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DATA PRODUCTS LEVEL TERMINOLOGY  

 
—L1A ( or Full Bit Rate, aka FBR)  un-calibrated complex (I and 

Q)  individual echoes, unpacked from telemetries, posted at 
full PRF Rate and deramped in time domain.  

—L1b-S  (Level 1b-Stack or simply Stack) Stack of Geo-located, 
calibrated, beam-formed power echoes, after slant range 
correction, all reflected by a given ground cell along the 
ground-track (i.e. looks). No averaging of individual waveforms 
(i.e. multi-looking) is applied.  

—L1b  (Level 1 b) Geo-located, calibrated multi-looked power 
echoes reflected by a ground cell along the ground-track 



Delay-Doppler (SAR) Processing  
FROM L1A to L1b  



DELAY-DOPPLER ALGORITHM PAPER  
by K. Raney + CryoSat Team Heritage 



DELAY-DOPPLER ALGORITHM PAPER  
by K. Raney + CryoSat Team Heritage 



DELAY-DOPPLER ALGORITHM PAPER  
by K. Raney + CryoSat Team Heritage 

ESA\Esrin GUIDELINES (Didactic Material) available here:: 
http://wiki.services.eoportal.org/tiki-download_wiki_attachment.php?attId=2540 
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In addition to internal calibration, the power level is compensated for: 
 

1)  AGC values (dynamic correction, updated every 20 Hz).  
2) Fixed Receiver Chain Gains, as characterized prior to launch 
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Echogram: Image of Pass’s Multilooked Echoes stacked in sequence 



CALIBRATION In Power and Time 

ESA GUIDELINES For Power Calibration (Didactic Material) Available here:: 
https://wiki.services.eoportal.org/tiki-download_wiki_attachment.php?attId=2927 

More details about how to 
compute and  apply the 
gain calibration correction 
(CryoSat-2 mission )in the 
TN on the right  



GROUND CELL GRIDDING 
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The purpose of this 
stage is to place 
along the over-flown 
surface elevation  
profile a set  
of surface locations 
wherein  the 
synthetized Doppler 
Beams  will be  
afterwards  focused, 
steered  and 
multilooked 

Ground Cells, or  Surface Locations, 
or Surface Samples.. posted every 
20 Hz 



GROUND CELL GRIDDING 

To place the ground 
cell on Earth’s 
surface, is used a 
first-approximation 
elevation profile 
derived from the on-
board calculated 
tracker range. 
Important to remark 
that the posting 
rates of the FBR (85 
Hz)  and  Level 1b  
data (20 Hz)  are  
independent of each 
other 



BEAM POINTING 

SS
i  

Ssi+

1  300 
meters 

300 
meters 

Burst n 
Given the set of surface 
sample locations, the 
purpose of this stage is 
to calculate for each  
burst center the scene 
geometry: range 
between  the burst 
center and each ground 
cell, angles that vectors 
joining burst-ground cell 
form with velocity 
vectors, etc 



BEAM STEERING & BEAM FORMING 

Picture  from CryoSat Mission Document 

CryoSat-2 Antenna Pattern Footprint: ~ 18 km 

The purpose of this Beam 
Forming is to synthetize a 
set of 64 Doppler Beams per 
burst, exploiting the Doppler 
effect due to the satellite 
motion with respect the 
ground. 
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BEAM STEERING & BEAM FORMING 

Picture  from CryoSat Mission Document 

The net effect is that the 
real “large” antenna 
pattern is split in 64 
synthetic Doppler 
“narrow” beams (Doppler 
Beams Fan)  Each Doppler Cell has 

a size of around 300 
metes 

The purpose of this Beam 
Forming is to synthetize a 
set of 64 Doppler Beams per 
burst, exploiting the Doppler 
effect due to the satellite 
motion with respect the 
ground. 
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Azimuth This is carried out by a 
pre azimuth-FFT 
multiplication of the 
burst matrix  with a 
phasor  (shift’s 
theorem)  
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This is carried out 
by a pre azimuth-
FFT multiplication 
of the burst matrix  
with a phasor  
(shift’s theorem)  
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BEAM STEERING & BEAM FORMING:  
Exact / Approximated 

— In the “approximate” beam steering, all the Doppler Beams in the fan will be 
steered by the same angle. This approximation can be considered acceptable 
on gentle undulating surfaces (open sea). 

 
— In the “exact” beam steering, each of the Doppler Beams will be steered by a 

different angle; by effect of these phase rotations, all Doppler beam footprint 
will be now co-located “exactly” with the own surface sample location. The 
exact beam forming needs to be applied in case of highly variable topographic 
surfaces but is more time-consuming operation. 
 



