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Abstract— We present the new airborne Ku-band Doppler radar
KuROS, designed for wind/wave observations of the ocean
surface. First results obtained from observations collected during
two field campaigns held in 2013 are also illustrated. Both
intensity and Doppler information have been used to estimate the
direction wave spectra of ocean waves. Results on radar crosssection and directional spectra of ocean wave are assessed trough
comparison with independent information. We also present a
preliminary analysis of the speckle energy density spectrum as a
function of sea state conditions.
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I.

INTRODUCTION
In the context of the preparation of the future CFOSAT
(China-France Oceanography satellite) satellite mission [1], we
have developed a new airborne radar, called KuROS (Ku-band
Radar for Observation of Surfaces). Indeed CFOSAT will carry
two instruments: SWIM (designed and manufactured by
France), which is a Ku-Band wave scatterometer (incidence
angles between 0 to 10°) aimed at measuring the ocean
directional wave spectra, and SCAT (designed and
manufactured by China), which is a Ku-Band wind
scatterometer (incidence angles around 40° with a wide swath)
which will provide the surface wind vector. The primary aim of
KuROS is to optimize the choices made for the implementation
of the CFOSAT satellite, and to serve as a tool for the
geophysical validation of the CFOSAT surface wind and wave
measurements once launched. So, the KuROS specifications
have been chosen to cover the geometry of both SWIM and
SCAT. Another important objective of the KuROS radar is to
explore the characteristics of the kinematics of the sea surface.
For this purpose, in addition to measuring the normalized radar
cross section σ0 KuROS has the ability to measure the Doppler
velocity of the radar echo.
This paper presents the KuROS radar, methods and results
on radar cross-section, directional ocean wave spectra and
speckle estimates. More details can be found in [2].
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II. GENERAL CHARACTERISTICS AND PERFORMANCES OF
THE RADAR

KuROS is an airborne Ku-band (13.5 GHz) radar, which
has been designed to cover a large range of incidence angles
(0-50°) and azimuth angles (0-360°) in order to address the
geometry of observations of the two payload instruments
(SWIM and SCAT) of the CFOSAT satellite mission. In
addition, a Doppler measurement capability has been designed
for KuROS. Note that this capability is not implemented in
SWIM and SCAT. The whole airborne system is mounted in an
ATR42 aircraft, operated by the SAFIRE unit (“Service des
Avions Français Instrumentés pour la Recherche en
Environnement”), and the conditions of use of KuROS are
specified to allow measurements from flights from about 500
m height to about 3000 m height above the surface.
In order to address the question of measuring both wind
and waves, the KuROS antenna system is composed of two
printed-array antennae: a HH-pol low incidence (called LI)
antenna pointed to 14° incidence with respect to nadir and the
dual-pol (HH/VV) medium incidence (called MI), antenna
pointed to 40° incidence. The geometry of observation is
illustrated in Fig. 1. The LI antenna aims at measuring wave
spectrum as SWIM and the MI antenna aims at measuring
wind vectors as SCAT.
The main characteristics of the radar are given in Table 1.
Both antennae have a ±10° elevation and ±4° azimuth one-way
beam-width. This relatively large aperture is required to
estimate ocean wave spectra from a real-aperture radar at
small-incidence (see [3], [4]). Both antennae have been tested
in anechoic chambers to determine their lobe patterns.
However, when integrated within the body of the aircraft, it
turned out that the lobe of the MI antenna was not nominal.
This is attributed to the presence of a metal collar used to
adjust the antenna system within the body of the plane and this
problem is presently under study. For this reason, the results
presented here are focused on the observations performed with
the LI antenna. The antenna system can be controlled either to
rotate over 360° around the vertical axis at a variable rotation
speed, or to stop at a fixed azimuth angle.

