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1 Introduction

1.1 Purpose and Scope
This document describes the Algorithm Theoretical Basis Document (ATBD) for the Scientific Exploitation of

Operational Missions (SEOM), Sentinel-3 Performance improvement for ICE sheets (SPICE) study.

The ATBD is prepared to describe the algorithms technical baseline of the processors that will be used within

the project.

2  InputFiles Description
For details on the input/output description of the products and the format specification of the output products

for the Delay-Doppler SPICE processor please refer to SPICE deliverables IODD and PSD.

2.1 Ancillary files (CHD, CNF, CST and others)

The ancillary data can include, apart from the auxiliary files, additional information such as DEM and airborne

data.

A brief description of these files follows.

Static auxiliary files:

* Characterisation file (CHD): system on-ground characterization (general, time pattern, platform,
antenna, calibration...)

* Configuration file (CNF): contains all the Delay-Doppler or SAR processor switches and processing options
that can be accordingly activated/deactivated.

* Constants File (CST): includes the main physical constants used in the Level-1A to Level-2 processor.

* Azimuth weighting file: includes the weighting applied at burst level prior to azimuth processing.

* DEM: digital elevation maps (from both traditional and laser altimeters) used for validation.
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3  pLRM chain

31 Purpose and Scope

The pLRM processor ingests the full rate complex waveforms, which are the starting point for the (SAR) high
resolution processing, and aims to emulate the LRM processing on-board the satellite. This implies an average
of the waveforms and a range compression. Further details of each step are described in the following
sections. The L1B is then the final output of the pLRM processor. It contains geo-located and fully calibrated

improved Low Resolution power echoes.

3.2 Data Block Diagram
Figure 3-1 shows the general pLRM L1 chain processing block diagram, developed for Sentinel-6 Poseidon-4
Ground Processor Prototype and adapted to CryoSat-2 for the purpose of the SPICE project. The processing

steps are equivalent to those described in RD. 14.

1
+

DOPPLER
CORRECTION

!

BURST
ALIGNMENT

!

AVERAGING

!

SIGMA-0
SCALINGFACTOR [~~~ " EELEi

Figure 3-1. General pLRM chain block diagram

FBRto L1A

v
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3.3 Mathematical description

3.3.1 FBRto L1A

Since both the pLRM and SAR processors in the Sentinel-6 Poseidon-4 Ground Processor Prototype start from
the L1A point of view, there is the need of implementing a module that adapts the contents of the FBR

(CryoSat-2 data format) to the L1A. This means applying some calibrations to the input data such as:

- Instrument gain correction
- CAL1 correction
- CAL2 correction

- USO correction

Apart from these calibrations, there is the need of aligning the pulses within a burst by shifting them with the

use of the window delay and its evolution within a radar cycle. This is what is called the intra-burst alignment.

3.3.2  Doppler Correction

In the HR chain, the Doppler correction is not compensated in the L1A but to the stack data (see Azimuth
Processing and Stacking). Hence, in the LR chain, it needs to be taken into account here, before the waveforms

are aligned.

The Doppler correction is defined as in Eq. 3-1:

Az, (q):—%g’) (s) Eq. 3-1

where

H (a)is the altitude rate of each burst, being q e [ON,, —1] the burst index and N, the number of bursts
within a radar cycle.

A is the radar wavelength,

[ is the chirp slope.
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After that, the Doppler correction is added to the window delay, as in Eq. 3-2

7w (0) = 7 (Q) + A7, () (s) Eq. 3-2
where
7.y is the window delay for each burst, with the Doppler correction applied to it,
rx is the window delay for each burst,
Az, is the Doppler correction, in seconds,

d €[O,N,, —1] is the burst index and N, the number of bursts within a radar cycle.

