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Context
Ø ESA DopScat study 10 years ago suggested a dual 

chirp signal for ocean motion detection with a wind 
scatterometer

Ø Fois et al. 2014 published about the feasibility on 
MetOp-SG SCA with 0.2 m/s precision

Ø DopScat would provide accurate global stress-
equivalent winds and ocean motion in one go

Ø KNMI, on request of the ocean currents community, 
requested EUMETSAT to consider DopSCA on 
MetOp-SG

Ø However, Schulte (Airbus) wrote a technical note 
elaborating on the infeasibility of DopSCA

Ø At a consolidation meeting on 15 March 2017 at 
ESTEC it was agreed to continue with a R&D project

Ø TU Delft kept preparing such R&D study
Ø ESA EE9 SKIM may now fly in convoy with SCA



Ocean Surface Vector Motion (OSVM)
The OSVM is associated to the local scatterometer winds due to 
wave generation and other ocean wind drift processes, which 
are a matter of further air-sea interaction research, but which 
need to be well known to transform OSVM inferred from 
Doppler to OSVC, as pioneered by Mouche et al. (2011).  

The accurate SCA wind measurements would allow accurate 
computation of the wind-associated part of the OSVM.
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DopSCA Observation Principle (slide from Franco Fois)

• DopSCAT transmits a dual-
chirp, that is a combination
of an up-chirp, and a down-
chirp.

• This waveform allows
estimating not only the σº
but also the Doppler shift of
the ocean.

• The ambiguity functions of
LFM pulses with opposite
chirp rates are skewed in
opposite direction, meaning
that the introduced delay has
an opposite sign.
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Level-1 Processing (slide from Franco Fois)

Level-1 data processing flow for the generation of Normalized Radar Cross section images
(left) and for the estimation ocean’s Doppler shifts (right).
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Polarization dependent
Polarization independent

• The Doppler shift 
measured by a space-
borne active 
microwave instrument 
over the ocean can be 
expressed as the sum 
of three main terms: 

Separation Compression Filter
[Iwashita et al., 2003]
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Requested SCA instrument parameters for 
DopSCAT

• simultaneous up and down chirp (SCA uses only upchirps)
• Chirp duration 2 ms instead of 1 ms
• Chirp bandwidth 1 MHz (unchanged from SCA)

Some other points:
• Improved pointing analysis (cone metrics?)
• Doppler calibration over land
• We want to measure 0.1 – 1 m/s ocean current; 1 m/s is 35 Hz in 

Doppler
• 1 ms measurement time is 1 kHz in Doppler resolution
• PRF for a beam of SCA: 5 Hz; ocean decorrelation time 3 - 10 ms
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Background

• Additional investigation showed that antenna motion effects were not fully taken into 
account in the studies, hence the results were far too optimistic

• In the consolidation meeting of March 2017 it was shown that there might be some 
opportunities for several waveforms, but a sufficiently detailed analysis lacked

• Today, a more detailed study with simulation results is available (draft manuscript), 
showing ocean motion measurement accuracy better than 1 m/s, with today’s SCA 
instrument parameters. The well-known pulse-pair method is used, with relatively short 
pulses, using the SCA FORE and/or AFT beam

ü Recently an echo cancellation method has been simulated, further improving 
performance
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Simulation process

In the simulation:
• >7 scatterers per res.cell
• WVC of 166 resolution cells (25 km)
• Sufficiently large simulation surface, 

based on pulse lengths
• 64 / 128 runs of 16 look averages, a 

total of 1024/2048 independent 
realisations with 4000 – 7000 scatterers, 
(long processing times) 

• 45 deg FORE and AFT beams considered
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We aim to find the phase difference (Doppler shift) due to surface motion 
over Dt

The range response a(t) over a WVC is complemented by a similar 
response from the second pulse delayed by Dt: b(t+Dt)

The signals a and b overlap since the observation range is very long 
compared Dt and the responses over a given WVC are cross-correlated

Performance Simulation
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Pulse-pair coherence and expected radial 
velocity measurement accuracy

Cramér-Rao bound:

(Rodriguez)

with:

looks 50x50 km WVC
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Echo Cancellation
Improved coherence is sought by an echo cancellation method exploiting 
the known time delay Dt in Fourier domain to obtain a(t)/b(t) from s(t):
s(t) = a(t) + a(t+Δt) 

Fourier transform F[s(t)] = F[a(t)] +F(a(t+ Δt)]
F(a(t+ Δt)] = A(jω)e+jωΔt 
F[s(t)] =A(jω)(1+e+jωΔt) 
a(t): inverse Fourier transform of  F[s(t)]/(1+e+jωΔt)

Since the complex ocean backscatter signal changes over Dt due to antenna 
motion,  only partial echo suppression is achieved

A longer time series a(t) results in better suppression and 20 WVCs or 500 
km is sufficient

The fore and aft antennae are used (L=3.6 m)
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Results

• Echo cancellation works to improve coherence and thus performance
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SCA OSVM precision

• Single-pass accuracies over a 50-km WVC better than 0.5 m/s.

