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Abstract—The rotating fan-beam scatterometer (RFSCAT) on-
board Chinese-French Oceanic SATellite (CFOSAT) due to launch
in 2018 is a new type of radar scatterometer system for ocean surface
wind vector measurement. It can give observations with more
azimuth and incidence angles for a single wind vector cell (WVC)
than other available scatterometers. This has been proved effective
in bettering the retrieved wind quality by the simulation approach.
However, its innovative observing geometry is challenging for the
coming in-orbit external calibration. In this paper, CFOSAT atti-
tude errors are estimated, and its antenna gain pattern is monitored
and verified based on the external calibration strategy of aKu-band
scatterometer employing calibration ground stations (CGSs). The
effects of satellite attitude errors on the measurements are also
analyzed, together with simulation results for the external calibra-
tion. It is shown that a gain pattern with accuracy of 0.08 dB and
attitude errors within 0.025 are achieved.

Index Terms—Attitude errors, calibration, calibration ground
station (CGS), rotating fan-beam scatterometer (RFSCAT).

I. INTRODUCTION

T HE NORMALIZED radar cross section (NRCS, )
measurements gained by spaceborne scatterometers have

been successfully applied for wind field retrieving. Results
estimated from a set of measured highly rely upon the
accuracy of measurements. Thus, postlaunch calibration and
verification have been drawn more attention for all the past and
present scatterometers. The first scatterometer in space was
SEASAT-A Scatterometer System (SASS) onboard SEASAT-
A satellite in 1978. After the success of SASS, the advanced
microwave instrument (AMI) on European Remote Sensing
Satellite ERS-1 and ERS-2 were launched in 1991 and 1995,
respectively. The National Aeronautics and Space Administra-
tion (NASA) SCATterometer (NSCAT), which was launched in
1996flown on theADEOS-1 satellite, was cut short by the loss of

the host satellite in 1997. As a follow-up to this mission, NASA
developed a new kind of scatterometer, SeaWinds, which used
rotating pencil-beam instead of the multiple fixed fan-beams of
SASS and NSCAT. SeaWinds had been successfully flown on
QuikSCAT and ADEOS-2. After AMI, Advanced SCATterom-
eter (ASCAT) onboard METOP-A and METOP-B satellites
were launched by European Space Agency (ESA) in 2006 and
2012. Recently launched Oceansat-2 SCATterometer (OSCAT)
by the Indian Space Research Organization (ISRO) and HY-2
SCATterometer (SCAT) by China’s National Satellite Ocean
Application Service (NSOAS) also succeeded in providing sea
surface wind vector data. All the ESA-developed scatterometers,
including AMI and ASCAT, operate at C-band, while others at
Ku-band.

Up to now, operational scatterometers can be classified into
two different types: 1) multiple fixed fan-beam scatterometers
(SEASAT-A/SASS, ADEOS-1/NSCAT, ERS/AMI, METOP/
ASCAT) and 2) rotating pencil-beam scatterometers (QuikS-
CAT/SeaWinds, ADEOS-2/SeaWinds, Oceansat-2/OSCAT,
and HY-2/SCAT). Rotating fan-beam scatterometer (RFSCAT)
is a new type that has more flexible views and larger observing
swaths than fixed fan-beam ones, thus have more advantages in
removing ambiguous solutions for wind retrieving [1], [2].
Moreover, it is not necessary to consider its beam balance for
RFSCAT, which is an important issue for multiple fixed fan-
beam scatterometers [3], [4]. Compared with rotating pencil-
beam scatterometer, RFSCAT can also give more diverse
observing views, since the spinning rate of RFSCAT antenna
is much lower than rotating pencil-beam type, which also shows
a potential improvement for the retrieval performance of wind
direction [2], [5].