3.3.3  Burstalignment
Before computing the power waveforms that are going to be averaged, the different bursts need to be aligned.
This alignment is done with respect to a reference burst within the radar cycle (the first burst) and is applied

as an exponential in frequency domain, as shown in Eq. 3-3:

276, (q)-n/N,
allgned (q p’ n) corr (q p’n) € ° )n/ Eq 3-3
where
Yo (G.P.1) is sample n of L1A waveform p within burst g
6, (q) is the inter-burst phase shift, computed as in Eq. 3-4
N is the number of samples of a waveform.
Ku 2) 1
6)ib (q) = |:de (q Wd qref :I |:h qref :| E ﬁ Eq 3-4

where

7y (@) is the window delay of each burst with the Doppler correction applied,

h(q) is the altitude of the satellite at each burst position,

0, is the reference burst index,

TO is the altimeter clock period,

C is the speed of light.

3.3.4  Averaging

Once the bursts within a radar cycle have been aligned, the power waveforms ¥ are computed (through

aligned

an FFT and a square modulus of Y

aligned 7

see 4.5) and then the two-step average is performed.
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First, all the waveforms in each burst are averaged, as in Eq. 3-5

urs 1 f
\Pb t ( ) = N_ Z(; qjaligned (q’ p!n) Eq 3-5
p P=

where N_ is the number of pulses within a burst.

After this is done for all the bursts in a radar cycle, there is one waveform per burst. Then, the second average
is performed to average all the burst waveforms in the radar cycle, as in Eq. 3-6.

Npe -1
)= = z \Pburst Eq 3_6

b(:q0

3.3.5  Sigma-0 Scaling Factor

The sigma-0 scaling factor is computed from the averaged waveform over a radar cycle by using the same
formula that is used in the main processing chains of the HR processor (see4.7). However, since the pLRM is a
mixture of processing modes, some parameters in the main equation, Eq. 3-7, are taken from the LR mode

and others from the HR mode. Further details are given below.

(W) Eq. 3-7

re = Proc GANTT ar —0° (9) Ay - 2

In the same way it is done in HR, the sigma-0 scaling factor formula can be split in two parts: instrumental and

external.

The instrumental part uses all the HR parameters its expression is defined in Eq. 3-8:

4
- wtm? Eqg. 3-8
TR GZ (W=-m™) g

where
P, is the power transmitted
G, is the transmission antenna gain for the corresponding beam

A% -G,

A

is the antenna aperture amplification in reception for the corresponding beam
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However, since no HR processing has been applied to the waveforms, the external contributions are inherited

from the LR mode. The external factors formula is displayed in Eq. 3-9:

(167-B)-H° -[Re +H]
Re 2
Kext = c (m?)

where

B is the chirp bandwidth,

e

c is the speed of light.

The final sigma-0 scaling factor is computed as in Eq. 3-10:

Ko =K Kex

W)

Eq. 3-9

R.+H
( eR J the rounded Earth compensation, where R, is Earth radius and H the satellite’s height, and

Eqg. 3-10
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4  High Resolution (or SAR) Ku Chain

Figure 4-1 shows the general High Resolution (HR) Ku chain processing block diagram, developed for Sentinel-

6 Poseidon-4 Ground Processor Prototype and adapted to CryoSat-2 for the purpose of the SPICE project.

FBRSAR

+

SURFACE u DOPPLER ) DELAY-DOPPLER
LER S LOCATIONS BEAM ANGLES PROCESSING

l—l

STACKING

GEOMETRY o RANGE | _
CORRECTIONS "| compRression

MULTI-LOOKING

v

SIGMA-0
SCALING FACTOR L1B SAR

Figure 4-1. General HR (SAR) Ku chain block diagram.

The white boxes are the HR (SAR) Ku chain algorithms: Surface locations, Doppler beam angles, Delay-
Doppler processing, Stacking, Geometry corrections, Range compression, Multi-looking and Sigma-0
scaling factor. The red boxes are the input, the FBR, and the output files of the chain: the L1B-S and the

L1B. Each of these is described in turn.