Ghostings: AZIMUTH AMBIGUITIES OVER SPECULAR WATER 
SURFACES 

Orbit 

σ0 ≈ 10 db 

Synthetic Beam 

σ0 ≈ 60 db 

Main Lobe 
Side Lobe 

Doppler Cells 

Burst Weighting Function  



Effect of the application of Weighting Function to eliminate parabolic artifacts on 
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Ghost signal 
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OPEN OCEAN 
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BEAM STACKING 

SSi  Ssi+1  
300 meters 300 meters 

Burst n-1 
Burst n 

Around 220 
burst in view for 
each ground cell 



BEAM STACKING 

Range Number of Looks 

STACK: Collection of the 
looks, staring at the same 
ground cell and gathered in 
sequence in a data matrix 



RANGE ALIGNMENT 

The purpose of this stage is to correct all the misalignment in range 
between the beams of the same stack. 
Three range misalignment needs to be corrected: 
 
—Misalignment for on board Tracker Shift Correction 
—Misalignment for Slant Range Correction 
—Misalignment  for Doppler Shift Correction 
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RANGE ALIGNMENT MUST BE PRECISE ! 

A way to verify the quality of the range alignment operation is to perform an over-
sampled stacking on a transponder data pass.  
The looks alignment in range is as much precise as half centimeter. 



RANGE ALIGNMENT MUST BE PRECISE ! 

A way to verify the quality of the range alignment operation is to perform an over-
sampled stacking on a transponder data pass.  
The looks alignment in range is as much precise as half centimeter. 

Range Alignment is carriot 
out by a pre range-FFT 
multiplication of the burst 
with a phasor  (shift’s 
theorem) for the fine 
delay’s part  



RANGE COMPRESSION 

As consequence of deramping theory,  Range Compression is carried 
out as simply Fast Fourier Transform in range direction of the stack  
data. 
This processing step is common with Classic Altimetry. 
After this step, we have around half meter of  vertical resolution   



ZERO-PADDING =>DOUBLE SAMPLING   
In order to avoid aliasing of the signal that would normally occur due to the doubling of the 
signal bandwidth when square-law detecting the  signal  itself, prior of the range compression 
the Doppler Beams waveforms can be zero-padded (Jensen’s sampling), doubling this way the 
number of samples. The net effect is to over-sample the range compressed signal by a factor of 
2. This is particularly useful over specular surfaces 
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RIP Radargram for a sea ice pass 
At the end, RIP is a new waveform independent from the multi-
looked echo containing surface geophysical information (surface 
slope, mean square slope, surface skewness and peakness ) 
 



RIP Radargram for a sea ice pass 

Sea-Ice leads, can be  even recognized by visual inspection 

At the end, RIP is a new waveform independent from the multi-
looked echo containing surface geophysical information (surface 
slope, mean square slope, surface skewness and peakness ) 
 



MULTILOOKING 

Multilooking: Incoherent Summation of Stack’s 
looks in Azimuth direction. 
The purpose of the multilooking is to knock down 
the speckle noise. Note that the “far from zero-
Doppler” looks are not “complete” and hence not  
as much useful as “around zero-Doppler” looks 
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Σ 

Multilooking: Incoherent Summation of Stack’s 
looks in Azimuth direction. 
The purpose of the multilooking is to knock down 
the speckle noise. Note that the “far from zero-
Doppler” looks are not “complete” and hence not  
as much useful as “around zero-Doppler” looks 



“Near from zero 
Doppler” beams are 
more Efficient than far 
“from zero Doppler” 
beams 
 

MULTILOOKING 



Different ways to perform 
multilooking are possible: for instance 
scaling the waveform by the number 
of not-zero in the stack (Scagliola et 
al.)  or compensate the stack for the 
azimuth antenna pattern 

MULTILOOKING Strategies 



Prior making multilooking,  it necessary to decide which is the ´´center´´ of the 
stack  in the range direction; If this decision can be simple for open ocean 
(using strongest power criterium), can be tricky over coastal zone and inland 
water.  

Range Window Expansion 



PROBLEM: 
 

Actually, in the CryoSat-2 L1b PDGS after range migration,  a simple OCOG retracker is 
implemented to subset in range the “good” part of the SAR stack and accommodate the 
multilooked echo in a fixed product size (128 bins). Of course OCOG can not discriminate 
properly between weak nadir and strong off-nadir return. 
  
 
 
 
 
 
 
 
 
 
OPTIMAL SOLUTION:  
 

Don’t subset the stack but double the  size of the radar receiving window  (i.e. extend the 
vertical swath) in the product and hence avoid the echo’s truncation 

SAR with an Extended  Range Window 
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WE DONT CHANGE THE ALONG TRACK RESOLUTION, ONLY THE GRID STEP SIZE! 

