 6. Doppler spectrum of the received signal in the footprint.
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Figure 7. Equidistant line of the footprint.

The above analysis of Doppler centroid offset did not factor in the antenna pattern
modulation. When we considered the antenna pattern modulation effect, the energy of
the Doppler frequency at the beam geometric center was the highest, and the energy
gradually decreased with the increase in the distance between the grid node and the beam
geometric center.

Figure 8 shows the offset considering and not considering the antenna pattern modu-
lation. If the antenna pattern was the Sinc pattern, the antenna pattern modulation would
reduce the energy of the actual Doppler centroid, resulting in the further offset of the
measurement results. The offset reached a maximum of £0.018 m/s in the along-track
direction without antenna pattern modulation; when we factored in the antenna pattern
modulation, the offset increased further, and the maximum was about +0.025 m/s in the
along-track direction.
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For the ocean surface current measurement, the requirement of overall measurement
accuracy was 0.1 m/s. The offset accounted for 25% of the accuracy requirement. Therefore,
we had to conduct further analyses of this offset and propose a method for correcting the
platform velocity accurately.

3.2. Offset between Doppler Centroid and Geometric Center within Footprint

As shown in Figure 2, the actual Doppler centroid of the beam (point C) was the
centroid of the Doppler frequency on the equidistant line where the geometric center
point O of the beam center was located. The distance between the actual center of the beam

and the platform R, is given by
H B
R = C()SGCOS<2) (30)

Then, the incidence angle (¢) and azimuth angle (¢¢) of the actual centroid C are
given by

1[ cosO

0c =cos | —— |, (31)
cos ( g)
¢c = ¢- (32)
The offset of radial velocity can be expressed as
00(0, ,vp) = vp(cos@sing — coscsinbc)
cos? (g) —c0s20 (33)

= vpcose | sinf — W
Figure 9 shows that the offset in the cross-track direction was 0, while the offset in
the along-track direction was the largest. With the increase in incidence angle, the offset
decreased from 0.036/s at a 30° incidence angle to 0.007 m/s at a 60° incidence angle.
Using the satellite platform velocity and the observed geometric parameters, we
subtracted the platform velocity under the influence of the Doppler centroid offset. The
velocity correction v (6, ¢, vp) was the reverse of the offset v, (6, ¢, vp):

UC(GI (P/ UP) = _00(9/ 4)/ UP)' (34)
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Figure 9. Radial velocity offset (v,) with azimuth angle and incidence angle.

In this case, the subtraction of platform velocity (Equation (25)) becomes

1 A
Urs = = <(PPP - l'vp - UC<91 @, 'UP)) . (35)

"~ sind

3.3. Offset Considering Antenna Pattern
Assume that the antenna adopts a Sinc pattern [41], the following holds:

(36)

2
__ [sin(2.7730/ Bg) 1% | sin(2.773¢/ By)
G(e’(”)_GO{ 2.7730/ Bo ][ 2773¢/By |’

where Gy is the antenna gain; 0 is the incidence angle; ¢ is the azimuth angle; and By and
By are the beam width in the incidence and azimuth directions, respectively.

Figure 10 shows the antenna pattern. At the edge of the beam, the amplitude was half
of the maximum.

100 |

Amplitude

0.15

0

-0.15 —0.15
‘Hﬁs/deg (fﬁldeg

Figure 10. Antenna pattern with an antenna gain of 20 dB and a beam width of 0.3° in both the
elevation and azimuth directions.

The incidence angle (0c) and azimuth angle (¢¢) of the actual Doppler centroid are
given by Equations (31) and (32). So, the antenna gain of the Doppler centroid is given by

Gc = G(0c, ¢c)- (37)

and the correction of the platform velocity is given by

G
e (8,9, 0p) = —voc (6, 9, vp) = —G—gvo(e, 9, 0p). (38)
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Using Equation (38), we can calculate the offset of the Doppler centroid, considering
the influence of antenna pattern modulation. Figure 11 shows the offset of the radial
velocity with a beam width of 0.3° at different incidence angles and azimuth angles. The
offset reached the maximum in the along-track direction. With the increase in incidence
angle, the offset decreased gradually, from the maximum, 0.01 m/s at a 30° incidence
angle, to the minimum, 0.004 m/s at a 60° incidence angle. Compared with the offset
without antenna pattern modulation, the offset with antenna pattern modulation increased
by about 65%.

Radial Velocity Offset/ m-s ™"

Azimuth Angle / deg

Incidence Angle / deg

Figure 11. Offset of the Doppler centroid, considering the influence of antenna pattern modulation
with incidence angle and azimuth angle.