• Time averaging over multiple passes and multiple scatterometers may further 
improve accuracy.
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Ideas for follow-on activities

• The proposed method needs to be investigated and tested with real data. Two goals:

1. Check the phase measurement method and its accuracy. Does it live up to the simulation results? What 

is furthermore needed in terms of instrument requirements?

2. Investigate the geophysical aspects of the Ocean Current Measurement (aligns with GlobCurrent)

• Some ideas for experimental campaign:
• Dedicated experiment with the pulse-pair waveform on TerraSAR-X

• Airborne experiment (Metasensing?) with a scaled configuration (platform speed versus Doppler 

bandwidth) representative for the SCA configuration (also pulse-pair waveform required)

• Experiments should be carried out over land (zero current) and over oceans, preferably in areas 
with some in situ knowledge

• Investigations of the geophysical aspects could be performed with an instrument on a fixed 
platform, e.g. in collaboration with other projects (SKIM)

• Enhance simulation work
• Investigate instrument consequences (especially pointing)
• ….
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Ø The high-quality wind scatterometer SCA is an excellent starting point for 
observing ocean motion, as accurate wind input is needed for waves and drifts

Ø DopSCA has been investigated and published as a viable concept for SCA, but 
the effect of the moving platform on the targets was underestimated

Ø The SCA development now continues WITHOUT DopSCA specs.
Ø SCA-1 and 2 thus likely have no optimal DopSCA capability, but:
Ø The digital signal transmitter may allow DopSCA waveforms
Ø Pointing knowledge may be proven adequate (TBC on ASCAT)
Ø Further simulation studies now provide a feasible concept on SCA with 

marginal, but potentially useful accuracy, e.g., in hurricane wind conditions or 
for weekly climatologies, particularly when complementing SKIM

Ø DopSCA studies/campaign(s) may be envisaged?

Conclusions
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• Back-up slides
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Antenna motion gives each scatterer in the 
resolution cell its own Doppler history

• For SCA, DopSCAT:
Bdoppler, az = 4250 Hz

• Much larger than the ocean Doppler we are after!
(Note that 1/Bdoppler, az equals 230 µs, fits within 
the decorrelation time)

• There are two effects:
1. We can and do compensate for the antenna 

motion between transmit and receive and 
over the pulse length (implemented in both 
simulation studies)

2. Doppler spread from the distributed target 
cannot be compensated but has important 
effect (omitted in earlier DopSCAT study)
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Approaches in the basic simulations with up and 
down chirps

• The proposed method of Franco Fois with cross-correlation to find the ocean current 
peak is simulated.

• Instrument parameters are taken from SCA, unless otherwise indicated.
• The platform (antenna) speed is 6800 m/s.
• An ocean surface of 17 km wide (azimuth) and 6 km long (range) is considered. It is 

represented by 600 randomly positioned scatterers of equal strength. The ocean current 
moves all scatterers in the same way. The analysis is limited to range cells within this 
area, so range-doppler ambiguities are well represented.

• In the simulation the transmit chirps can be generated and timed fully independent of 
each other. On reception the responses of the up and down chirps are kept separated 
(for simplicity the Separation Compression Filter as described and tested by Franco Fois 
has not been taken into account).

• Noise (SNR) has not been taken into account.
• In the simulations 256 independent realisations of the sea surface and of the received 

signals are generated. They are processed as 16 runs of 16 looks. So in a run, 16 
independent measurements are averaged. The 16 runs are used to produce an average 
result and a standard deviation.

• In the graphs the pulse length, the time until the start of the second chirp and the 
bandwidth of the transmitted chirps are varied.
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Scatterer Doppler history, squinted 
beam case used in the new study

In the new simulations for each 
scatterer the exact range history 
is taken into account 
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Ocean motion determination for a wide 
footprint wind scatterometer

660 km
25 km

334
range cells

Unique random phase 
pattern is same for 2 
pulses and allows to 
avoid range ambiguities 
(a noise-radar like 
approach) 

received signals
after pulse compr.