Above Image  from Keith Raney 

Default 300 m 
Now fixed  at 
80 m 

SAR ALTIMETRY @ FINER GRID STEP              
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wide 
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Waveform Model  and Waveform 
Retracking 



 

 

 
Altimetric Waveform Retracking  
 The process to retrieve from the received return waveform the three quantities:: 

― Two-way Travel Time 
― Significant Wave Height 
― Sigma zero (aka normalized back-scattering) 

is referred as Waveform Retracking. 
This is achieved by fitting the shape of the sampled echo waveform to a model 
function or formulation which represents the form of the echo. 
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Altimetric Waveform Retracking  
 The process to retrieve from the received return waveform the three quantities:: 

― Two-way Travel Time 
― Significant Wave Height 
― Sigma zero (aka normalized back-scattering) 

is referred as Waveform Retracking. 
This is achieved by fitting the shape of the sampled echo waveform to a model 
function or formulation which represents the form of the echo. 
The retracking can be: 

― Physical-based Model (analytical  or  numerical) 
― Empirical (e.g. OCOG) 

according if a model function or empirical formulations are used to retrieve the 
geophysical quantities from the waveform. 
The final vertical resolution, after retracking, is generally more than an order of 
magnitude better than vertical resolution (we pass from 50 cm to few cms) 

Typical Curve-Fitting schemes are Least Squares  Estimation (LSE) or Maximum 
Likehood Estimator (MLE) 
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IN SAR Altimetry New Echo’s Shape  
=>  we need a new model ! 

SAR Echo 
(Delay 
Doppler 
Echo) 

Classic 
Altimetry 
Echo (Brown 
Echo) 

Total Different 
Shape => Problem, 

we need a new 
waveform model ! 



• Study funded by ESA, led by David Cotton (SatOC)  
– Starlab, NOC, De Montfort University, DTU Space & expert guidance from 

Keith Raney  
• Initiated in March 2008 
• First, the team worked with simulated data (CRYMPS), after CryoSat launch, 

the team started to work on real data 
• SAMOSA Team succeeded to provide an all-comprehensive  analytical model 

formulation for the SAR (Delay-Doppler) Echo 
• SAMOSA Team laid the foundations for SAR  Echo retracking SA over open 

ocean 
• SAMOSA team firstly investigated the potential of SAR (Delay-Doppler) 

altimetry  in coastal zone and inland water and sea floor bathymetry 

THE SAMOSA PROJECT and HERITAGE 
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SAMOSA WAVEFOM MODEL 

SAMOSA MODEL: Physically-
based model developed by Starlab 
from first principles. 
 

Fully-Analytical solution to model 
the Delay Doppler Maps (DDM) for 
the full span of Doppler 
Frequencies. 
 

The model independent variables 
are the Doppler Frequency and 
the Time Delay (bi-dimensional 
model). 
 

Model unknowns are epoch (time 
delay of the tracking point), 
significant wave height,  Pu 
(waveform amplitude), mean 
square surface slope, and 
mispointing angles (pitch and roll).  

Tim
e D

elay 

Doppler Frequencies 
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All technical details, mathematical 
derivation and hypothesis  can be 
found here 



SAMOSA MODEL PAPER 

All technical details, mathematical 
derivation and hypothesis  can be 
found here 

Waveform Model Main Features 
Handling Skewness in ocean SSH 
distribution 

Handling Elliptical antenna (modeled as 
gaussian) 

Handling Roll and Pitch mispointings 

Handling Vertical speed and sea surface 
slope 

Handling Earth’s Sphericity 

Handling mean square surface slope 

Squared PTR approximated as Gaussian 



SAR AVERAGED BACSKATTERED POWER WAVEFORM 
EQUATION 

Instantaneous Backscattered DDM (Radar Equation)  
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F0 and F1 Terms 
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F0 and F1 terms can be expressed  
exactly in term of Bessel Function 
but ,for operational processor, better 
to tabulate them  



                                                                    
                                    

                                                                
                         

                                                                  
                 

MODEL TRUNCATED VERSION 

Accumulating all the beams, we build the multilooked return 
waveform model. If we consider only the term for beam l=0, 
the model is termed as  the Single-look waveform model.  
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MODEL TRUNCATED VERSION 

Accumulating all the beams, we build the multilooked return 
waveform model. If we consider only the term for beam l=0, 
the model is termed as  the Single-look waveform model.  



When considered only F0 term (i.e. zero order only) in the model, 
the model itself is termed SAMOSA 3 
When considered both terms (zero order  and first order), the 
model is termed SAMOSA 2 
SAMOSA 3 is more computational fast (for NRT products) but may  
introduce errors 

MODEL TRUNCATED VERSION 

Accumulating all the beams, we build the multilooked return 
waveform model. If we consider only the term for beam l=0, 
the model is termed as  the Single-look waveform model.  