The FBR contains geo-located bursts of Ku echoes without the calibrations applied. The FBR to L1A module
(see 3.3.1) therefore applies these calibrations, to generate full rate complex waveforms, which are the
starting point for the (SAR) high resolution processing. The L1B-S contains fully SAR-processed and
calibrated High Resolution complex echoes, arranged in stacks after geometry corrections and prior to
echo multi-look. The L1B SAR is the final output of the HR processor. It contains geo-located and fully
calibrated multi-looked High Resolution power echoes. In the following sections, we describe each of the

L1 processing modules.
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4.1 Surface Locations, Surface Datation and Window Delay

4.1.1 Purpose and scope
The aim of this algorithm is to compute the surface locations (and their corresponding datation and orbit
parameters) defined by the intersection of the Doppler beams and the estimated surface positions along the

satellite track.

4.1.2  Data block diagram

Final Burst Datation

e

Computation of Angular
Doppler Resolution

¥

Coarse intersection
loop

2

Fine intersection loop

2

Determination of the
surface location

osv
selection A

while there is a complete tracking cycle left

Determination of the
2>  associated Orbit State and
window delay

Attitude |_ _________ I

selection

J« L1B: Surface locations &
associated Orbit State
Vector and Window delay

Figure 4-2. Surface Locations block diagram.

4.1.3  Mathematical description
The first surface location is determined by the window delay (time elapsed from the transmission of the pulse
to the ground, and back) of the first burst of the radar cycle. Then, an iterative process starts and lasts until

the end of the orbit data is reached. This process goes through the following steps:
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e Computation of angular Doppler resolution

This is obtained at the current satellite position given the Doppler frequency expression (RD. 2):

AL

f5 p

(Hz) Eq. 4-1

where \7S is the satellite velocity vector and A the radiation wavelength. As the azimuth processing

will give a Doppler frequency sampling given by the inverse of the burst duration (Atburst), the

angular azimuth beam resolution is calculated as:

2-\V_|-At

burst

0= arcsin(

j (rad) Eq. 4-2

s

e Coarse and fine intersection loops

Determine the intersection between the direction defined by the angle Hj (angular azimuth beam
resolution, Figure 4-3) with respect to the nadir and each surface. This process is performed by
iterating through the surface positions until the angle of sight (¢, )' is bigger than the angular
azimuth beam resolution 6, (Figure 4-4, left). Then an interpolation is performed between the last

angle of sight and the previous one. After that, a second iteration process starts (the fine intersection
loop) and finishes when the angle of sight coincides with the angular azimuth beam resolution
(Figure 4-4, right).

e Determination of the surface location
The new surface location (red point in Figure 4-3) is stored and used in the following step.

e Determination of the associated orbit state and window delay
The associated orbit state can be retrieved using orbit interpolators or libraries. If not available, the
orbit can be manually interpolated with splines over the burst satellite positions. Then, the new
surface location is also located on the orbit (this would be the action of going from the surface to the
orbit and it is represented in Figure 4-3 with the red lines going from the surface locations to the

orbit). In addition, the window delay of the new surface location is calculated.

L A given angle of sight ¢, is the angle between the nadir direction and the vector determined by the satellite position and
each ground location.
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o New orbit state becomes the current one and the next iteration starts.

Satellite locations
T~

Burst satellite positions - . -

Burst surface positions

Surface locations

Figure 4-3. Surface Locations determination.

Coarse intersection loop

! Fine intersection loop
Angular azimuth beam resoclution

Surface seen with the angles of sight o,

Figure 4-4. Coarse and fine intersection loops.
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4.2 Beam Angles

4.2.1 Purpose and scope
This algorithm computes, for every burst, the angles between the satellite velocity vector and the direction

defined by the satellite location and each surface location under the satellite’s boresight.

4.2.2  Data block diagram

Surface Preliminary
locations Datation

For each burst

surface location

SelectN, surfaces

| For each surf. location

Beam angle
computation

4

Check angular limits

\

Store the beam
angle and its index

L1B-S: Beam angles &
corresponding surface
indices

Figure 4-5. Beam Angles block diagram.

4.2.3  Mathematical description

The algorithm calculates the angles between the satellite velocity vector and the vectors connecting every
surface location that is “observed” by the satellite at the current satellite burst position and the location itself.
These angles are then used by the Azimuth Processing algorithm to steer the beams to the desired surface

locations.

