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Abstract—The first rotating fan-beam scatterometer (RFSCAT)
will be launched onboard the Chinese–French Oceanic Satellite
(CFOSAT) in 2018. It provides a set of radar cross-section (σ0)
measurements at different azimuth/incidence angles over a wind
vector cell (WVC), in order to determine the near-surface wind
field using the backscatter model, i.e., the so-called geophysical
model function (GMF). The accuracy of the retrieved wind
vector is a sensitive function of the radiometric accuracy of
the σ0 measurements. Therefore, in-flight calibration, including
the loop-back (internal) calibration and the external calibration
performed with natural extended-area targets, is studied in this
paper. Several homogeneous areas over land are first analyzed
to check the stability and azimuthal dependence of the σ0 over
these areas. A new calibration mask of the homogeneous land
areas is generated and will be used by RFSCAT calibration.
Then a simple method of external calibration is proposed to
eliminate the azimuthal-dependent σ0 errors induced by the
insertion loss of the rotating joint, which can be applied to both
the rotating pencil-beam scatterometers and the coming RFSCAT.
The “observed” σ0 of RFSCAT is simulated using the Seasat-
A scatterometer (SASS) measurements and the “perturbed”
azimuthal-dependent σ0 errors. The latter is then tracked by the
proposed external calibration. The results show that the accuracy
of gain corrections is up to 0.2 dB, ensuring consistency between
different azimuthal measurements.

Index Terms—External calibration, homogeneous areas, in-
flight calibration, internal calibration, rotating fan-beam scat-
terometer (RFSCAT).

I. INTRODUCTION

S PACEBORNE scatterometers are known to provide fre-
quent coverage and wide-area measurements of ocean

surface wind vectors. The latter, as an essential ocean dynamic
parameter, improves the numerical weather predicting (NWP)
models [1], [2]. The direct acquirement of scatterometer is
the backscattered energy from the surface, which is then
transferred into the normalized radar cross section (σ0) using
the radar equation. After that, the equivalent neutral wind is
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retrieved from a set of σ0 measurements from diverse azimuth
angles, according to the geophysical model function (GMF).
Accuracy of the retrieved winds depends on the accuracy
of σ0 measurements. Therefore, precise calibration of those
quantities used to calculate σ0 through the radar equation is
required, which mainly includes calibration of the antenna
gain pattern, the atmospheric losses during the propagation of
electromagnetic waves, the transmitted power, and the internal
attenuation factors associated to the radar transmitting and
receiving paths.

The prelaunch calibration campaigns alone are not able to
achieve the desired accuracy of wind retrieval, i.e., ±2 m/s
or 10% for wind speed retrieval and ±20◦ for wind direction
retrieval. Thus, the postlaunch calibrations are used in all
the operational scatterometer missions. Primarily, an internal
calibration loop is designed to calibrate the transmitted power
and the internal attenuation factors. It is implemented by
coupling the transmitted power from the traveling wave tube
amplifier (TWTA) into the receiver with predetermined inser-
tion and attenuation losses. Besides, three key approaches of
the postlaunch calibration (mainly for the antenna gain) have
been drawn for the past and ongoing scatterometer missions,
i.e., homogenous extended-area targets, active and/or passive
ground calibration stations, and numerical ocean calibration
[3]–[7]. Regarding the first approach, potential calibration sites
must exhibit azimuthal-independent and spatially/temporally
stable radar response over a large area [8]. Kennet and
Li analyzed Seasat-A scatterometer (SASS) σ0 data, which
showed that Amazon and Congo rainforest, Sahara desert,
Antarctica, and Greenland ice sheets are remarkably homoge-
nous over a large area [8]. In this research, the backscatter
characteristics of these areas are reviewed using QuikSCAT
scatterometer image reconstruction (SIR) data provided by the
Scatterometer Climate Record Pathfider (SCP) and Level-1B
(L1B) σ0 measurements from the HY-2A scatterometer. The
second and third approaches have been well described by Yoho
and Long [9], Wilson et al. [6], and Stoffelen [7], which are
not presented in this study.