The transmitted wave is a pulsed chirp whose bandwidth is
centered around 13.5 GHz. The transmitted bandwidth has
been chosen in order to achieve a high range and horizontal
resolution: 100 MHz for LI antenna and 30 MHz for the MI
antenna, corresponding to a range resolution of 1.5 m (close to
SWIM specifications) and 5 m, respectively. Because of the
large range of distances to be sampled (flight altitudes from
500m to 3500m, incidences from 0 to 50°), and to some realtime constraints, several chronograms of transmitted pulses are
used, depending on flight altitude and antenna (see Table 2).
Typically for the LI antenna used from a 2000 m flight-level
the pulse length and PRF are respectively 10.33 µs, and 35
kHz. All these modes are pre-loaded in the control unit and
chosen by the operator during flights. At the reception, after
going through the two switches and a circulator, the received
chirps are sent to the low noise amplifier, and then filtered to
limit the noise band and conserve only the upper band. The
microwave signal is down converted with the same frequency
source oscillator as used in the transmitter part. The signals are
then amplified, filtered by an anti-aliasing filter and transmitted
to the digital converter. As for the digital processing, after
sampling the IF signal at 360 MHz, the range compression is
obtained by multiplication by a replica signal, then the signal is
re-sampled at 60 MHz. Then a FFT processing is applied to
obtain amplitude and phase of the backscattered signal as a
function of range. The last step is the real-time coherent
integration of the complex samples over 1 ms. We choose to
use the pulse pair processing technique [5], which provides
amplitude and phase of the mean signal with an efficient noise
reduction. The radiometric data (I&Q signals integrated on 1
ms) and the ancillary data (aircraft attitudes, GPS) are recorded
at the same rate of 1 kHz. Fig.2 illustrates the block diagram of
the digital processing of the received signal.
Absolute calibration was obtained from both internal
(laboratory measurements) and external calibrations (using
flights over 5 trihedral reflectors installed on a runway). Fig.3
shows the elevation antenna pattern obtained from the
reflectors (symbols), the antenna pattern deduced from the
anechoic chamber measurements (blue line) and the associated
Gaussian fit (red dashed line). It may be seen that the shape
and level of the antenna gain pattern retrieved from
measurements over trihedral reflectors are remarkably
consistent with the two-way gain pattern obtained from
laboratory tests. Over the 3dB interval (≈7°-20°), the bias and
rms difference between in-flight data and laboratory data are 0.2dB and ± 0.4dB, respectively.
For a typical sea surface backscatter in our conditions of
measurement, the radiometric resolution is estimated to be ±0.2
dB for a signal post-integrated in time by pulse-pair integration
over 30 ms.
Measurements over corner reflectors have also been used to
assess the velocity estimates (not shown). Within the 3dB
beamwidth the average bias and rms difference between
measurements and expected velocity (accounting for aircraft
velocity) are 0.4 m s-1 and 0.5 m s-1, respectively.

Fig. 1.

Geometry of observation, for both the LI and MI antennae

Fig. 2.Block diagram of the radar digital processing unit.

Fig. 3.Results of calibration flights over corner reflectors for the LI antenna.
Each symbol (triangle, diamond, square) corresponds to one of the 3
successful overflights. For each overflight, only the reflector located the
closest to the flight track (i. e., yielding the highest power backscatter
signature) is displayed. Also shown are the antenna gain pattern obtained
from the anechoic chamber measurements (blue line), and its Gaussian
fit (red dashed line), with maxima coinciding with the 32.5 dBm2 radar
cross section of the trihedral reflectors at boresight.

III.DATA SET, PROCESSING METHODS AND RESULTS
The first scientific data set of KuROS has been
obtained during two campaigns held in 2013, namely the
HyMeX campaign over the Gulf of Lion in the Mediterranean
Sea [6] and the PROTEVS campaign near the coasts of
Brittany (west of France). In 2013, KuROS has been
successfully used for a total of 15 flights in different conditions
of wind, waves, and current conditions (wind from 9 to 20 m/s,

waves from 1.4 to 6.1 m significant wave height, tidal currents
during PROTEVS up to 2 m/s).
As explained above, the processing is focused in this work
on the LI antenna data. Processing includes estimate of σ0 as a
function of incidence and azimuth, after gain and geometry
compensation, as well as estimates of directional spectra.
A. Backscattering coefficient
Fig.4 shows two examples of the measured normalized
radar cross-section σ° averaged over azimuth as a function of
incidence angle. The case of flight #18 (respectively #04)
corresponds to a wind speed of 9 m s-1 (respectively 14 m s-1)
and a significant wave height Hs of 5.3m (respectively 2.5 to 3
m). In Fig.4, the KuROS σ° profiles are compared to those
predicted for the same wind, by the empirical Geophysical
Model Functions (GMF) of [7] (plus signs). This model was
built using a quasi-specular backscattering theory and a
Gaussian surface assumption combined with observations of
TRMM PR Ku band radar and is expected to be accurate for
incidence angles 0≤θ≤15°. A quadratic multi-parameter fit to
TRMM PR data sorted according to wind and significant wave
height was also performed over the incidence angle range from
5° to 18°, from the large collocated data base compiled by [8].
The results are very close to the model [7]- not shown. Finally,
Fig.4 also shows for comparison the GMF given by [9], based
on the Ku band NSCAT scatterometer data. It may be seen that
our measurements are very consistent with the TRMM model
at low incidence angles, and in good agreement with NSCAT
model although there is a trend of 0.5 to 1 dB overestimate of
KUROS with respect to NSCAT model near 20° incidence.
Fig. 5 illustrates for the same case, the variation of σ0 with
azimuth for an incidence of 20°. This behavior shows an
upwind to crosswind asymmetry of about 2B but for this wind
speed, a non-significant upwind to downwind asymmetry.
Results of Fig.4 and 5 show that although the LI antenna was
not originally designed to estimate the wind vector, the data are
appropriate to retrieve this parameter using an empirical model
of the type of [9] applied for incidence angles close to 20°.
Work is under progress for this retrieval. For future campaigns
we will also use data at larger incidence (40°), which are more
sensitive to wind variations.