The process starts by iterating through the bursts. Then, for each burst, a few steps are followed:
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e Find the surface location closest to the nadir direction and store its index.

e Select Np surface locations: Np/2 forward and Np/2 backwards (see Figure 4-6).

Burst location v

location to nadir Surface

Np/2 surfaces Np/2 surfaces

Figure 4-6. Geometry of the Beam Angles algorithm. Np is the number of Ku pulses per burst.

e Finally, store the number of selected surface locations and their indices. These indices will be used

later to generate the stack.
Then, for each surface location:

e Compute the angle between the satellite velocity vector and the satellite-to-surface direction. This

angle is named beam angle and is computed the following way:

6. = arcos Ve Wea s Eq. 4-3
. AR

sat—surf |

where Vg is the satellite velocity vector and W, .o+ is the vector from the burst satellite position to the

surface location. Note that these angles, shown in Figure 4-6, are the complimentary angles of those shown

in Figure 4-3and Figure 4-4.
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4.3 Azimuth Processing and Stacking

4.3.1 Purpose and scope

The purposes of the azimuth processing and stacking algorithm are to steer the beams to the different surface

locations and generate the stacks.

4.3.2  Data block diagram

ne[0:N;-1]
3
- Complex Set of N,
é waveform complex
o, (m,n) waveforms with
= N, samples

For each burst

Foreach surf. location

v
m_> Pre-FFT phase shift
application

Azimuth FFTs

¥

Steered beam
selection

Generate stack

!

surface locations

rcn[ Set of Ny beams of
(=) Complex N; samples, steered
=z beams (b’,n) to the observed

ne[0:Ns-1]

Figure 4-7. Azimuth Processing and Stacking block diagram.
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4.3.3  Mathematical description

e Azimuth processing

In order to create Doppler beams, a specific process has to be performed in the along-track direction.
This process consists in applying a different phase value to the different pulses in order to steer them

towards the surface locations computed in §4.1, as originally proposed by RD. 1.

To do this, there are two different methods: the exact (see Figure 4-8), whose block diagram is

depicted in Figure 4—7, and the approximate (see Figure 4-9), which is a simplification of the first.

The exact method uses all the beam angles 6, computed in §4.2 to steer the beams to the surfaces.

This implies that there will be an FFT process for each of the surface locations. On the other hand,
the approximate method simply uses the beam angle that is closer to the nadir (Figure 4-6) to spread
the other beams and steer them to the other surfaces. This means that the approximate method

only goes through one FFT process.

Note that the FFT processes are the result of applying the steering angles 6, ..., (or phases) to the

eam

pulses. These angles have two components:

Orean (0,p) =0, (0)+50(p) =0, (b)+ arcsin[%} (rad) Eq. 4-4

being

b the beam index within a burst, b [O,Nb —1]

lse ind Np Np
p the pulseindex, pe|{——,——
2 2

o (b) the beam angles computed in §4.2

C

59(}9) is the variable part, that ends up being an FFT. This second part of 6 is the one that

beam

spreads all the beams along the surface locations, being the azimuth angular beam resolution.

In order to determine which method is used, the variability of the surface (in terms of altitude) is
computed using the standard deviation of the altitude of the surface locations that are seen by the

current burst:
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= _
Car = N_ Z(hsurf (b)_h) Eq. 4-5
p b=0

being Nb the number of beams of the current burst, hsurt the altitude of each surface location and

h their mean altitude. Depending on the value being above or below the pre-set threshold, the

exact or approximate method will be used, respectively (see Figure 4—8 and Figure 4-9).

