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Key Points of the presentation that | am not presenting today:

-We propose a method to unwrap the phase of a single Synthetic Aperture Radar image, classically assumed to
be stochastic noise.

-Our method yields the lengthening or shortening of the optical path from a single Sentinel-1 acquisition.

-This method might enable the use of SAR archives for coastal sea-level measurements, since 1991, a research
area where observations are lacking.

Key Points of this actual presentation:

-the phase of a (focused) SLC carries a number of physical information, today not yet fully explored: can we
assess them ?

-Can we measure the SAR optical path from a single SLC while we have learned at school and from books that
the phase of a focused SLC is “stochastic noise” (quote).

-We are at a point of our research where we feel that we have to open our results to the SAR/INSAR community
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Géosciences pour une Terre durable
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b. amplitude c. phase

Please, if you are inspired by any part of this presentation, cite itas:

Marcello de Michele, Guillaume Bacques, Remy Asselot, Unwrapping the phase of a
single focused SAR image: application to Sea Level Anomaly (SLA). Proceedings of
the 13th FRINGE conference, Krakow, Poland, 15-19 June 2026.
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10 December 2016

sciences pour une Terre durable

20°30'S —

20°45'S —
arg R(1)
R(p) is an estimate of the
21°60'S — autocorrelation function
obtained from n+1 range
pixels.
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Integrating argR(7) :

10 December 2016
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> —argR(7) (1)
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dr, =

= < extra optical path =

dr; < AR(w)

f; drpdx + k « dfi“}
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Interpretation : ) e Cesa

Our results, show a time-varying, coherent and spatially
correlated SAR phase signal, which is calculated from
single SLCs, at different dates at high spatial resolution
(166 m). At each SLCs dates, this signal appears to
correspond to a physical phenomenon related to ocean
dynamics. Since Sentinel-1 focusing processor uses the
GETASSE30 DEM to focus the SLC phases, a statistically
significant phase variation, dr;, within the integram
could indeed represent a physical discrepancy between
the GETASSE30 DEM and the true surface. In this study, a
discrepancy between the DEM's mean sea surface and
the actual instantaneous sea level, is the sea level
anomaly (SLA), at the SLC acquisition date.
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Study area / RVL / argR(7) @ e esa

the integram

10 December 2016 22 December 2016 03 January 2017
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SLA: Sea Level Anomaly provided by CMEMS

(Copernicus Marine and Environnement Monitoring Service)
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Géosciences pour une Terre durable
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Géosciences pour une Terre durable
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Géosciences pour une Terre durable
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Géosciences pour une Terre durable
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Géosciences pour une Terre durable
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Géosciences pour une Terre durable
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Géosciences pour une Terre durable
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Considering the focused SLC samples of a data-take as Z(i,j), where i represents the range pixels and j represents
the pulse lines, the random speckle phase term between a pixel in (J, j) and its neighbour in (i,4, j) is partly
correlated. Therefore, when one computes the phase difference between (J, j) and (i,4, j), the difference in speckle
Is not large. A multi-looking operation is then applied and statistically reduces the speckle term. What remains is
the difference in phase return-time between a pixel and its neighbor. Given that at each fast time (7), the
differential is calculated between pixels in the same SLC line i.e. the same Azimuth (j), the geometric effect should
be effectively eliminated during SAR focusing. The phase delay can therefore come from a residual phase
contribution between neighbouring range pixels. We can evaluate the shift between range radar returns (dr;) of a
focused SLC as follows:

mog ot
dr, = 2L arg (E—,=13:31+1 ) = % 2_1“ arg R(1) (1)

2 2m T

where
A 1

S 3.arg R(t) = < extra optical path = (2)
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dr(t): (SO¢) Sar Original Phds L% @esa
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if we apply Equation (1) to the slow time direction , i.e., the azimuth direction, in contrast to the range direction,
and multiply Equation (1) by the prf (pulse repetition frequency), the residual phase contribution can be associated
with an uncompensated Doppler signal due to an “apparent velocity of the target” or the radial velocity of ocean
currents (RVL). We can calculate it with the formulation given by Srivastava et al. (1978), also discussed in
Madsen (1989) in terms of Doppler centroid f, estimation, first discussed by Rummler (1968), Benham et al.
(1972) and Rochwarger (1972) under the name of time domain velocity estimation, also called the pulse pair
algorithm, routinely used today to measure ocean currents from space.