Fig. 4.Normalized radar cross section σ° averaged over the azimuthal
directions (~120 s of data), as a function of incidence angle. Solid lines :
Kuros data near the Lion buoy on 6 March 2013 (red line, flight 18, 12 :
28 UTC, wind speed 9 m s-1) and on 6 february 2013 (black line, flight
04, 14:08 UTC, wind speed 14 m s-1). Symbols: plus signs for the model
of [7] derived from TRMM PR data; cross signs : empirical model of [9]
derived from NSCAT data.

Fig. 5.Normalized radar cross-section at incidence 20° as a function of
azimuth for the same conditions as the red line in Fig.4. Here the red line
is a fit (Fourier developement with 2 harmonics), the blue line the
NSCAT model [9] for the same wind conditions (9 ms-1).

The fractional modulation m(x,ϕ) of the cross section seen by
the radar is δσ/σ averaged laterally across the beam:

(1)
where G2(y) is the two-way azimuth antenna gain pattern.
The sea wave polar-symmetric height spectrum F(k,ϕ) is then
obtained from the expression (cf [3], [4]):

B. Directional wave spectrum
For the estimation of directional wave spectrum the
analysis of the modulations of radar reflectivity as a function of
distance within the footprint permits to compute the directional
sea wave spectrum along the direction of observation, while
the rotation of the antenna around the vertical axis permits to
explore all the azimuthal directions. The theory underlying this
measurement technique was given by [3], and is briefly
recalled here. The elementary backscatter cross-section σ is
given by σ=σ°A, where A is the area contained within a radar
range gate.

(2)
where k, θ, and ϕ are wavenumber, incidence angle, and
azimuth, respectively, Ly is a length related to the azimuthal
width of the beam footprint, and Pm(k,ϕ) is the modulation
spectrum, defined as:
(3)

where FT refers to the Fourier transform operator, and *
stands for complex conjugate.

•

Ambiguity removal (using cross-correlations between
σ0 and velocity modulations)

As discussed in [3], the speckle noise of the radar technique
produces an additional modulation of σ°, which is included in
the measured modulation spectrum, and this speckle noise
must then be removed from the data for precise quantitative
studies. In order to estimate the spectrum of the speckle noise,
[4] used a semi empirical method based on the comparison
between data integrated over different time intervals. Another
approach was proposed by [10] in the context of the
processing of SAR images. These authors proposed to remove
the speckle noise by computing image cross-spectra between
pairs of single look SAR images separated in time. Following
their approach, we replaced here the modulation spectrum
Pm(k,ϕ) of equation (3) by the quantity:

•

Partition of the wave spectra into up to 3 wave
partitions (using an improved watershed algorithm)

(4)
The time interval δt should be large enough that the speckle
noises of both profiles are uncorrelated, but small enough that
the radar resolution cell is only marginally displaced during
that interval. Here we chose a time interval δt=66ms, which
permitted both conditions to be well fulfilled. Nevertheless,
due to imperfect correlation between the sea wave signals at
times t and t+δt, the computed P’m(k,ϕ) happens to be negative
on some scarce occurrences. Since the sea wave spectrum
should be a positive definite quantity, those values are
artificially set to zero. This has virtually no effect on the
retrieved significant wave height. The results presented below
have been obtained by using this cross-spectral approach and
very similar to those obtained when the speckle is corrected by
using the approach presented in [4].
The slope spectrum of the surface waves k2 F(k,ϕ) is then
obtained using Eq. (2), and the mean trend of σ0 with incidence
estimated from the observations (over the range {8°-18°}). In
order to remove the 180° ambiguity in the propagation
direction, we used the cross-spectrum between σ0 modulations
(related to surface slopes) and surface velocity modulations
(related to orbital modulations of the waves): for each spectral
component, a positive (negative) correlation between these
modulations denote waves going away from (approaching), the
radar, so that the sign of the real part of this cross-spectrum
gives the direction of propagation. Directional spectra of ocean
waves contain information from different components related
to different sources of generation (wind-waves generated
locally, swell propagating from remote sites). Therefore it is
essential to be able to distinguish different components in the
2D spectra. To do so, we have adapted a method based on a
watershed partitioning algorithm [11] to take into account the
noisy nature of the 2D spectra: while using the “watershed”
method, we have applied noise reduction (averaging in wave
number), discretization of energy levels, and an iterative
scheme. In summary the processing of ocean wave spectra
includes 4 steps:
•