Beams steered to each surface Steered beams

"

Beam focused on surf(b) : z

7

wu(p.n) p=0 — z

ne[O:N-1] W

i II3IRTRLY -

Obeam(b,p) 55T o

AW N = A

Beam focused on surf(b)+1

(q)uns

ol o o
ol - E——
Yoe1(P.N) - &
T T O T
>®~ - —— nononon
=22 2 2
) S&5F§ -
Obeam(b+1,p) B [e R = » 5, 7}
O c =~ Cc
’ 2323 p
5% %5
g T =3
N N

Beam focused on surf(b)+2

Woe2(P:N)
777777777 ) — iR
=z Z Z
N
Obeam(b+2,p) AW N

Figure 4-8. Exact beam-forming geometry. Each branch represents the process of focusing the central beam to a
specific surface. I and ' represent the set of waveforms before and after the steering, respectively.




A § Ref UL_ESA_SEOM_SPICE ATBD
LEGOS )| _ ererence . - - . .
>/  UNIVERSITY OF LEEDS Ssi%MAft?m‘;fS Version  :v2.1 £-@esa
. : Page 122 =
ace
isardSAT oLe Ice Sheets | e © 19/04/2018
o NE[ONs-1]
m
z
5| won
Steered Beams £
N
Vu(P.n) w| ||| | ||| o||o| || |
= 33—
/\{\/ EHENENENEIENEMEME!
AR A
ebeam(bolp) Al R S]] 9 =™« &
g g e e
fem e A g S e e S R §
o U U U U T T T O
PagE°353 3%

Figure 4-9. Geometry of the approximate beam-forming algorithm. Only the central beam angle bo is used and the
other beams are equally spaced.

e Stacking

The stacking consists in gathering the beams that have illuminated each surface location. This implies

changing the reference from the satellite to the surface.

Burst ‘q+3’

Burst ‘q+2’

Burst ‘q+4
Burst ‘g+1’

Burst ‘q+5°
Burst ‘g

Ot

Surface location ‘I’

Surface location ‘1+1’
Surface location -1

Figure 4-10. Stack formation for surface location

‘I'. Red lines represent beams illuminating the surface
location ‘I’,

hence, the stack. Grey lines are other beams that have been steered to other surface locations.
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4.4 Geometry Corrections

4.4.1 Purpose and scope

This section describes the following corrections:

e Doppler correction
e Slant range correction

o Window delay misalignments correction

4.4.2  Data block diagram

CHD, CST l

DOPPLER
Beam angles .—)
Stacked beams .——) Computation
Satellite velocity .—)

SLANT RANGE

Surface locations . .
Satellite positions . ) Computation Application —9
L1B-S:
Geocorrected
Stacked beams

A 4

WIN DELAY MISALIGNMENTS

Window delay .—) Computation

Figure 4-11. Geometry Corrections block diagram.

4.4.3  Mathematical description
This algorithm (Figure 4-11) computes and applies all the corrections associated to geometry scenarios. These
are the Doppler, slant range and window delay misalignments corrections. As the stack has already been

generated, the following steps are performed for each stack.
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Doppler correction

The Doppler correction is needed to remove the frequency shifts due to the relative motion of the sensor and
the scene. The correction is applied to the echoes in time domain, before the FFT step of the range

compression.
The frequency shift for a given Doppler direction, in meters, is computed as (RD. 4):

- At
A, = ==, (b)) cos0, (6) (m) E2. 4

where
|\7S (b )| is the module of the satellite velocity at the corresponding satellite position,

b' is the index of beams from a stack point of view, each referring to a different burst, b' e [O,Nbs —l]
A is the wavelength,
C is the speed of light,

At is the pulse length and

pulse

B is the bandwidth.

Slant range correction

This correction compensates the range migration produced by the motion of the sensor along the orbit with

respect to each surface location. In Figure 4-12, the ranges of the surface location ‘I’, F(b ) are different from

the one associated to the surface location in §4.1, ﬁ(l) . This difference is Ar (b') and is computed in range

as:

Ar(b)=[F (b)=[n(1)| (m) Eq. 4-7
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Satellite
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Surface
Location |

Figure 4-12. Slant range correction geometry.

Window delay misalighments

The beams of each stack come from different bursts, with different window delays. These misalighments have
to be corrected. In order to do it, the window delay associated to the surface (the one computed in §4.1) is
taken as a reference and the differences with all the window delays of the bursts that have built the stack are

computed.