Rotating fan-beam scatterometer (RFSCAT) is a newly
proposed radar scatterometer system for ocean surface wind
vector measurement. The antenna beam sweeps the earth
surface in a conical observing style like SeaWinds, but covers a
much wider range of incidence angles. The first RFSCAT will
be launched onboard the Chinese–French Oceanic Satellite
(CFOSAT) in 2018. Comparing to the multiple fixed fan-beam
scatterometers and the rotating pencil-beam scatterometers,
RFSCAT has a more flexible observing geometry, i.e., the
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number of acquisitions and the observing azimuth angles vary
with the cross-track location of the wind vector cell (WVC).
This shows potential abilities in improving the accuracy of
retrieved wind vectors [10], [11]. Furthermore, the multiple
observations with different incidence angles over a certain
WVC open a way to study the rain impact on the backscatter of
radar scatterometer. The particular characteristics of RFSCAT
geometry call for specific requirements in the calibration
campaigns, beside the traditional calibration approaches used
by the multiple fixed fan-beam scatterometer and the rotating
pencil-beam scatterometer [10]. For example, the in-orbit load-
ing force distribution of the rotary joint is definitely different
from the on-ground measurements, thus the in-orbit insertion
loss of the rotary joint may have different behaviors with the
prelaunch measurement, and need to be calibrated during the
σ0 calculation.

This paper presents the preliminary study of the calibration
for the coming RFSCAT onboard CFOSAT. In Section II, the
RFSCAT instrument and the error sources of σ0 measurements
are introduced. Different types of data sources used in this pa-
per are also presented in this section. The calibration methods
of RFSCAT, including the internal calibration and the external
calibration using extended-area targets, are described in Sec-
tion III. The internal calibration of RFSCAT aims at calibrating
the uncertainties introduced by the transmitted power and the
internal attenuation factors. The proposed external calibration
method is not designed for absolute calibration but is a relative
calibration method designed to ensure consistency between
measurements from diverse azimuth angles. Then the results
are presented in Section IV. The potential calibration sites are
first overviewed, and the homogenous properties are studied to
find suitable land targets for the RFSCAT external calibration.
The new calibration masks of homogenous sites are generated.
Then the calibration results of HY-2A satellite scatterometer,
which can be treated as a special case of rotating scatterometer,
are analyzed using the proposed external calibration method
in Section III. Finally, the experimental results of RFSCAT
are presented based on a simulation approach. The summary
is given in Section V.

II. BACKGROUND

A. RFSCAT/CFOSAT

The scatterometer onboard CFOSAT, which is a polar-
orbit satellite flying at an altitude of 519 km and an in-
clination of 97◦, will be the first spaceborne RFSCAT for
ocean surface wind vector measurement. It is a real aperture
radar operating at Ku-band (13.256 GHz) frequency using
both vertically and horizontally polarized antenna beams (i.e.,
VV and HH beams). It transmits long pulses with linear
frequency modulation, and processes the received echoes by
a dechirping technique. The frequency of the dechirped signal
can be mapped into slant range through spectral analysis. Such
procedure is in effect of pulse compression, which is achieved
by Fourier transformation and squared modulus detection. The
range resolution of each fast Fourier transformation (FFT) bin
is about several hundred meters. The azimuth resolution of
the measurements is determined by the antenna beamwidth

Fig. 1. Observe geometry of RFSCAT.

TABLE I
PRINCIPAL PARAMETERS OF RFSCAT

in the azimuth direction. Signals are further averaged into
5 km spaced slices along-elevation 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 transmission in the link between
satellite and ground segment. Fig. 1 illustrates the observation
geometry of RFSCAT. The center of each fan beam has
a nominal off-nadir angle of 40◦. The incidence angle of
RFSCAT beams has a range 26◦−51◦. The highest incidence
angle of 51◦ and a mean platform altitude of 519 km ensure
that the swath is about 1000 km. Table I shows the main
system parameters of RFSCAT.