4. Discussion

In Section 3, we established the correction method of platform velocity. From
Equations (33) and (34), it can be seen that the incidence angle, azimuth angle, and satellite plat-
form velocity affect the correction accuracy. Next, we further analyze the correction accuracy.

According to the total differential equation, the correction error can be deconstructed
into the errors of the above-mentioned factors, as follows:

0v:(60, ¢, vp) NG+ 9v:(0, ¢, vp) Ag+ dvc(6, ¢, vp)

a0 Y dop Ao 9

Avc(6, ¢, vp) =

where Af is the measurement error of incidence angle, A¢ is the measurement error of
azimuth angle, and Avp is the measurement error of satellite platform velocity. Next, we
analyze the error caused by each determination.

4.1. The Derivative of Determinations
4.1.1. The Derivative of the Correction Velocity to the Incidence Angle

From Equations (34) and (39), we can obtain the following derivatives:

1/ cos? (g) —cos20

dv:(0,90p) __ 9 .
SeSptl = & | —vpcose | sinf — COS(@)
(40)

cosfsind
cos ( g ) \/cos2 (g) —cos20

As shown in Figure 12, the effect of incidence angle determination on the platform
velocity correction reached the maximum in the along-track direction (0°). With the increase
in the incidence angle, the effect decreased.

= —vpcosg | cost —
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40

Azimuth Angle / deg Incidence Anale / dea

Figure 12. Derivative of the correction velocity to the incidence angle.

4.1.2. The Derivative of the Correction Velocity to the Azimuth Angle

The derivative of the correction velocity to the azimuth angle is calculated using
Equation (41). Figure 13 shows that, contrary to the incidence angle determination, the
azimuth angle determination had the greatest impact on the platform velocity correction
in the cross-track direction (90° and 270°). With the increase in the incidence angle, the
effect decreased.

cos? (g) —cos20

dve(09vp) _ 9 | _ ing —
e~ = g4 | ~vpcose | sin e

(41)
' cosz( g) —co0s26
= vpsing | sinf — W

0.04

40

Azimuth Angle / deg Incidence Angle / deg

Figure 13. Derivative of the correction velocity to the azimuth angle.

4.1.3. The Derivative of the Correction Velocity to the Platform Velocity

The derivative of the correction velocity to the platform velocity is calculated with
Equation (42). Figure 14 shows that the effect of platform velocity determination on the
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platform velocity correction reached its maximum in the along-track direction (0° and 180°).
With the increase in incidence angle, the effect decreased gradually.

cos? (g) —cos20

dwc(090p) _ 9 |_ ing— L— >~ _
Jdup ~ Jdup vpcosg | sinf COS(%)
(42)
= —cosg | sinf — W
2

Azimuth Angle / deg Incidence Angle / deg

Figure 14. Derivative of the correction velocity to the platform velocity.

Moreover, comparing the size of each component, we found that the maximum values

of avc(%’g’ 0p) and av”(g’(P’UP ) were similar and that the maximum value of %ﬁ’w’) was four

orders of magnitude smaller than the former two.

4.2. Contribution of the Satellite Attitude

The measurement errors of the incidence angle and azimuth angle are caused by
satellite attitude determinations. The satellite attitude contains the pitch, yaw, and roll
Thus, we had to convert the satellite attitude (i.e., yaw, pitch, and roll) into the incidence
angle and azimuth angle. The transformation matrix can be written as follows [42]:

I, = T,y,-T";,T;,
[ cospy —sinyy, 0 cosp, 0 siny, 1 0 0
= | singp, cosypy, O 0 1 0 0 cosyp, —siny,
0 0 1 —siny, 0 cosyy 0 siny, cosiyy (43)

[ cospycosyy, — singysingpsing,  —sinypycosyp,  cospysing), 4 sinyycosppsingy
= | simpycosy), + cosppysingpsing,  cosypycosypr  simpysing, — cosp,cosypsing,
—cospysinigy siny, cospycosipp

According to the transformation matrix, we could transfer the yaw /pitch/roll param-
eters to the incidence/azimuth parameters; thus, we could analyze the error of the radial
velocity correction.