Wind Vector Cell

~ 0.3 msec
transmit waveform

time windows for WVC

correlation peak from 
WVC phase pattern

Received signal is the sum of 
responses from the 2 pulses

peak phase è
ocean motion
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660 km 17 km

Area of interest on the time axis selected for 
the 1st pulse. 2nd and 3rd pulse signals in this 
window come from areas 17 and 34 km nearer.

delay time between transmit 
waveforms, e.g. 0,115 ms = 17 km

A three pulse waveform will 
determine phase shift over 3 x 
the selected WVC cell range, 
e.g. 3 x 17 km = 51 km range.

3 pulses timing and observation (1)
1st pulse pair
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660 km

Area of interest on the time axis selected for the 
2nd pulse. 1st and 3rd pulse signals in this window 
come from areas 17 km nearer and further away.

Correlation between signals of 
the 1st and 2nd window 
determine phaseshift for the 
nearest 2 areas (green and red).

delay time between transmit 
waveforms, e.g. 0,115 ms = 17 km

17 km

3 pulses timing and observation (2)
1st pulse pair
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660 km

Area of interest on the time axis selected for the 
2nd pulse. 1st and 3rd pulse signals in this window 
come from areas 17 km nearer and further away.

delay time between transmit 
waveforms, e.g. 0,115 ms = 17 km

Correlation between signals of 
the 1st and 2nd window 
determine phaseshift for the 
nearest 2 areas (green and red).

17 km

3 pulses timing and observation (3)
2nd pulse pair
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660 km

delay time between transmit 
waveforms, e.g. 0,115 ms = 17 km

Area of interest on the time axis selected for the 
third pulse. 1st and 2nd pulse signals in this 
window come from areas 17 and 34 km further 
away

Correlation between signals of 
the 2nd and 3rd window 
determines phaseshift for the 
nearest 2 areas (green and red).

17 km

3 pulses timing and observation (4)
2nd pulse pair
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660 km 25 km

Area of interest on the time axis selected 
for the 1st pulse. 2nd pulse signal in this 
window comes from an area 21 km nearer.

delay time between transmit 
waveforms, e.g. 0.14 ms = 21 km

A two pulse waveform will 
determine phase shift over 
the selected WVC cell.

Pulse pair timing and observation (1)
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660 km 25 km

Area of interest on the time axis selected for 
the 2nd pulse. 1st pulse signal in this window 
comes from an area 21 km further away.

delay time between transmit 
waveforms, e.g. 0.14 ms = 21 km

A two-pulse waveform will 
determine phase shift over 
the selected WVC cell.

Pulse pair timing and observation (2)



29Challenge the future

measurement 
time

Precision in m/s for 50 km WVC

In ms 1st pulse pair 2nd pulse pair Combined

Up-up-up     0,339 0,63 0,66 0,65

Dwn-dwn-dwn 0,339 0,74 0,72 0,66

Dwn-dwn-dwn 0,339 0,81 0,76 0,69

Dwn-dwn-dwn 0,345 0,84 0,76 0,65

Accuracy for 3 pulse chirps

Note: Simulation area in first two cases is 
95 km long with 4500 reflectors. 
Last two cases have 155 km with 
7500 reflectors.
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Processing & Performance Assessment Modules 
(slide from Franco Fois) å
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• Extensive Monte-Carlo 
simulations show the capability 
of DopSCAT in estimating ocean 
currents with accuracy below 
0.2 m/s, at a spatial resolution 
of 25 km (i.e. spatial sampling 
of 12.5 km) and a temporal 
resolution of 24 hrs.

• High-resolution products have 
accuracy worse than 1 m/s in 
ocean current estimates, which 
is only sufficient to meet the 
users’ needs on a monthly time 
scale by performing temporal 
averages over stable currents.
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Observation Principle (slide from Franco Fois)

• DopSCAT transmits a dual-
chirp, that is a combination
of an up-chirp, and a down-
chirp.

• This waveform allows
estimating not only the σº
but also the Doppler shift of
the ocean.