B. Error Sources of σ0 Measurements

The ground processing segment spatially averages the high-
resolution slices across- and along-track directions to obtain
a set of σ0 values for each WVC with desired resolution of
50 or 25 km. The weighting function used to carry out the
spatial filtering is a two-dimensional rectangular window or
hamming window centered at every WVC position. Usually,
the variability of each mean σ0 measurements is described
by the relative deviation Kp, which is an estimate of the
normalized standard deviation of the measured σ0 values [3],
[12]. Low Kp value corresponds to high accurate backscatter
estimate, and vice versa. The Kp used in the wind retrieval
is normally decomposed into three independent variability
contributions, i.e., communication error (radiometric noise,
Kpc), retrieval or calibration error (Kpr), and modeling error
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Fig. 2. RFSCAT Kpc, as a function of incidence angles for three typical
azimuth angles, is estimated from the backscatter measurements over Amazon
rainforest.

(Kpm). This is expressed as [3]

Kp =
√

K2
pc +K2

pr +K2
pm. (1)

Kpc is a function of the measurement signal-to-noise ratio
(SNR) and the number of independent samples within a
certain WVC [13]. It is an inherent factor of scatterometer
measurements for a given set of observing geometry and
scatterometer parameters. A comprehensive study of the re-
lationship between the RFSCAT instrument parameters and
the Kpc value has been performed in [11] and [13], where
Kpc is simply estimated by the normalized standard deviation
of the backscattered signal power for a certain slice. Since the
Doppler frequency changes as the antenna rotates, the number
of FFT bins and the slice band used to calculate Kpc vary
with the observing azimuth angles, and in turn, result in an
azimuthal-dependent communication error. Fig. 2 illustrates
the Kpc as a function of incidence angles for three different
azimuth angles, which estimated from the slice measurements
over Amazon rainforest.

The calibration error Kpr is due to the errors in the parame-
ters of radar equation that are used to calculate σ0 [3]. All the
instrument parameters in the radar equation (i.e., antenna gain
pattern, the gain of receiver, system losses, and transmitted
power) impact σ0, so they need to be calibrated through
prelaunch or postlaunch campaigns and to be compensated
in the data processing. The antenna gain pattern is obtained
during the prelaunch laboratory experiment and will be further
calibrated using the extended land targets through the whole
CFOSAT mission. The receiver gain and the transmitted power
are time-varying and temperature-dependent parameters. They
are also tested in the prelaunch experiment and are com-
pensated through the scatterometer internal calibration loop.
The insertion loss of rotary joint, which introduces azimuthal-
dependent fluctuations, is measured at prelaunch stage and will
be further monitored and calibrated using both the calibration
ground station and the natural extended-area targets. The
transmitting/receiving channels and onboard processing may
drift during the life time of the instrument, and they will

be calibrated by combination of onboard internal calibration
and calibration ground stations [10]. In addition, the satellite
attitude error is another factor impacting on the calculation of
σ0. The objective of calibration is to minimize all these effects
and thereby to reduce the Kpr error.

Kpm associates to the spatial and temporal variability
inherent to the target. For instance, over the ocean it is due
to the factors not accounted in the GMF, mainly the subcell
wind variability in the absence of rain [14]. For the calibration
campaign over the land, Kpm can be reduced to a proper value
by carefully choosing the extended targets that exhibit high σ0

stability.

C. Data

HY-2A scatterometer is onboard the first ocean dynamic
monitoring satellite of China, HY-2A satellite, together with
other three microwave payloads, which are the radar altimeter,
the scanning microwave radiometer, and the three-frequency
microwave radiometer [15]. The backscatter measurements of
HY-2A scatterometer and SASS, together with the QuikSCAT
SIR data, are used in this study. SIR data are images generated
via the SIR algorithm available from the SCP [16]. Using
the SIR algorithm, different orbits for QuikSCAT during a
4-day span are combined to create separate ascending and
descending data images for different regions. The SIR data
images measured by QuikSCAT in 2003 and 2009 have been
used in this paper to detect the temporally stable signatures
over different calibration regions.

After coarsely identifying the homogeneous regions using
QuikSCAT SIR data, a finer selection of land targets for
RFSCAT/CFOSAT calibration is applied by analyzing the tar-
gets’ responses of the recent HY-2A scatterometer observation
during March, 2012. The L1B data of HY-2A scatterometer is
adopted in the study.

Due to the absence of the ongoing Ku-band fan-beam
scatterometer, the backscatter measurements of RFSCAT are
simulated using the actual SASS measurements over Amazon
rainforest during 1978.