The preliminary requirement of RFSCAT calibration is con-
sistent with QuikSCAT and its prior sensors, which demands an
accuracy of 10% or for wind speed and for wind
direction retrieval [6]. In-orbit calibration is one of the most
essential parts to achieve such accuracy. For RFSCAT, this is
realized by calibrations of in-orbit antenna gain pattern, espe-
cially the elevation parts, and satellite attitude errors estimation
as well [3].

Generally, three kinds of approaches can be adopted for
scatterometers in-orbit calibration to get an accurate gain pattern:
employing 1) active/passive calibration ground stations (CGSs)
[7]–[9]; 2) homogeneous land targets [10]–[12]; and 3) ocean
calibration method [4], [13]. Among them, active CGSs, i.e.,
transponders, provide very accurately known point target cross
sections and have been used by AMI, ASCAT, and NSCAT [7],
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[9]. Passive CGS, i.e., the CGS that does not transmit pulses to
the radar instruments but just listens and records the instrument
signals with satellites being unaware of its existence [8], [14],
was firstly adopted by QuikSCAT and SeaWinds.

This paper aims at designing suitable calibration procedures
for the coming RFSCAT onboard Chinese-French Oceanic
SATellite (CFOSAT) due to launch in 2018. Effects of the
satellite attitude errors on the calibration factor as well as
are analyzed based on the parameters of the RFSCAT onboard
CFOSAT. A simple calibration model based on CGSs is pro-
posed and verified by simulation to estimate each kind of errors
contribution to the backscattering measurements. In Section II,
measurement characteristics of this RFSCAT are described. The
effects of satellite attitude errors over RFSCAT calibration are
presented in Section III. Section IV introduces the calibration
model using CGSs. Simulation results are then presented based
on analysis employing three passive CGSs. Finally, conclusions
are summarized.

II. INSTRUMENTATION

The scatterometer onboard CFOSAT will be the first space-
borne RFSCAT for global ocean surface wind vector measure-
ment in application. The proposed scatterometer is a dual-beam
radar (VV and HH polarized fan-beams) operating at Ku-band
(13.256GHz) and flying on a polar-orbit at an altitude of 519 km.
The observation geometry of RFSCAT is shown in Fig. 1. It
transmits long pulses with linear frequency modulation, maps
power spectrum from the received echoes, and achieves fine
range resolution of about several-hundred meters. Resolutions in
azimuth dimension are determined by the antenna beamwidth.
Signals are further averaged in the elevation direction into 5-km
resolution cells before being transmitted to ground together with
the data of noise measurements and internal calibration. The
above-mentioned processing is adopted to reduce the data
amount transmission in the link between satellite and ground
segment. The dual-polarized (VV and HH) beams observe ocean
surface at angles ranging off-nadir with a mean
platform altitude of 519 km together, ensures an observation
swath of more than 1000 km.

There are a number of factors affecting the RFSCAT mea-
surement accuracy: 1) in-orbit antenna gain pattern, especially
the gain pattern in the elevation direction; 2) antenna gain
fluctuation due to the rotary joint; and 3) satellite attitude errors
[3]. In this paper, wemainly consider issues 1) and 3), while issue
2) can be removed using, e.g., tropical rain forest backscattering.
Rain forests (e.g., Amazon rainforest) exhibit remarkably ho-
mogeneous in their radar responses over a very large area despite
some spatial variability that can be ignored when a region of
spatially homogeneous response is carefully selected [15]. Based
on the calibrated antenna gain pattern and transmitted power
monitored by the internal calibration loop, variations of the
measured NRCS of the rain forest at certain points within the
footprint will be evaluated at different azimuth looking angles,
then the antenna gain fluctuation due to the rotary joint can be
estimated [12], [16].