• The ambiguity functions of
LFM pulses with opposite
chirp rates are skewed in
opposite direction, meaning
that the introduced delay has
an opposite sign.
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Level-1 Processing (slide from Franco Fois)

Level-1 data processing flow for the generation of Normalized Radar Cross section images
(left) and for the estimation ocean’s Doppler shifts (right).
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Polarization dependent
Polarization independent

• The Doppler shift 
measured by a space-
borne active 
microwave instrument 
over the ocean can be 
expressed as the sum 
of three main terms: 

Separation Compression Filter
[Iwashita et al., 2003]
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2013 paper by Fabry et al with results from 
extensive study and simulation
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Important notes in this paper
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The disadvantage of the proposed 
waveform is the non simultaneous 
measurement of the up and down 
chirps, which is really necessary.
It will be explained and demonstrated 
later on in this presentation.
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Requested instrument parameters for 
DopSCAT

• simultaneous up and down chirp (SCA uses only upchirps)
• Chirp duration 2 ms instead of 1 ms
• Chirp bandwidth 1 MHz (unchanged from SCA)

Some other points:
• Improved pointing analysis
• Doppler calibration over land
• We want to measure 0,1 – 1 m/s ocean current; 1 m/s is 35 Hz in 

Doppler
• 1 ms measurement time is 1 kHz in Doppler resolution
• PRF for a beam of SCA: 5 Hz; ocean decorrelation time 3 - 10 ms
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Range Doppler ambiguity within resolution 
cells
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Approaches in the basic simulations with up and 
down chirps

• The proposed method of Franco Fois with cross-correlation to find the ocean current 
peak is simulated.

• Instrument parameters are taken from SCA, unless otherwise indicated.
• The platform (antenna) speed is 6800 m/s.
• An ocean surface of 17 km wide (azimuth) and 6 km long (range) is considered. It is 

represented by 600 randomly positioned scatterers of equal strength. The ocean current 
moves all scatterers in the same way. The analysis is limited to range cells within this 
area, so range-doppler ambiguities are well represented.

• In the simulation the transmit chirps can be generated and timed fully independent of 
each other. On reception the responses of the up and down chirps are kept separated 
(for simplicity the Separation Compression Filter as described and tested by Franco Fois 
has not been taken into account).

• Noise (SNR) has not been taken into account.
• In the simulations 256 independent realisations of the seasurface and of the received 

signals are generated. They are processed as 16 runs of 16 looks. So in a run, 16 
independent measurements are averaged. The 16 runs are used to produce an average 
result and a standard deviation.

• In the graphs the pulselength, the time until the start of the second chirp and the 
bandwidth of the transmitted chirps are varied.



40Challenge the future

2 pulse-pair Up/Down 
chirps 0.115 ms
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Coherence for up/down chirp
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Measurement accuracy for up/down 
chirps

measurement 
time

pulse responses 
separate 
(theoretical)

pulse responses 
combined 

include regression 
line phase

In ms Precision in m/s 
for 25 km WVC

Precision in m/s 
for 25 km WVC

Precision in m/s 
for 25 km WVC

Precision in m/s 
for 50 km WVC

0,231

0,2415

0,253

0,2645

0,276

0,2875

0,299

0,3105

0,322

0,3335

0,345
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2 pulse pair down chirps 0.115 ms
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2 pulse pair up chirps 0.115 ms
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Coherence for up chirps, FWD and AFT 
beam
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measurement 
time

Precision in m/s for 25 km WVC

In ms Up chirp
FWD beam

Up chirp
AFT beam

Down chirp
FWD beam

Down chirp
AFT beam

0,231

0,2415

0,253

0,2645

0,276

0,2875

0,299

0,3105

0,322

0,3335

0,345

Accuracy for up- and down chirps, 
0.115 ms, FWD and AFT beam
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measurement 
time

Precision in m/s for 25 km WVC

In ms 0,115 ms
pulse length

0,134 ms
pulse length

0,161 ms
pulse length

0,231

0,2415

0,253

0,2645

0,276

0,2875

0,299

0,3105

0,322

0,3335

0,345

0,3565

0,368

Accuracy for up chirps, FWD beam, 
0.134 and 0.161 pulse length

Optimize energy of
SCA transmitter
Ø Waveform
Ø Pulse length
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Attitude Control?

Yaw = Doppler
- No cone effect

Pitch = Cone 
F/A asymmetry
- Also Doppler

Roll = Cone
Left/right asymmetry

- Also Doppler
• SCA wind
• C-DOP -> Doppler expectation
Ø Attitude corrections are low orbit phase harmonics 
Ø Can use 40*2.000 WVCs per orbit
Ø Can we estimate 0.2 mrad or 0.01 degrees ? Test with ASCAT!