III. RFSCAT CALIBRATION METHOD

A. Internal Calibration

Internal calibration is one of the nominal operation modes
of any spaceborne scatterometer. It is performed onboard to
monitor the combined variations of the transmitted power and
the receiver gain. The implementation of internal calibration
is shown in Fig. 3. Besides the regular transmission of mi-
crowave pulses (indicated by the red line), for some pulses,
the transmitted power is coupled into the receiver through
a set of couplers with attenuation coefficient of −110 dB
(indicated by the green line). The coupled signal is then down-
converted and processed using the same circuit as what is used
to process the scatterometer echoes (represented by the blue
line). Downlinked internal calibration data are used to correct
variations mentioned above during the ground processing,
which is achieved by a ratio method [17].

The clutter by coupling outside the calibration loop is tested
in the laboratory under different temperature conditions. Its
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Fig. 3. Signal flow of internal calibration loop. The red line (Line 1) represents
the transmission channel of pulses that are transmitted by TWTA. The green
line (Line 2) indicates the signal loop of internal calibration, and the signal
is coupled from the transmitted power by couplers. The purple line (Line 3)
is the noise measurement channel of the internal calibration and the noise is
generated by an internal noise source. The blue (Line 4) is the echo channel
of the signal that is backscattered from the targets.

measured value is less than −130 dB. Thus the clutter of
calibration signal received through the blue line in Fig. 3 is
more than 20 dB lower than the power coupled from the in-
ternal calibration loop, which leads to an uncertainty of about
0.05 dB. The in-band fluctuations of the transmitting/receiving
channels are measured in the prelaunch thermal-vacuum test
under different temperature conditions. The measurement pre-
cision for passive part of the transmitting/receiving channels
is less than 0.1 dB after thermal compensation. There is a
programmable gain controller (PGC) inside the receiver, the
absolute insertion loss of which may vary with the temperature
inside the receiver. Thus, a lookup table of the PGC gain
is established during the prelaunch test campaign. The real-
time PGC gain is obtained by interpolating the table to the
value acquired by the temperature telemetry. After thermal
compensation, the PGC inside the receiver has an accuracy of
0.1 dB. In summary, the overall internal calibration error is
less than 0.15 dB [17].

B. External Calibration

External calibration is adopted to eliminate the inconsis-
tencies among the σ0 measurements acquired from different
azimuth angles and over the whole measurement incidence
angle range. The former corresponds to the calibration of insert
loss of the rotary joint, as well as the azimuthal-dependent
biases introduced by the satellite attitude uncertainty, and the
latter associates with the calibration of antenna gain pattern.
To simplify the calibration procedure, a total error approach
is used to model the errors mentioned above. The measured
parameter is assumed to be σ0

meas with all error sources
supposed to be additive in log space, i.e., to be multiplicative in
natural space. The additive errors in natural space are ignored,
because they affect the returned power (indicated by the blue
line in Fig. 3) and the noise estimation (indicated by the

purple line in Fig. 3) simultaneously and is eliminated when
calculating σ0. Therefore, the measurement of σ0 is described
as following:

log10
(
σ0

meas

)
= log10

(
σ0
t

)
+ log10

(
σ0
b

)

+ log10
(
σ0
r

)
+ log10

(
σ0

noise

)
(2)

where σ0
t is the true σ0 value of the calibration targets,

σ0
b is the total end-to-end system gain bias (mainly due to

the antenna gain bias), which equally affects the azimuthal
backscattering measurements of RFSCAT. σ0

r is the relative
bias for the σ0 observed at a particular azimuth angle (mainly
due to the insert loss of rotary joint and the antenna pointing
errors) and varies periodically as the antenna rotates. σ0 noise
is a zero-mean term, which is used to model the random
uncertainties caused by thermal noise. The effect of σ0 noise
is damped by averaging the measured backscattering over
sufficient samples.

In general, the bias σ0
b impacts the retrieval of wind speed,

and the relative bias σ0
r affects the retrieval of wind direction.