The antenna gain pattern of RFSCAT is to be calibrated using
CGSs. To achieve high accuracy, the scatterometer would be

operating in a special calibrationmode that can be realized in two
ways. First, as the antenna spinning rate remains the same as
common mode (3.5 revolutions per minute), the pulse repetition
frequency (PRF) of calibration mode is set to be not less than
300 Hz, in order to meet the requirement of sampling interval of
0.05 . The PRF is much higher than that in normal mode
(150 Hz). An alternative progress is to make the antenna stop
spinning and operate at a fixed azimuth position; this requires a
PRF of no less than 15 Hz, which is decided by the ground speed
of the satellite [3]. The latter is employed in the method proposed
in this paper to avoid modification of the hardware system, since
PRF in this calibration mode can be kept the same as that of
normal mode, and CGS receives 75 pulses per second from each
antenna beam. A few minutes prior to illumination by RFSCAT,
the CGS’s antenna would be steered to the predicted direction
perpendicular to the satellite flight direction, and started to listen
to the RFSCAT transmissions passively. Meanwhile the scatte-
rometer would be switched into calibration mode, its antenna
would stop spinning gradually and fixed at the side-looking
direction finally. As soon as the CGS detects the characteristic
signals transmitted by RFSCAT, it would begin recording the
received pulse data.

III. THE REQUIREMENT OF CALIBRATION ATTITUDE ERRORS

The scatterometer transmits an electromagnetic pulse to the
surface and measures the echo power ( , the backscattered
signal with additive noise). To compute the backscattered signal
power , a separate noise-only measurement channel is de-
signed to acquire the noise power . Thus, is evaluated by

. The NRCS is calculated from the radar equation [10]

where is the calibration factor [10]

where is the transmitted power, is the wavelength of the
transmitted signal, and is the system losses, including

Fig. 1. Observe geometry of RFSCAT.
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atmospheric loss and the transmission loss associated with the
transmitting/receiving channels. denotes the location of obser-
vation, is the scatterometer antenna gain, is the
slant range from the scatterometer to the observed scene, and

is the response function of the system filter.
As satellite attitude changes, the integral interval on the right

side of (2) changes as well due to displacement of illumination of
the antenna beam over ground areas. Unknown attitude errors
will cause errors in factor, and consequently errors in ,
which need to be well determined during the data processing.
The attitude is usually expressed in terms of roll, pitch, and yaw,
defined in Fig. 2 [17].

When the beam is in the along-track direction, the existence of
pitch angle ( ) will lead the broad scatterometer antenna beam
center deviate from the predetermined angle which occurs
mainly in the elevation direction. The roll angle ( ) functions
similarly when the beam is in the cross-track direction. Both of
them will introduce estimating errors of the antenna gain and
finally into factor.

The satellite yaw angle ( ) is related with the beam azimuth
angle ( ) directly as

where is the antenna spinning rate in radians and is observing
time. introduces errors for both antenna azimuth position and
Doppler frequency estimation. These, in turn, result in errors in

factor and the spatial orientation of the resolution cells.
The factor errors act as a function of attitude errors and can

be estimated in (2) using the actual RFSCAT antenna pattern that
measured prelaunch in laboratory.While estimating the factor
errors due to attitude errors in one of the pitch, roll, and yaw
angles, the errors in the respective other two parameters are kept
zero. Fig. 3 illustrates the factor errors when the pitch angle
is presented while the broad beam of RFSCAT is pointing in
different look directions. The relations between the factor
errors and the roll angle are expressed in Fig. 4. The contour
lines display the factor errors in decibel. Figs. 3 and 4 are

plotted with the subsatellite position near the equator. It can be
observed that the factor errors are lowest near the boresight
direction, and getting larger when moving from the main lobe to
side lobes in the elevation direction. Therefore, the resolution
cells near the beam center have gain pattern of higher calibration
accuracy, whereas lower values appear far away from the beam
center. The factor errors caused by pitch angles are maximum
when the beam is in the along-track direction, and getting smaller

Fig. 2. Attitude definition sketches the (a) satellite position and (b) satellite
attitude.