Fourier analysis of the radar cross-section modulations
(using cross-spectrum analysis)

•

Correction for the Tilt Modulation Transfer Function

Fig. 6 shows an example of the resulting directional spectrum.
It is very consistent with the geophysical situation, as well as
with buoy observations and model results: low energy wind
waves propagating to North-West, in agreement with wind
temporary from South-east and two more energetic swell
components (peak wavelengths of 170 m and 180m),
propagating to west-southwest (250° and 230°) in agreement
with winds from East, North-East in the northern part of the
basin.

Fig. 6.Directional sea wave slope spectrum obtained from a 30 s

sample of KuROS observations (case of March 6th 2013
12:26:31). The
ambiguity in the
propagation direction
has been removed (see
text). Energy density is
in colour code,
Concentric black
circles indicate the
wind direction
wavelength. Direction
is in the meteo-oceanic
convention (North
towards top of the
figure, waves going
to). Three partitions ar
identified, sorted by decreasing energy (contours in black, red
and brown). Wind at the time of measurement is 9 m s-1 from
South-East.

After integration of wave energy over azimuths, the omnidirectional wave spectra can be compared to non-directional
wave rider observations. Fig. 7 illustrates the good consistency
between omni-directional wave spectra obtained from KuROS
with the buoy measurements.

Fig. 7. Omnidirectional sea wave frequency spectrum as a function of wave
frequency from the buoy (solid line) and from KuROS just before
overflight of the buoy (dotted line), and just after overflight (dashed
line).

C. Speckle analysis
Speckle is due to coherent backscatter from the surface
small-scale facets whose size is smaller than the resolution (see
e.g [12]). When the objective is to retrieve wave properties
from radar ocean scenes, speckle may be a major issue. A
possibility to minimize speckle is to use the method presented
in Section III-B above. Nevertheless, for other applications or
for different acquisition configurations (including CFOSAT), it
remains important to understand and parameterize effect the
speckle in order to be able to eliminate it from the signal
modulation spectra. Over the ocean the coherence scales of the
facets contributing to speckle (gravity-capillary waves) are
notwell known and are probably highly variable with wind
speed, direction of observation with respect to the wind
direction, modulation by long waves and/or breaking waves.
Signal coherence is also dependent of the geometry of
observations: for an across-track elevation plane and a large
azimuth footprint, the Doppler Bandwidth (~1 kHz for
KuROS) is much larger than in the case of the along-track
antenna pointing. This will decorrelate the signal much faster
for across-track observations.
To study speckle properties, we have used two different
methods. Method 1 is identical to the one presented in [4], and
is based on the comparison between auto-spectra (Eq. 3) of the
signal fluctuations estimated from data integrated over
different time intervals (here we chose 33 ms and 99 ms). With
method 2, the speckle energy density spectrum is derived from
the difference between the auto-spectrum Pauto (Eq.3 for a 99
ms averaged signal) and the cross-spectrum Pcross (Eq.4 applied
on two spectra of 99 ms time-integrated signals):

6): Kp is about 0.21-0.22 (method 1) or 0.25-0.33 (method 2)
i.e. ΔX between ~5 and 8m, in agreement with the horizontal
resolution for incidence angles from 11 to 15°. Nind spans
between 114-136 (method 1) or 108-122 (method 2). This
indicates that the mean correlation time of the signal is less
than 1ms (0.7-0.9 ms). Note also that our preliminary analysis
shows also that Nind varies significantly with wind intensity
and/or wave heights with Nind increasing (speckle decreasing),
when wind or wave height decreases. Fig. 8b and 8d show the
azimuth behavior of the speckle density spectrum. It can be
seen that the energy density spectrum of speckle exhibits a
complex variation with azimuth: when the airplane flies
parallel to the wind and wave direction (Fig.8b), there is a large
variation of speckle with azimuth with a maximum along-track.
In opposite, when the aircraft flies perpendicular to wind and
waves (Fig. 8d), the speckle is almost isotropic. We explain
these results by the fact that there is an additive (Fig.8b) or
compensating effect §Fig. 8d) of speckle variations due to short
waves anisotropy (speckle maximum along wind) and those
due to the Doppler bandwidth variation with the antenna
rotation (speckle maximum when antenna pointing along
track). Work is in progress to assess this conclusion from the
analysis of the whole data set.
(a)