4.2.1. Yaw

5
With a yaw angle of iy, the radial direction vector Rly can be written as follows:

- —
R/ =TyR
cosypy —singp, 0 sinfcosg sinfcos (¢ + y) (44)
= | singy c051l)y 0 sinfsing | = sinesin(goth,by)

0 0 1 —cos6 —cos6



Remote Sens. 2023, 15, 5541 16 of 23

—
Then, the incidence angle 8y, is the angle between the radial vector Rly and the radial

N
vector from the scatterometer to the nadir point R, = (0,0, —1), and is given by

- =
0y = cos ! (Rly -Rn> =0. (45)

The azimuth angle ¢, can be expressed as follows:

1 ( sinBsin(¢ + )
=tan ! ———— | = . 46
Py an (sichos((p + l,l)y) 9ty (46)
The error caused by ¢, is given by
Aby =0y, —0, Apy = ¢y — ¢. (47)

4.2.2. Pitch
Like the yaw, with a pitch angle of ¢, the radial direction vector is given by

N

R = TR,
cosyp, 0 siny, sinfcos¢ sinfcospcosy, — cosbsiny,
= 0 1 0 sinfsing | = sinfsing .
[ —singp, 0 cosy, } { —cosf } { —sinfcosgsiny, — cosbcosyp, ]
(48)
The incidence angle 6, is given by
- =
6, = cos™! (Rly ~Rn> = cos ™! (sinfcosgsiny, + cosbcosyy). (49)

The azimuth angle ¢, can be expressed as follows:

L sinfsing
¢p = tan (sinecosq)compp — cosfsiny), ) (50)

The error caused by ¢, is given by
4.2.3. Roll
Similarly, with a roll angle of i, the radial direction vector can be expressed as follows:
- -
R = T)R,

1 0 0 sinfcos¢ sinfcos¢ (52)
= |0 cosyp, —siny, | |sinfsing | = |sinfsingcosy;, + cosbsiny; | .
0 siny, cosy, —cosf) sinfsingsiniy, — cosfcosip,

The incidence angle 6, is given by
- =
0, = cos ! (Rl’~Rn> = cos ™ !(—sinfsingsing, + cosOcosiy). (53)

The azimuth angle ¢, can be expressed as follows:

~ tan-l sinfcoscostp, + cosfsini, (54)
or = sinfcos¢g '
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The error caused by 1, is given by

NG, =06, —0, Apr = ¢ — . (55)

The variations in incidence angle and azimuth angle errors caused by the yaw, the
pitch, and the roll with the azimuth angle are shown in Figure 15. For the scatterome-
ter attitude determinations, a determination of 0.0005° is reasonable for high-accuracy
star sensors [43]. Therefore, we set the yaw, pitch, and roll determinations to 0.0005° in
the simulation.

5 T T T T T T T 6 T T T T T T T
e N,
/ N\, Yaw Yaw | |
4t / N T | Pitch P < | | | | | Pitch
P \ Roll 4 e N Roll
3r 4 \ 4 \
‘\‘ // \\
2 \ /
\ oL/ \
L \ / \
/ \\\ / \\
D 0 / \ S ok \
< Fi| \ < \ /|
Vi \ \ Y4
-1r \ \, /
/ \ -2t \ V4
-2F \ \,
7 \ \ l/
\ h ¥
—3} // \ 4l \ /
/ \ N 7
B \ N
5 // L L L L s £l 1 \\\ -6 L L L L " " "
0 45 9 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
Azimuth Angle / deg Azimuth Angle / deg
(@) (b)

Figure 15. Effects of the scatterometer attitude determinations on (a) incidence angle error and
(b) azimuth angle error.

As shown in Figure 15a, for the incidence angle error, the yaw determination had no
effect, while the effect of roll determination on the incidence angle reached the peak in the
cross-track direction (90° and 270°), and the pitch determination’s effect on the incidence
angle reached the peak in the along-track direction (0° and 180°). For the azimuth angle
error in Figure 15b, the yaw determination effect was constant; it did not change with the
azimuth angle. The roll determination effect on the azimuth angle was the largest in the
along-track direction, and the pitch determination effect on the azimuth angle was the
largest in the cross-track direction.

With the transformation of the determinations, we can calculate the effects of satellite
attitude determinations on the correction error from Equation (39).

Figure 16 shows the effects of each satellite attitude determination on the error of
correction. The effect of yaw determination on the error of correction reached the peak in
the cross-track direction, and the effect of pitch determination reached the maximum in the
along-track direction. The effect of roll determination reached the maximum in the 45° and
135° directions, and its effect became 0 in the along-track and cross-track directions. The
effects of satellite attitude determinations were at a consistent order of magnitude.

4.3. Contribution of the Platform Velocity
The measurement errors in the satellite platform velocity were caused by the satellite

orbit altitude determination. To analyze the contribution of platform velocity to the mea-
surement error, assuming that the satellite orbit is circular, we can describe the relationship
between platform height (H) and platform velocity (v,) as follows:

o GM
P~V H+Rg"

(56)
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Figure 16. Effects of each satellite attitude determination on the error of correction. (a) Yaw. (b) Pitch.
(c) Roll.