In the range direction: we measures angles and their variation in range (i.e. the along track variation of the incident
angle —NOT the look angle).
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dr; represent the lengthening or the shortening of the SAR phases in the LOS direction. Hence, if we integrate dr,
as follows (for instance):

dr, < AR(w)
[ drpdx + koo 2

Je

3)

we shall obtain the unwrapped phase of a single SLC, in the LOS geometry.

We call this method SAR Original Phase retrieval (SO¢), and we call the result an integram. In this study, we
chose n=64. Since Sentinel-1 SM mode pixel spacing is 2.6m, the integram resolution is 166 meters.
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Two main points : one on the signal, the other on the interpretation of the signal.

1) On the signal:

we measure a time variable, spatially consistent signal from: arg R(p) i.e. an estimate of the autocorrelation
function in range direction. When we integrate this signal, we obtain the average extra optical path with respect to
a reference surface. This latter operation can be assimilated to a “unwrapping” operation on a single SLC. There
are many potential applications.

2) On the interpretation of the signal in terms of SLA : it is a conscious over-simplification that | adopted to look for
a possible geophysical signal behind the SAR measurement. It doesn’t work too bad !

The ocean is a complex environment. The ocean free surface morphology is the expression of the interaction of
multiple phenomena: such as tides, sea floor topography, atmospheric pressure, winds. The <extra optical path>
contains all of them, including tropospheric phase delay over the ocean.
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20 mars 2024 (ascending Sentinel-1 Strip Map mode).

study area ESA RVL our RVL

29

o llc=C N -1 E o] D " = om O b Bl B i

— s I*I % THE EUROPEAN SPACE AGENCY



by
y Ministry of Science and Higher Education
Republic of Poland

JAGIELLONIAN UNIVER

IN KRAKOW

SITY

@csa

We suggest the use single SAR SLCs for measuring the ocean slope. There is potential for :
- Geoid mapping from Sentinel-1 SAR

- Sea floor topography — sea floor tectonics from Sentinel-1 SAR

We open the way to use SAR SLCs to measure the <extra optical path> . There is potential for :

—> measuring tropospheric phase delay from a single SLC

EUROPEAN SPACE AGENCY

s pour une Terre durable

@b?mg“m

- Measuring the displacement of the Earth surface from already unwrapped SLCs (goodbye incoherent

interferograms).

30

- =W 4 Jl

I

_|_

—_— I D S = om B ba B R im 22 B == = um ¥l

% THE EUROPEAN SPACE AGENCY



	Slide 1
	Slide 2: The phase of a focused SLC
	Slide 3: Study area / amplitude / phase
	Slide 4: Study area / RVL / argR(t)
	Slide 5: Study area / RVL / argR(t)
	Slide 6: Study area / RVL / argR(t)
	Slide 7: Integrating argR(t) :
	Slide 8: Interpretation:  towards a possible geometrical model ?
	Slide 9: Interpretation :
	Slide 10: Study area / RVL / argR(t)
	Slide 11: Comparison with altimeters
	Slide 12: Comparison with Altimeters
	Slide 13: Comparison with Altimeters
	Slide 14: Comparison with Altimeters
	Slide 15: Comparison with Altimeters
	Slide 16: Comparison with Altimeters
	Slide 17: Comparison with Altimeters
	Slide 18: Comparison with Altimeters
	Slide 19: Comparison with Altimeters
	Slide 20: Comparison with Altimeters
	Slide 21: Comparison with Altimeters
	Slide 22: Comparison with Altimeters
	Slide 23: dr(t):  (SOf) Sar Original Phase Retrieval
	Slide 24: dr(t):  (SOf) Sar Original Phase Retrieval
	Slide 25: Interpretation:  towards a possible geometrical model
	Slide 26: (SOf) : the integram 
	Slide 27: Conclusions/summary
	Slide 28: acknowledgements
	Slide 29: ESA RVL /ourRVL/ SOf
	Slide 30: vision


  R  ( 𝜏 )


    d r 𝜏


  ( 𝜏 )


    d r 𝜏 )


   f D


    d r 𝜏


    d r 𝜏


  R  ( 𝜏 )