Twdret ~ Twa (b‘)) (

As,q (b') = ( T

samples) Eq. 4-8

being 7,4 (b) the burst window delay corresponding to the b’ beam, 7

W

aret the reference window delay within

the stack and Ty the clock period.

These three corrections, not being an integer number of samples, are applied as a frequency shift by

multiplying the beam waveforms in time by an exponential (RD. 1, RD. 2):

.2 .
JN—”-As(b yn

e Eq. 4-9
being as(b’) the total correction in samples.

Then, the window delay associated to each surface location has to be replaced by the reference window delay

within the stack.

= de ref

Eq. 4-10

wds
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4.5 Range Compression

4.5.1 Purpose and scope
This algorithm (Figure 4-13) performs the transformation of the waveforms into the range domain by finalising

the range compression of the input stacks and then it generates the power waveforms.

4.5.2  Data block diagram

Geocorrected stacks

For each stack

l

Power waveforms
generation

® LiBs:
Range
compressed
stacks

Figure 4-13. Range Compression block diagram.

4.5.3  Mathematical description
The time domain waveforms are converted into beams (frequency domain) by use of a Fast Fourier Transform

(FFT), optionally with a zero-padding factor.

A zero-padding increases the number of samples of the output waveform. Thus, it provides improved results

(RD. 5), as more samples are available for the geophysical fitting of the model. After that, the power

waveforms for each stack ¥ are computed.

stack

\Pstack (bl’ n ') = ‘FFTZp {y/gcfstack (bl’ n)}‘z Eg. 4-11

where

Yy sac 1S @ Stack with the geometry corrections applied

b' is the beam index within a stack, b' e [O,NbS —1], being N, the number of beams per stack
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N is the sample index, N € [O, N, —1]

n' is the zero-padded samples index, Nn' e [0, zp-N, —1], being N_ the number of samples and zp the

zero-padding factor applied in the FFT operation.
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4.6 Multi-looking

4.6.1 Purpose and scope

The objective of this algorithm is, once the processing chain has finished, performing an average of all the

waveforms that form each stack. This algorithm also computes some statistics that characterise the stack.

4.6.2  Data block diagram

(Masked) Stack data

For each stack

Perform sub-
stacking

\’

Stack
characterisation

i

Average waveforms
over range samples

L1B:
Multi-looked
waveforms

Figure 4-14. Multi-looking block diagram.

4.6.3  Mathematical description

The steps to multi-look the echoes in a stack into a single waveform (see Figure 4-14) are described below.

e Perform sub-stacking

In order to compute these parameters, a sub-stacking is performed. This means grouping the total

power of the beams in small groups so as to reduce the noise.

e Retrieve stack characteristics

This reduction of the noise, leads the Gaussian fitting to a better performance. Then a few
parameters that are necessary to characterise the stack (and be of use for further studies on stack

data) are computed, such as 3 dB width, skewness and kurtosis.
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e Weightings computation

Before averaging the stacks, it might be of interest to remove or compensate some phenomena (i.e.

the antenna weighting). These weightings can be both pre-set and/or provided by the user.

o Weighting and averaging

After that, the weighting(s) W (b) are applied and the waveforms are averaged over range samples.

_ 1 N, -1
\Pstack (n'):r Z\Pstack (bl,n')'W (b') Eq- 4-12
W (b') "
b'=0

Since there is still discussion on how to perform this operation in the scientific community, by the

use of a configuration flag it can be done taking into account all the samples or only the non-0 ones.
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4.7 Sigma-0 Scaling Factor

4.7.1 Purpose and scope

The sigma-0 scaling factor is used by Level 2 processing for computing the backscattering coefficient of the

surface where the echo is reflected.

4.7.2  Data block diagram

@ Gain corrected

Instrumental
computation

External factors

Sat-surfrange @—F——> computation

L1B:
Waveforms
scaling factor

Figure 4—15. Sigma-0 Scaling Factor block diagram.