A radiometric error with a value of 0.2 dB in the bias σ0
b

results in about 0.2 m/s wind speed effects, while the relative
bias σ0

r of the same amount may lead to notable wind direction
effects [7], [18]. In case that extended land targets are used
for the external calibration, it is difficult to know the exact
value of σ0

t , so there is no accurate way to determine σ0
b . In

this paper, we concentrate on determining the relative bias σ0
r .

The contributions of σ0
t and σ0

b are treated as effective σ0, i.e.,
σ0
eff , in total. Thus, the measured σ0 becomes

log10
(
σ0

meas

)
= log10

(
σ0
eff (θ)

)
+ log10

(
σ0
r (φ, θ)

)
(3)

where θ and φ are incidence angle and azimuth angle,
respectively.

Following the methodology developed by Long and
Skouson [3], [19], a fourth-order polynomial is adopted to
model the incidence angle response, which is consistent with
the fact that σ0 of the calibration target is a smooth function
of incidence angles. Meanwhile, in order to characterize the
azimuthal-dependent σ0

r value, the azimuth angles of the
antenna beam are separated into 24 bins (with 15◦ bin width),
which are sufficient for correcting the expected relative bias.
They are numbered from 1 to 24, i.e., 1 corresponds to azimuth
angle [0◦ 15◦), 2 corresponds to azimuth angle [15◦ 30◦), and
so on. Thus, the measured σ0over the target is modeled as

10 log10
(
σ0

meas (k, θn)
)
= Pmeas (0, k) + Pmeas (1, k) θn

+ Pmeas (2, k) θ
2
n + Pmeas (3, k) θ

3
n + Pmeas (4, k) θ

4
n

(4)

where k = 1, . . . , 24. Pmeas are the polynomial coefficients
associated with σ0

meas, and θn is the incidence angle of the
nth slice. Each term of Pmeas is decomposed into the sum of
the polynomial coefficients associated with σ0

eff (denoted as
Peff) and the one associated with σ0

r (denoted as Pr). Thus the
regression model can be expressed as

Pmeas (i, k) = Peff (i, k) + Pr (i, k) , i = 0, . . . , 4. (5)
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Fig. 4. Average and the standard deviation of σ0 for HH-polarized QuikSCAT in 2009 over (a) Amazon, (b) Congo, (c) Antarctic, (d) Greenland, and (e)
Sahara. The left figures are average σ0 and the right figures are the standard deviation, respectively.
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TABLE II
STATISTICS OF THE MONTHLY AVERAGED BACKSCATTER ACQUIRED BY

HY-2A SCATTEROMETER OVER THE CANDIDATE CALIBRATION AREAS

The HY-2A Data was acquired in March, 2012.

Fig. 5. Variation in σ0 with azimuth angles in ascending pass for VV-
polarized of HY-2A scatterometer in March, 2012.

The relative bias σ0
r and its polynomial coefficients Pr can

only be properly defined with respect to a reference beam
(bref ), whose σ0 measurements are assumed to be correct,
i.e., σ0

r (θn, bref) = 0 in (3). Thus, Pr (i, bref) equals to zeros
for i = 0, . . . , 4. The mean value of σ0

meas that measured over
all azimuth angles is used as the reference beam in this paper.
Subtracting (5) from itself with k = bref for all k gives

Pmeas(i, k)− Pmeas (i, bref) = Pr(i, k)
or

∆Pmeas(i, k) = Pr(i, k).
(6)

Then the regression coefficients Pr (i, k) can be retrieved
by generalized inverse solution and the estimations of the
relative biases σ̂0

r for the σ0 overall azimuth angles are
depicted as follows:

10 log10
(
σ̂0
r (k, θn)

)
=

4∑

i=0

Pr (i, k) • θin. (7)

Estimations of the relative biases derived from (7) are
subtracted from raw σ0 measurements in log space (i.e.,
10log10(σ0)) to achieve backscatter consistency among dif-
ferent antenna azimuth bins. This correction method can elim-
inate the azimuthal-dependent σ0 bias and verify the RFSCAT

Fig. 6. Illustration of the σ0 difference between 2003 and 2009 over the
Amazon rainforest.

Fig. 7. Map masks (black areas) of (a) the Amazon rainforest and (b)
the Congo rainforest, which correspond to a high spatial and temporal
stability. The masks correspond to those pixels with a temporal standard
deviation < 0.5 dB.

antenna gain fluctuation induced by the azimuthal-dependent
insertion loss of the rotating joint.