Fig. 3. Relationship between factor errors (equivalently, errors) and attitude
errors caused by pitch angles when the beam is (a) in the along-track direction;
(b) in the middle of side-swath direction; and (c) in the cross-track direction,
respectively.

ZHU et al.: CALIBRATION AND ESTIMATION OF ATTITUDE ERRORS FOR RFSCAT USING CGSS 173



as the antenna rotates until when the beam is in the cross-track
direction, the values are minimum. Contrary to the factor
errors caused by pitch angles, those caused by roll angles are
minimum when the beam is in the along-track direction and
maximum when the beam is in the cross-track direction.

Fig. 5 shows the relationship between the yaw angle and the
factor errors, as well as the spatial orientation errors in the

azimuth direction for ground resolution cells. The beam is

assumed to be in the cross-track direction and the corresponding
subsatellite position is at the equator. The factor errors vary
similarly as the antenna rotates with those caused by roll angles.
The subresolution cells in a footprint realized by signal proces-
sing, i.e., slices, are numbered according to their positions within
the footprint. Slice 1 is closest to the nadir, slice 32 is near the
boresight of the antenna beam, and slice 57 locates farthest to the
nadir. The spatial orientation errors increase as the slice number
becomes larger. The relationship between attitude errors and the

factor errors vary with latitudes due to the changing slant
ranges with the latitudes [18].

It can be observed that the factor is more sensitive to the
attitude variations inducing a movement of antenna gain pattern
in the elevation direction than that in the azimuth direction.
To achieve the desired calibration accuracy of 0.15 dB for all the
measurements within the footprint, satellite attitude knowledge
of the order of 0.1 is necessary, which could be achieved
through the following method.

IV. CALIBRATION METHOD

A. Data Analysis Method

The parameters of the CGS proposed in this paper are listed in
Table I, which are selected considering a wide main beam to
minimize sensitivity to CGS pointing errors. The RFSCAT
transmits different linear polarized signals (HH and VV).
Differentiating signal polarizations will increase the complexity
of the CGS system. A circular-polarized antenna has been
adopted in this paper for it could always detect signals in different
polarizations, though the signal power that the CGS received
would be reduced.

Three CGSs are assumed to be applied located at T1 (95 ,
40 ), T2 (96 , 40 ), and T3 (97 , 40 ), respectively.
Based on the CFOSAT orbit parameters and the locations of
CGSs, the simulated pulse number that is acquired by CGSs
during a 13-day ground-track repeat cycle would be more than
6000, i.e., 6000 simulated pulse samples per 197 orbits. Not all
the datameasured during a 13-day period are used for calibration.
The side lobes of the RFSCAT antenna gain pattern that the CGS
measured would be too small in values, whereas the effects
of thermal noise on CGS received signals become relatively
very strong. A threshold is set to filter out the data under the
level. According to the configuration requirements of RFSCAT
antenna [19], all the measurements with respect to the scatte-
rometer antenna gain greater than 20 dB could be adopted by the
algorithm below for estimation.

The CGS-received power is calculated according to the
RFSCAT telemetry, the positions of CGSs, and the actual
antenna patterns of both RFSCAT and CGSs. The governing
equation is the one-way radar equation [7]

where is the powermeasured byCGSs, is the transmitted
power, is the wavelength of the signal transmitted by the
scatterometer, is the RFSCAT antenna gain, repre-
sents the antenna gain of CGS, is the slant range from the

Fig. 4 Relationship between factor errors and attitude errors caused by roll
angles when the beam is (a) in the along-track direction; (b) in the middle of side-
swath direction; and (c) in the cross-track direction, respectively.
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scatterometer to the CGS, and is the system losses of CGSs,
including atmospheric loss and the transmission loss associated
with the CGS’s receiving channel. is the thermal
noise in the receiving system of CGS. is the Boltzmann
constant. and are the system noise temperature and system
bandwidth of the CGS’s receiver, respectively. According to (4),
the signal-to-noise ratio (SNR) in the CGS’s receiver can be
approximated as follows:

To analyze the attitude errors impacts over the scatterometer
antenna gain pattern, we assumed that all the terms on the right
side of (4), except , , and , were constant in the
duration of a beam sweep. The value of was interpolated
from the premeasured gain pattern in the CGSs’ looking direc-
tion, which could be determined by their positions (from GPS),
commanded pointing directions and satellite position (from the
predicted ephemeris). The CGSs’ measurements used in the
algorithm corresponding to antenna gain of scatterometer are
greater than 20 dB, which typically have a SNR value of 30 dB or
higher calculated using (5). Thus, the noise power was
negligible in this algorithm. The mean SNR values of CGSs’
measurements averaged over azimuth angles at different inci-
dence angles is shown in Fig. 6.

The scatterometer gain pattern was estimated by transferring
(4) into the following form

The accuracy of estimated antenna gain pattern was deter-
mined by the knowledge of observing geometry calculated
according to satellite position (from the ephemeris), satellite
attitude, RFSCAT antenna deployment accuracy, and the CGSs’
positions (provided by GPS) [7]. is perturbed by thermal
noise of its receiving system, thus the occasional spurious signals
are filtered out prior to the calculation of scatterometer antenna
gain using (6).

The actual antenna gain of RFSCAT in the nominal antenna
coordinates was modeled as follows [20]:

where is the estimated antenna gain distortion function,
which is mainly due to mechanical and thermal deformation of
the antenna and the observing geometry fluctuations caused by
satellite attitude errors. is the prelaunch determined
antenna pattern. The postlaunch gain pattern was modeled
as a function of actual RFSCAT antenna coordinate in-orbit

TABLE I
SYSTEM PARAMETERS OF THE CGS

Fig. 6. Mean SNR values of the CGS samples at different incidence angles that
used in the calibration algorithm.

Fig. 5. Relationship between attitude errors ( ) and (a) the factor errors and (b) the spatial orientation errors in the azimuth direction for the ground resolution cells
when the beam is in the cross-track direction.
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( , ), and the satellite roll, yaw, and pitch angle: , , .
is one of the parameters of given below, which is

initially unknown but could be estimated from the CGS mea-
sured data .

The variation of the RFSCAT antenna gain pattern at point
( ), , is compared to the prelaunch antenna
pattern. The main lobe of the RFSCAT antenna gain pattern is
mainly interested in the in-orbit calibration and it is a smooth
surface. For the small in-orbit variation expected for RFSCAT at
point ( ), it could be expressed by a polynomial
model

where are the coefficients of the antenna gain distortion
function. and denote the orders of polynomial model in the
elevation direction and in the azimuth direction of RFSCAT
antenna, respectively. ) are functions of nominal
antenna frame coordinates ) and satellite attitude errors
as follows:

The attitude errors affect the point at ) in the
actual antenna frame coordinates, and in turn affect the antenna
gain distortion function. After attitude errors had been assessed,
simulation model could be perturbed by the estimated results.
Then resimulation could be conducted. The next step is to re-
estimate coefficients of the antenna gain distortion function .
Fig. 7 shows the simulation process for calibrating the RFSCAT
antenna gain pattern. The simulation processes are described as
follows.

1) Satellite passes each CGS.
2) CGS detects the RFSCAT signals, listens, and records the

pulse data.
3) Data processing, comparing the simulated data with the

actual CGS measured data.
4) Attitude errors estimation.
5) Final RFSCAT antenna gain pattern estimation.
6) The reporting of the calibration analysis results.

B. Attitude Errors Estimation

Attitude errors estimations would be difficult due to the many-
to-one mapping from the RFSCAT antenna gain pattern to the

received power, meaning there are many values of (
) which correspond to the same antenna gain value [14].