4.7.3  Mathematical description

The computation of the sigma-0 scaling factor is based on the radar equation which indicates the power

relationship between the transmitted echo and the received one, considering a single beam (RD. 3).

1 A? -G,
o° (6) ASurf ) A5 - r2 AT 'Ginstr (W) Eq- 4-13

P, =P 1
A

Rx — FTx "“ANT, 412

The factors involved in the equation can be classified as instrumental and external.
The instrumental factors are:

P, is the transmitted power

G,nr.. is the transmission antenna gain for the corresponding beam
Tx
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A2 ‘Ganr,
7 ® s the antenna aperture amplification in reception for the corresponding beam
T

G, is the overall instrument gain.

And the external factors are:

1 . . i 2
Py is related to the attenuation due to free-space propagation
nr

o° (9) is the backscatter coefficient. It depends on the incidence angle of the corresponding beam

A, is the area for the corresponding surface being pointed by the corresponding beam.

Then, for each beam, one sigma-0 scaling factor is computed (from the general radar equation).

2

a(0)  ax (4w (0))

PRx - PTx 'GOZ ']'2 . &un‘ (r (b|),VS (b')) (W_ ) Eq 4-14

Finally, the L1B sigma-0 scaling factor is obtained by averaging all the scaling factors.

= 2 e (B) (W) =415

2 Attenuation introduced by atmospheric propagation is dealed with in L2 data processing.
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5 Retracking

In order to retrieve geophysical information from the L1B waveforms, a retracking process is needed. The
approach for the retracking stage, since some areas of interest present multi-peaked waveforms, is to have a
pre-retracking module that filters out the undesired parts of the input waveforms so that the retracker can

perform at its best. Figure 5-1 shows the block diagram of this setting:

PRE-RETRACKING
L1B o e -D| MODULE —h| RETRACKER == L2A

Figure 5-1. L2 chain block diagram

In this pre-retracking module, two solutions have been considered: an along-track coherence algorithm, which
is also called Batch, and a waveform portion selection based on an external DEM. The option of not applying
any of these is also considered. In future studies, it would be very interesting to combine both methods in

order to improve the retracking performance.

Regarding the retracking itself, depending on the mode (SAR or pLRM) the best-performing retracker changes.
For the purposes of this study, our primary aim is to evaluate whether an empirical or physical model based
retracker performs best for SAR waveforms acquired over ice sheet surfaces. The retrackers that have been
considered are an adapted ocean retracker and the best performing reference retrackers from the Phase 1

Retrackers TN (see Table 3).
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5.1 Pre-retracking modules

5.1.1  Batch processing
The batch processing is based on the same concept as the along-track coherence retracker that was developed
within the CP40 project?, which monitors the window delay behaviour along the track to prevent the

retracking of undesired echoes within the receiving window.

The three main steps are the following:

Avoid window delay jumps

The window delay monitoring consists in making sure its values fall within a certain moving fixed-size
timespan. Depending on the scenario, this margin may change its size. Moreover, the number of records that
are taken into account can also be changed. In this case, since the areas where the Batch is relevant have a
rapidly changing terrain, the number records that are taken into account to set the margin is 5. Then, the

current window delay is allowed to fall out of this margin up to 20 samples.

Cut the waveforms

If the new window delay is out of the margin, we search all the peaks that the waveform may have and identify

the one that has been first retracked. Then, this part of the waveform is deleted.

Retrack the rebuilt waveform

The retracker is ran again, this time only with the new waveform, which does not contain the spurious signal.

This post-L1B processing can solve almost all contamination problems. Only those targets that are located very

close in range to the surface echo signal could invalidate the proper range retrieval.

3 The along-track coherence retracker was developed within the CP40 project funded by ESA (RD. 9), and partially funded
by isardSAT.
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This technique has been proven in coastal areas within the CP40 project with success, reducing by a 60% the

along track sea level standard deviation of the coastal tracks sections with respect to ESA L2 products (RD. 9).