IV. SIMULATION AND RESULTS

A. Calibration Regions

Areas for external calibration should be temporally
and spatially stable, and exhibit isotropic radar response
(i.e., azimuthal-independent). Ideally, the calibration targets’
backscatter only depends on the incidence angle. According
to the mentioned requirements, the Amazon tropical rainfor-
est, the Congo rainforest, the Sahara desert and the internal
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Fig. 8. HY-2A scatterometer beam azimuth balance over Amazon rainforest. (a) σ0 of the ascending pass. (b) Beam corrections for the ascending pass.
(c) σ0 of the descending pass. (d) Beam corrections for the descending pass.

Antarctic, and Greenland ice shells are good candidates of
the scatterometer calibration campaign in order to achieve the
consistencies between σ0 measurements observed at different
azimuth angles and to verify the in-orbit antenna gain pat-
tern. The mean and the standard deviation of σ0 of these
candidate sites are illustrated in Fig. 4 using the QuikSCAT
SIR data.

Table II presents the statistics of the backscatter mea-
surements acquired by HY-2A scatterometer over the candi-
date calibration areas. The small standard deviations of σ0

measured by HY-2A scatterometer over these regions are
consistent with Fig. 4. The backscatter measurements over
Antarctic and Greenland ice shells are larger than the other
targets due to the higher reflectance of ice shells, and the
standard deviation are much less due to the permanent feature
of ice shells [20]. The standard deviation of σ0 over Sahara
desert is the largest over these calibration candidates. Fig. 5
shows the variation of σ0 with azimuth angles over some
selected areas with small standard deviations. The locations
of those selected areas plotted in Fig. 5 are ([4.5◦S, 5.5◦S],
[66.5◦W, 67.5◦W]), ([75.5◦S, 76.5◦S], [122.5◦E, 123.5◦E]),
and ([19.5◦N, 20.5◦N], [13.5◦E, 14.5◦E]), respectively, and
they are marked in red square in Fig. 4(a2), (c2), and (e2).
There is a large anisotropic behavior in the Antarctic, as
shown in Fig. 5, due to strong wind over the ice shell
[21]. The usage of Antarctic ice shell for calibration requires

more characterizations of anisotropic properties, which should
be considered in the calibration; Regarding the Greenland,
there is only a small area that can be used for calibration
of pencil-beam scatterometer, but not suitable for fan-beam
scatterometer with large footprint [17], [22].

Table II also shows that there is a difference of ∼ 0.5 dB
between the ascending and descending passes over Amazon
rainforest and Congo rainforest. However, this feature cannot
be observed over Sahara desert and Greenland ice shell. This
may be due to the diurnal moisture cycle caused by the
different lighting conditions. The moisture transports from
the canopy due to water vapor evaporation during daytime
(descending pass) and dies out during the night (ascending
pass), causing the diurnal variation of the σ0 over these areas
[3], [20], [23]. Due to deforestation of the rainforest, some
parts of rainforest have been damaged and are not suitable for
the calibration. The difference between QuikSCAT SIR data
obtained in 2003 and 2009 are analyzed and the results are
illustrated in Fig. 6, which shows that the radar response in
most part of Amazon rainforest remain with high precision
except the southeast part [5], [10], [23]. The new masks of
Amazon rainforest and Congo rainforest, corresponding to spa-
tially homogenous regions, are produced (Fig. 7) by employing
the QuikSCAT SIR data measured during ascending pass in
2009, and they can be used as references in the calibration of
future scatterometers.
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Fig. 9. HY-2A scatterometer beam azimuth balance over Congo rainforest. (a) σ0 of the ascending pass. (b) Beam corrections for the ascending pass. (c) σ0

of the descending pass. (d) Beam corrections for the descending pass.

Long-term temporal variations in σ0 measurements over
Amazon rainforest have been observed in the data from those
past scatterometers [3], [4]. Increasing the amount of samples
by extending the time window will introduce higher temporal
variations into σ0 measurements. A 2-week time window is
adopted as a compromise between the amount of data and time
stability.