The error of platform velocity can be expressed as follows:

G
iz AH = ——YOM (57)
15 :
dH 2(H+Rg)

Avp =

As shown in Figure 17, similar to the satellite attitude determinations, the effect of

platform velocity determination was on w

Equation (39) could be written as follows:

-Avp only. Thus, the correction error

\/cos2 (g) — cos20
cos(g)

As shown in Figure 18, the correction error increased with the satellite platform height
error. In the cross-track direction, the effect of platform height determination on correction
error reached the maximum. High-precision satellite height measurement sensors could
reduce the error to 10 m [44], so the maximum was less than 2 x 10~ 8m-s~!. This is much
smaller than the correction.

Avey = —cosg | sinf — -Avp. (58)
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Figure 18. Effect of satellite height determination on the correction error.

4.4. Total Effects of Satellite Attitude and Height Determinations on the Correction

The yaw, pitch, roll, and platform height determinations are random and mutually
independent variables, so the correction errors caused by scatterometer attitude and height
determinations could be expressed as follows:

Avc(er @, UP) = \/Avcy2 + Avcp2 + Avcrz + Avcsz (59)

where Avey, Avey, Aver, and Avey denote yaw, pitch, roll, and satellite platform height
determination, respectively.

The total effects of determinations above with beam widths of 0.3° and 0.6° are
shown in Figure 19. Figure 19a shows that with a beam width of 0.3°, using current
high-precision satellite attitude and altitude measurement technology, the overall error of
velocity correction could be reduced to 5 x 107> m/s. Figure 19b shows that for a beam
width of 0.6°, the overall error of velocity correction could be reduced to 2 x 10~* m/s.

The sensitivity of velocity determination to each determination and the error contribu-
tion of each determination under a 46° incidence angle are shown in Table 2.
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Figure 19. Total effects of attitude and height determinations on correction error. (a) 0.3° Beam width.
(b) 0.6° Beam width.

Table 2. Sensitivity of velocity determination to each determination and error contribution of each
determination under a 46° incidence angle.

Determinations Sensitivity Error Contribution
Yaw 1.61 x 102 8.05x 107®m-s~!
Pitch 1.55 x 1072 7.77 x 107 m-s~!
Roll 3.31 x 1072 1.61 x 1075 m-s~!

Platform Height 2.30 x 107° 6x 108 m-s~!

Compared with the required accuracy (0.1 m/s) of ocean surface currents, these
values are relatively small and can be ignored. Therefore, we can conclude that under the
measurement accuracy, the influence of the Doppler centroid offset on the ocean surface
velocity measurement can be accurately corrected by the correction method proposed in
Section 3.

5. Conclusions

For a Ka-band pencil-beam rotating Doppler scatterometer operating at a middle
incidence angle, the Doppler frequency of the received signal is mainly the relative motion
between ocean surface and the scatterometer. In this relative motion, the ocean surface
motion is the information we need. However, the platform velocity of the spaceborne
Doppler scatterometer is much higher than the ocean surface motion, so the high platform
velocity accounts for the main part of the Doppler frequency. The accurate correction of the
platform velocity contribution is the first and most important step for us to measure the
ocean surface velocity from the received signals of a spaceborne Doppler scatterometer.

To accurately correct the high platform velocity contribution, we established a simula-
tion model to analyze the platform velocity influence on the measurement. The model is
based on the spaceborne Doppler scatterometer’s observing geometry and the pulse—pair
method. We simulated the measurements under spaceborne conditions and found an offset
between the radial velocity measured by the pulse-pair method and the real ocean surface
velocity. We found that the offset source was the offset of the actual Doppler centroid
and the geometric center of the footprint. We established the correction method for this
offset and factored in the antenna pattern contribution. Also, we analyzed the effects of the
satellite attitude and height determinations on the correction accuracy.

Our study results confirm the importance of a high platform velocity on the ocean
surface velocity measurement, which affects the accuracy of the estimation of the ocean
surface motion. The offset could lead to a measurement offset of up to 0.02 m/s when the
beam width was 0.3°. For the 0.6° beam width, the maximum offset was 0.07 m/s. With
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the high accuracy of the current spaceborne sensors’ measurement, it can be considered
that this offset can be accurately eliminated. In future applications and data processing
algorithms, this effect should be considered.

Past studies have proven that ocean current speed retrieval accuracy is sensitive to the
accuracy of satellite attitude determination and velocity, and indicated the great importance
of platform velocity elimination to ocean current retrieval. Our study complements these
results, indicating that the offset of the actual Doppler centroid and the geometric center of
the footprint can affect the accuracy of the ocean surface velocity measurement. To estimate
the scatterometer motion’s contribution to the Doppler frequency of interest, we must
also measure the accurate scatterometer attitude and height parameters. Further, accurate
Doppler frequency estimation requires the development of a Doppler frequency model.
In parallel, the development of the related theory will also promote the development of
spaceborne sensors.
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