5.1.2  DEM-guided

This pre-retracking module makes use of an external DEM to determine which part of the waveform
corresponds to the nadir direction, so as to consistently retrack the nadir surface, rather than other reflections
within the beam footprint. The choice of DEM is configurable, but for the purposes of this study is chosen to
be a new DEM based on 6 years of CryoSat-2 data (RD. 11) for Antarctica, and a DEM based on airborne data
for the Russell Glacier (RD. 12).

The selection algorithm has the following processing logic:

Check if the DEM reference is within the receiving window

If the reference is not within the receiving window, a flag is raised and the algorithm exits and outputs the

whole waveform sample range.

Cut the waveform

If the DEM reference is within the receiving window, the closest peak to this reference is selected and the
waveform is cut around the valleys surrounding the selected peak®. When waveforms are very noisy, a

smoothing is done so as to select the actual peaks instead of noise.

Retrack the rebuilt waveform

The retracker is ran again, this time only with the new waveform, which does not contain the spurious signal.

4 A valley is defined here as the lowest power area between two peaks.




= mn f
LEGOS UNIVERSITY OF LEEDS SEOM S3-4SCI Reference : UL_ESA_SEOM_SPICE_ATBD

f . T
SAR Altimetry \Ijaegf;o” : ‘éél L.=esa
L[] g z .
isardSAT oLe Ice Sheets |y e © 19/04/2018

5.2 Retrackers
The data produced in this study utilized three retrackers, one analytical SAR retracker based on the work of
Ray et al. (2015), RD. 8, and two empirical retrackers that are well established from past satellite missions.

These retrackers are each described in more detail below.

5.2.1  Analytical retracker
The analytical retracker’ (RD. 8) is based on Barrick’s work on rough surface scattering based on specular point
theory and considers the radar cross section as a variable value when deriving the model waveform both

accounted for RD. 6 and RD. 8.

Barrick’s definition under Gaussian assumption is given by:

a(08) = 0,(0)exp (— tanze) Eq. 5-1

Os

Where @ is the incident angle, and o is related to the roughness of the surface under observation.

In this way, the modelled waveform can adapt to different surface roughness conditions. Figure 5-2 shows the

effect of varying o, from a very specular reflector (o, =1- e™°) to a very rough surface, o, =0.01.

Isotropic scattering for different mean squared slope values
T

1
I

——mss =0.01
i |—=—mss=0.001 ||
—s—mss = 0.0001
——mss = 1e-05

Figure 5-2. Graphical representation of Barrick’s radar cross section for different o .

5 This retracker was developed within the SAMOSA project funded by ESA.
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522 Threshold Peak Retracker
The Threshold Peak Retracker outputs the first sample that reaches the amplitude set by a threshold within a
set range of samples [ny, n,] that usually discards the first samples of the waveform due to high noise values.

Usually this amount is n; = 5*ZP samples.

For SAR mode, the threshold has been set to 0.75-A, whereas for PLRM it has been set to 0.35-A°, being A the

maximum amplitude of the power waveform.

523 TCoG
The Threshold Centre of Gravity is a combination of the well-known COG and the TPR. Basically, the retracking
point is obtained by taking the first sample that crosses the power threshold k-A and then linearly interpolating

the echo. This k threshold has been set to 0.5-A.

As described in RD. 10, the algorithm is based on the following equations:

Eq. 5-2

. kA—P -1
t0=lo—1+—Lo Eqg. 5-3
PiQ_Pio—l
where ig is the index of the sample that first crosses the power threshold k-A, n; and n, the start and stop

indexes (used to discard samples at the extremes of the waveform), P; and P; the waveform power at

samples i and iy, respectively, and to the leading edge position.

The final retracking solution is TPR for SAR and TCOG for pLRM. Hence, the final percentages chosen for each
mode are 75% (SAR) and 50% (pLRM).

6 For SAR-mode ocean-like waveforms, 75% of the maximum amplitude is a rough estimation of the leading edge. For
PLRM, in turn, this threshold is smaller. After a few tests, 35% was the best threshold.
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