B. Rotating Pencil-Beam Scatterometer Results

The HY-2A SCAT adopts two rotating pencil beams at
two constant incidence angles (41◦ for inner beam and 48◦

for outer beam) to measure radar backscattering power [15].
Beam balance is achieved by comparing the backscatter data
acquired as the antenna rotates with a reference azimuth
interval. The mean value of all data measured over all azimuth
angles (0◦−360◦) are used as the reference. According to the
analysis of HY-2A scatterometer data in March 1–March 16
(except March 7), 2012, the azimuthal uncertainties of raw
σ0 (before calibration) are within ±0.3 dB. The results are
shown in Figs. 8 (Amazon rainforest) and 9 (Congo rainforest).
The relative biases over different azimuth angles are due to
the point errors of the rotating axis (equivalently, satellite
attitude errors). The rotating axis of HY-2A SCAT is set up
to be geocentric pointing, which would introduce azimuthal
variations of the measurements during the rotation. Figs. 8(a)

and (c) and 9(a) and (c) show the σ0 azimuth responses of
HY-2A scatterometer (dashed lines for inner beam and solid
lines for outer beam), comparing to the calibration results over
all azimuth angles (circle horizontal lines and star horizontal
lines), whereas Figs. 8(b) and (d) and 9(b) and (d) show
the correction values over all azimuth angles. The calibration
masks used here are the Amazon rainforest mask and the
Congo rainforest mask shown in Fig. 7.

The standard deviations of the σ0 over Amazon rainforest
or Congo rainforest after calibration are less than 0.1 dB.
By comparing Fig. 8(a) with Fig. 9(a), the diurnal change
of σ0 is observed. The difference σ0

des − σ0
asc ≈ 0.5 dB

verifies the conclusion that is discussed in Section IV-A. The
calibration values are different between the ascending pass
and descending pass. These differences of calibration values
are mainly introduced by: 1) the variations in the average
orientation of the canopy leaves at different sun angles, 2)
different instrument temperatures on the ascending and de-
scending passes [3], and 3) the pointing errors of antenna.
Since the rotating axis is in the geocentric pointing, there will
be a variation of several tenths of a degree in the pointing
angles of antenna during different satellite passes and different
latitudes. Calibration values in the right figures of Fig. 8 have
the similar tendencies with those in the right figures of Fig. 9,
indicating that the azimuthal-dependent variations are likely to
be caused by the instrument, i.e., the satellite pointing errors.
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Fig. 10. Different beam corrections of 24 bins (azimuth bins). Beams 1–24 correspond to azimuth angles (0−360◦).

The minor differences between Figs. 8(b) and 9(b) [or Figs.
8(d) and 9(d)] may be due to the fact that Amazon and Congo
are different latitudes and the scene variations exist between
Amazon and Congo.

C. RFSCAT Results

Due to the different loading force, the insertion loss of rotary
joint is an azimuthal-dependent parameter, but it is considered
to behave the same for a long time in space. Thus, natural
extended-area targets will be used for the external calibration
monthly throughout the whole CFOSAT mission.

Since there is no ongoing Ku-band fan-beam scatterom-
eter, we use the fourth-order polynomial model coefficients
of SASS’s σ0(θ) over Amazon rainforest to simulate the
effective σ0

eff, in which the coefficients are Peff(0) = −7.66,
Peff(1) = −1.079, Peff(2) = 0.121, Peff(3) = −0.012, and
Peff(4) = 0.079, respectively [19]. Then Monte Carlo method
is used to simulate the measured σ0 which is perturbed by
thermal noise, as supposed to be of Gaussian distribution with
a zero-mean and a variance Kpc

σ0
meas = σ0

eff + σ0
r + σ0

eff ·N (0,Kpc) (8)

where σ0eff • N(0,Kpc) is the thermal noise. σ0
r is a peri-

odic variation versus azimuth angle and is simulated using a
sinusoidal function with the maximum magnitude of 0.5 dB.