(b)

(c)

(d)

(5)
where
is a correcting term involving the total energy
of the modulations (see [3]).
Fig. 8a-c show, for two 30s data sets of a same flight (wind
speed ~14 m/s, fully-developed wind sea with significant wave
height Hs~3 m), the speckle energy density spectrum averaged
in azimuth. The difference between Fig. 8a and 8c is the
aircraft route (see below). Fig.8a and 8c show that both
methods give very similar results. Overall the energy of the
speckle (integrated over wave numbers and azimuths)
represents 26 to 37% (method 1) or 18 to 30% (method 2) of
the energy of the wave spectra. The Gaussian model proposed
by [3] to represent the speckle spectrum Psp is:

with
(6)
where ΔX is related to the radar resolution projected on the
surface, and Nind is the number of non-correlated samples in
the radar signal.
A fit of Eq.6 is plotted in Fig.8a-c. Although the Gaussian
model is not completely satisfying at small wave numbers, it
reproduces correctly the wavenumber dependence at k >0.08
rad m-1. The fit provides the two parameters of the model (Eq.

Fig. 8.Energy density of the speckle (in units of wave slope spectrum) for a 99
ms integrated sample. (a) and (c): mean value over all azimuth
directions; (b) and (d) variation with azimuth at the peak of the wave
spectrum (≈ 2π/90 rad/m) . (a-b) aircraft route is 140°, i.e almost
parallel to the wind (120°) and wave propagation (130°). (c-d) same case
but when aircraft route is 30°. + signs and diamonds: speckle estimated
using method 1, respectively method 2.

IV.

CONCLUSION

We have presented the main characteristics of the new
airborne Doppler Ku-Band radar KuROS and the first results
on ocean wave spectra. We find that the speckle-free wave
directional spectra obtained by using the modulation transfer
function according to [3] combined with profiles of σ° with
incidence angles, are consistent with directional buoy
observations, both in terms of significant wave height and
principal parameters of the wavenumber spectrum (mean or

peak frequency and direction). The method based on the
correlation between and discretization in energy gives
consistent results for partitioning the 2D wave spectrum in
different wave trains. A preliminary analysis of the speckle
energy density spectrum indicates that the correlation time of
the facets contributing to speckle is of the order of 1 ms but
varies with surface conditions. It also indicates that variation of
speckle with azimuth is complex and probably influenced by
both variation of the Doppler bandwidth with the antenna
rotation and by anisotropy of scatters on the surface.
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Parameter

Value

Frequency

13.5 GHz

Transmitted power

10 W

LI antenna

SNR ratio (1 pulse)

14° bore sight incidence angle; gain=18.5dB
18.5° elevation x 8.6° azimuth (one way), HH
40° bore sight incidence angle
HH: 21° elevation x 8° azimuth beam width;
gain=17.5dB
VV: 17° elevation by 8° azimuth beam width;
gain=18dB
LI antenna: 11.3dB ; MI antenna: -5.4dB

Antenna rotation

2.4 to 4.6 rotations /minute (tunable)

Aircraft speed

90 to 110 m/s

MI antenna

[2]
[3]

[5]
[6]

[7]

[8]

[9]

[10]
[11]

Table 1: Main parameters of the KuROS radar
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Table 2: Kuros parameters for the different modes of operation. H is the approximate flight level. PRI, Tp, Trep are
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Antenna H (m)
LI
LI
LI
LI
MI
MI
MI
MI

3000
2000
1000
450
3000
2000
1000
450

PRI
Tp (µs)
(µs)
43.5
17
28.5 10.33
16.5 5.66
7.0
2
53.5
17
37.0 10.33
22.0 5.66
12.0
2

Trep
(µs)
22.54
15.92
8.56
3.05
34.45
24.48
13.4
5.09

Frequency
Band (MHz)
25-125
25-125
25-125
25-125
30-60
30-60
30-60
30-60

Frepmax Analysis band
(MHz)
(MHz)
157.59
32.59
179.11
54.11
176.24
51.24
177.50
52.50
90.79
30.79
101.09
41.09
101.02
41.02
106.35
46.35

Nreal

NFFT

1352
955
514
183
2067
1469
804
305

2048
1024
512
256
2048
2048
1024
512

S N R
(dB)
11.3
16.6
25.6
36.0
-5.4
-0.1
8.9
19.3