Fig. 8 shows the simulated RFSCAT antenna gain pattern for a
selected CGS sweep and the effects of attitude errors on the
antenna gain (error of 0.5 ). Estimations of attitude errors are also
limited by the knowledge of satellite and CGS positions as well
as other possible differences between the model and actual
operation.

With actual antenna gain pattern unknown which would be
dependent on satellite attitude, the desire for an unbiased esti-
mator is conducted in a variance-based approach. There are four
free parameters in the model, , , , and antenna gain
distortion factor , which is a constant related to the antenna
gain distortion function and used with (7) to estimate the attitude
errors due to unknown antenna gain distortion function. The
objective function is

where is the CGS-measured pulses number that is used in the
estimation algorithm, is the actual CGS measured data,
and is the simulated CGS data given in (7), where the
antenna gain distortion function is replaced by antenna gain
distortion factor . The estimation of is thus
given by

The objective function of (11) is minimumwhen the estimated
attitude errors are close to the actual situation. Minimization of
the objective functionwas performed by employing trust-region-
reflective algorithm. The CFOSAT satellite platform has an
attitude accuracy much better than within [21]. During the
estimation, we assume the attitude errors within .

C. Antenna Gain Pattern Estimation

When the attitude errors had been estimated, simulationmodel
parameters would be perturbed by these estimations and resi-
mulation could be conducted. Antenna gain pattern is then
calibrated using trust-region-reflective algorithm. The outputs
of this algorithm are the coefficients of the antenna gain distor-
tion function. The objective function is

where is the difference between CGS measured data and
the normal antenna gain pattern. is given by

where , , and are the estimated attitude errors of , ,
and , respectively, using (11). The estimation of is thus

Fig. 7. Flow diagram of the RFSCAT simulation process.
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Minimizing the objective function in (14), the coefficients of
the antenna gain distortion function are estimated. Finally, the
antenna gain pattern could be derived from the series of coeffi-
cients in (7). The root mean square (rms) residual of antenna gain
pattern is used to evaluate this estimation. The rms of the antenna
gain pattern is calculated using

First, the coefficient of the antenna gain distortion function
is estimated. Then the orders of the polynomial is gradually
increased, and the estimation is conducted in further iteration
until the rms of the antenna gain pattern would be small enough
or not get smaller obviously. At particular values of and , the
rms of the antenna gain pattern is the minimum and these values
of and were opted for the final choices for and . Finally,
the orders of the polynomial and are determined and the
coefficients of the antenna gain distortion function could be
estimated.

Bias errors would always exist in the determined ephemeris
and then it would be introduced into antenna gain estimation
error, which can be calculated using (16)

where is the bias error of slant range due to a bias error in the
determined ephemeris and is the bias error of antenna
gain pattern that is introduced by . Thiswould be discussed
in Section V.

Atmospheric loss would be another error that should be
considered. The total errors of the calibration using this calibra-
tion algorithm can be calculated as follows:

where is the total errors of the antenna gain pattern
estimated using this algorithm, is the effects of attitude
errors on factors, is introduced by residual of the
estimation of antenna gain pattern, is the bias errors

Fig. 8. Simulated CGS sweep showing the effects of attitude errors. (a) Yaw angle. (b) Pitch angle. (c) Roll angle. (d) Zooms in the plot of (c).
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introduced by slant range errors, and is the atmospheric
loss.

V. RESULTS AND ANALYSIS

All the data measured by CGSs are assumed to have been
gained in the same angular position to be same in ascending and
descending passes. Possible multipath effects are not included in
this simulation, since they are one of the most important con-
siderations in placement of CGSs and would be minimized
during their installations. The slant range to the near swath edge
for the RFSCAT onCFOSAT is always greater than 570 km. It is
reasonable to assume that the determined ephemeris is supposed
to have accuracy as 100 m. Then the bias error of slant range
introduced into antenna gain error would be less than 0.0015 dB
calculated according to (16). Atmospheric loss would be mainly
related with oxygen content and water vapor density in the clear
sky, which is another error source for the calibration. It could be
reasonable to assume that one-way loss in the atmosphere per
kilometer is about 0.0065 dB/km under the condition that the
relative humidity is 30% lower [22]. The height of the atmo-
sphere was assumed to be 12 km and the incidence angles of
RFSCAT beams range from 26 to 51 . Thus, the atmospheric
loss would vary between 0.0868 and 0.1239 dB. The constant
part in atmospheric loss will be compensated in the data proces-
sing. Thus, the variation of atmospheric loss that would be
introduced into antenna gain estimation error is about 0.0371 dB.