Using the calibration method described in Section III,
corrections of the relative biases over different antenna beams
(different azimuth bins) are given in Fig. 10. The standard
deviation of the σ0 after calibration is less than 0.06 dB.
Fig. 10 shows that there are some perturbations less than
0.05 dB in the corrections. The high perturbations mainly
exhibit in the inner-swath and the out-swath of the footprint,
which is primarily due to lower SNR in these parts (especially
for the inner-swath part), than that near to the boresight
observing direction. The larger values of Kpc (Fig. 2) at the
low incidence angles correspond well with the higher those
perturbations.

As mentioned in Section IV-A, the selected calibration
targets are remarkably homogenous. However, there are indeed
small variations in the targets that would induce errors in
the calibration. The residual variability of Amazon over the
calibration mask is estimated to be 0.15 dB [3], suggesting
that the accuracy of calibration using Amazon is no less than
0.15 dB. Regarding that the temporally and spatially stable
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characteristics of Amazon have been proved by the past scat-
terometers, the calibration coefficients derived from Amazon
are used for RFSCAT external calibration. Nevertheless, the
other calibration targets are still useful to provide independent
verifications.

V. CONCLUSION

In this paper, some considerations of the calibration for
a Ku-band RFSCAT onboard CFOSAT are presented. The
internal calibration of RFSCAT is briefly discussed in this
paper. The overall internal calibration accuracy is better than
0.15 dB. A simple method for the calibration of rotating
scatterometers (including rotating pencil-beam scatterometer
and RFSCAT) using natural extended-area targets is proposed,
and then it is verified by the HY-2A scatterometer data and a
simulation approach.

To achieve reliable external calibration, an extended land
target with spatially and temporally homogeneous backscatter
performance needs to be selected. By analyzing the backscatter
characteristics of Amazon rainforest, Congo rainforest, Sahara
desert, Greenland, and Antarctic ice shells, we find that the
radar response over Amazon rainforest and Congo rainforest
exhibit spatially and temporally homogeneous and they can
be used for the RFSCAT external calibration. Meanwhile, the
Greenland and Antarctic ice shells are not suitable as the
RFSCAT external calibration targets due to those backscatter
anisotropic behaviors. Then the new calibration masks over
Amazon rainforest and Congo rainforest are generated and will
be used for RFSCAT calibration. As a compromise between
the data amount acquired over the calibration targets and the
temporal variations in targets’ response, a 2-week window is
suggested in the calibration procedure of RFSCAT.

The proposed external calibration method calibrates the
measurements over different azimuthal intervals (0◦−360◦) to
the reference azimuth interval, ensuring consistency among
different azimuthal measurements. For RFSCAT onboard
CFOSAT, different loading of force of the rotary joint after
launch will introduces the azimuthal-dependent insertion loss,
which will remain the same amount for a long time. The
estimation of loss of the rotary joint will be adjusted after
each external calibration operation and they will keep the
same values before next calibration. Thus, natural extended-
area targets will be used for the external calibration throughout
the whole CFOSAT mission with a period of 1 month. The
azimuthal-dependent relative bias of RFSCAT that added in
this simulation is assumed to be a sinusoidal function with
the maximum magnitude of 0.5 dB. The standard deviation of
the σ0 after calibration is less than 0.06 dB. If the maximum
magnitude of the sinusoidal function increases up to 1.0 dB,
the standard deviation of the σ0 after calibration does not
change obviously. Thus, the overall calibration error including
the internal calibration error, the residual temporal and spatial
variations of σ0 of Amazon and the external calibration error
is less than 0.25 dB. The method is also verified by examining
the HY-2A scatterometer measurements, which can be treated
as a specific case of the rotating antenna scatterometers. For
HY-2A scatterometer, the variation of the measurement is due
to the pointing errors of the rotating axis. This bias can be

estimated with the similar procedure as that of RFSCAT. HY-
2A scatterometer can be calibrated with a standard deviation
less than 0.1 dB. The overall calibration error using tropical
rainforest including the model error of rainforest and the
external calibration error is less than 0.2 dB.

Due to the lack of the truth σ0 of the targets, the total
end-to-end system gain bias σ0

b cannot be eliminated by the
external calibration using natural extended-area targets. The
system gain bias is supposed to be globally uniform; therefore,
it can be corrected with some specified calibration targets with
good knowledge, e.g., using active/passive ground station or
using numerical ocean calibration.
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