Dependency  on sea state (SWH) 
 Sea Level Anomalies differences between SAR and RDSAR (PLRM) 

shows a trend with SAMOSA 3 



Trend disappears with SAMOSA 2 

Dependency  on sea state (SWH) 



Model Doppler Beams 



Dependency on SWH 

Effect of increasing 
SWH is to broaden the 
echo shape 



Dependency on Roll Angle 

Little but not 
negligible dependency  
from roll 



Dependency on Pitch Angle 

Very low 
dependency  
from pitch 



Look-up Table for SAMOSA  Model 
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in the SAMOSA Analytical 
Model 
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SAMOSA DDM ZERO MASKING  
Due to the limited size of the radar receiving 
window (60 meters), after range alignment 
operation, the Delay –Doppler beam Stack gets 
filled with zeroes 
At L2, a 1/0 mask is applied on Delay Doppler 
Map to build a echo waveform with tail 
decaying to zero 



SAMOSA DDM ZERO MASKING  
Due to the limited size of the radar receiving 
window (60 meters), after range alignment 
operation, the Delay –Doppler beam Stack gets 
filled with zeroes 
At L2, a 1/0 mask is applied on Delay Doppler 
Map to build a echo waveform with tail 
decaying to zero 



Waveform Retracking Scheme over  open ocean 

― The waveforms are retracked by Bounded Least-Square Curve 
Best-Fitting Algorithm (Levenberg-Marquard) 

― Levenberg-Marquard implemented  in C++ by LEVMAR Library 
― Thermal noise floor is handled as parameter given in input to 

the retracking (estimated from early samples or from stack) 
― Roll and Pitch mispointings are handled as parameters given 

in input to the retracking (from platform star trackers and  
corrected for biases)  

― Mean square surface slope effect  neglected 
― Skewness set to zero 
 

 



SAR Coastal Retracker  

- Echo not contaminated/weakly contaminated/not 
specular,   SAMOSA 2 Model (C. Ray et al. 2014)  

- Echo contaminated (high misfit)  SAMOSA 2 
Model with Mean Square Surface Slope (mss) as 
free parameter and SWH set to zero 

 
 

),,,( 0 mssPSWHtfP uSAMOSA
SAR
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LAND 

LAND 
CONTAMINATION 

OCEAN 

Fitting First-Guess epoch (retracker initialization) taken 
as position of the correlation’s peak between 20 
consecutive waveforms  (to mitigate land contamination 
problem) 
 

SAR Coastal Retracker  



LAND OCEAN 

First Guess Epoch 
from Waveform‘s 
Maximum 

Fitting First-Guess epoch (retracker initialization) taken 
as position of the correlation’s peak between 20 
consecutive waveforms  (to mitigate land contamination 
problem) 
 

SAR Coastal Retracker  



LAND OCEAN 

First Guess Epoch from 
Correlation Peak between  20 
consecutive Waveforms  

Fitting First-Guess epoch (retracker initialization) taken 
as position of the correlation’s peak between 20 
consecutive waveforms  (to mitigate land contamination 
problem) 
 

SAR Coastal Retracker  



 
 

 
 
 

 

 

 
 

 
 

The retracking estimates the received 
power that is converted to 
backscattering applying the SAR link 
budget equation. 
The waveform received power must 
be compensated for all the gain 
chain. 
The nadir backscatter coefficient 
depends can be related to wind speed. 
Empirical models have established a 
relationship between the wind speed, 
the sea surface backscatter 
coefficient and significant wave 
height. Wind speed is calculated from 
an empirical mathematical relationship 
with the Ku-band backscatter 
coefficient and the significant wave 
height.  

The Power Return depends on Wind Speed 

The wind speed model function is 
evaluated for 10 metres above the sea 
surface. Only speed intensity can be 
retrieved 
A standard model for Envisat is the 
Abdalla’s Model (in the picture)  



GPOD for CryoSat- 2 and Sentinel- 3   

Follow hands on session this Friday: 
 

― https://gpod.eo.esa.int/services/CRYOSAT_SAR/ 
― https://gpod.eo.esa.int/services/CRYOSAT_SARIN/ 
― https://gpod.eo.esa.int/services/SENTINEL3_SAR/ 

https://gpod.eo.esa.int/services/CRYOSAT_SAR/
https://gpod.eo.esa.int/services/CRYOSAT_SAR/
https://gpod.eo.esa.int/services/CRYOSAT_SARIN/
https://gpod.eo.esa.int/services/SENTINEL3_SAR/
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