The RFSCAT footprint would sweep over the three CGSs 26
times during a 13-day period. Each time a set of data correspond-
ing to a single incidence angle could be acquired. Every single
incidence observation consisted of approximately 200 samples
in the along-track direction, which was estimated by simulation.
Finally, we would have acquired more than 5000 available
samples of antenna gain pattern measurements covering the
main lobe ( ) of the RFSCAT antenna pattern, as
these samples have higher SNR.

The attitude errors would affect the antenna gain distortion
function and they were estimated before the estimation of
antenna gain pattern. The transmission equation (one-way) had
been used to simulate the satellite and CGS contact situation.
According to the simulation process in Fig. 7, the satellite attitude
errors were estimated using the first model with corresponding
objective function . The simulation results indicated that the
satellite attitude errors could be estimated with an accuracy of
about for , for , and for . The rms
residual is less than 0.025 . Effects of attitude errors on the
factor as well as were less than 0.05 dB (as Fig. 9). The spatial
orientation error of the resolution cell is less than 200 m.

After attitude errors had been assessed, simulation model
could be perturbed by the estimated results. Then resimulation
could be conducted. The next step was to estimate the antenna
gain pattern. Minimizing the objective function , the coeffi-
cients of the antenna gain distortion function were estimated.
First, the coefficient was estimated and the rms of gain
antenna pattern was calculated using (15). Then the higher order
polynomial coefficients were estimated over further cycles ac-
cording to the rms values until the rms of the antenna gain pattern
would be small enough or not get smaller obviously. was set as
7 and as 9 for (9), since the rms of the antenna gain pattern was

minimum at these particular values of and . Finally, the
antenna gain pattern could be derived from the series of coeffi-
cients. Providing both attitude errors and the model coefficients,
the antenna gain pattern can finally be estimated using (7). The
rms residual of the estimation of antenna gain pattern was
calculated using (15) resulted as less than 0.05 dB. Taking the
slant range bias and atmospheric loss into account, the total errors
of the antenna gain pattern was less than 0.08 dB.

VI. SUMMARY AND CONCLUSION

In this paper, basic considerations of calibrating a RFSCAT
had been presented. Based on the CFOSAT parameters, the
effects of the satellite attitude errors on the calibration factor and
on were analyzed. A simple calibration model based on CGSs
was proposed and verified by simulation to estimate the con-
tributions of each kind of errors to the backscattering measure-
ments. The rms residual of estimated satellite attitude errors after
calibration had achieved less than 0.025 . The effect of satellite
errors on the calibration factor was less than 0.05 dB and the
spatial orientation error was less than 200 m. The simulation
results showed that the estimation accuracy of RFSCAT antenna
gain pattern would be less than 0.08 dB, indicating that CGS-
based calibration method was able to monitor and to verify the
status of the RFSCAT antenna gain pattern effectively. This
calibration approach could be used as a reference for the cali-
bration of RFSCAT and other scatterometers.

There were 26 observations of three CGSs and the largest
distance between adjacent two times was about 50 km. In the
future, more CGS stationswould be considered in order to reduce
the distance between two passing duration to get better results.
The weights of data used in the calibration could also be
considered since measuring results may vary with different
CGSs. And the next step of calibration for the RFSCAT on
CFOSAT would be eliminating of joint insertion loss through
rain forests.
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