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SAR images acquisition and processing
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Introduction



❖ Independence of solar illumination

 can be acquired night and day

Interest of radar images

https://earth.esa.int/eogateway/missions/ers/
radar-courses/radar-course-2

View of Udinese (Italy) from

ERS-2 Landsat

https://earth.esa.int/eogateway/missions/ers/radar-courses/radar-course-2


❖ Independence of solar illumination

 can be acquired night and day

❖ Independence of weather conditions

 much longer wavelengths than optical or IR

microwaves easily penetrate clouds

Presence of convective raincells

can be observed on images

acquired at C and X bands

Example: Two Sentinel-1 (C-band) from

20/10/2018 (left) and 13/11/2018 (right)

displayed in RGB: VV, VH, NDI(VV,VH) over Congo

Ygorra et al. (2021). Monitoring loss of tropical

forest cover from Sentinel-1 time-series.

International Journal of Applied Earth Observation and Geoinformation, 103, 102532.

Interest of radar images

https://earth.esa.int/eogateway/missions/ers/
radar-courses/radar-course-2

View of Udinese (Italy) from

ERS-2 Landsat

https://earth.esa.int/eogateway/missions/ers/radar-courses/radar-course-2


❖ Control of emitted electromagnetic radiation

 properties of EM radiation

(power, frequency, polarisation)

optimised according to specific goals

Interest of radar images

https://earth.esa.int/eogateway/missions/ers/radar-courses/radar-course-2

RGB: P, L, C               RGB: HH, VV, HV (C)

JPL aircraft (ERS-2)

View of Landes (France) 

https://earth.esa.int/eogateway/missions/ers/radar-courses/radar-course-2


❖ Control of emitted electromagnetic radiation

 properties of EM radiation

(power, frequency, polarisation)

optimised according to specific goals

❖ Control of imaging geometry

❖ Access to different parameters

compared to optical systems

 optical: surface layer (i.e., colour) vs.

microwave: geometric and dielectric properties

of the surface or volume (i.e., roughness)

Interest of radar images

https://earth.esa.int/eogateway/missions/ers/radar-courses/radar-course-2

RGB: P, L, C               RGB: HH, VV, HV (C)

JPL aircraft (ERS-2)

View of Landes (France) 

Landsat-5                   ERS-1

View of Bucharest (Romania) 

https://earth.esa.int/eogateway/missions/ers/radar-courses/radar-course-2


❖ Control of emitted electromagnetic radiation

 properties of EM radiation

(power, frequency, polarisation)

optimised according to specific goals

❖ Control of imaging geometry

❖ Access to different parameters

compared to optical systems

 optical: surface layer (i.e., colour) vs.

microwave: geometric and dielectric properties

of the surface or volume (i.e., roughness)

❖ Access to information about subsurface features

Longer λ penetration of soil, sand, snow

in very dry conditions only,

forest canopy

Interest of radar images

https://earth.esa.int/eogateway/missions/ers/radar-courses/radar-course-2

RGB: P, L, C               RGB: HH, VV, HV (C)

JPL aircraft (ERS-2)

View of Landes (France) 

Landsat-5                   ERS-1

View of Bucharest (Romania) 

Landsat TM              ERS-1

Rocks           Sand

Rivers

Vegetation

https://earth.esa.int/eogateway/missions/ers/radar-courses/radar-course-2


Types of radar acquisitions



❖ Scatterometers

❖ Altimeters

❖ Radar imaging systems

➢ Real Aperture Radar (RAR)

➢ Synthetic Aperture Radar (SAR)

Both RAR and SAR are side-looking systems

with an illumination direction

usually perpendicular to the flight line.

Radar types 

https://earth.esa.int/eogateway/missions/ers/radar-courses/radar-course-2

SWATH

https://earth.esa.int/eogateway/missions/ers/radar-courses/radar-course-2


Short (microsecond) high energy pulses are emitted and the returning echoes recorded, providing

information on:

❖ magnitude

❖ phase

❖ time interval between pulse emission and return from the object

❖ polarization

❖ Doppler frequency

Radar images 



Real Aperture Radar (RAR) images



❖ RAR or SLAR (Side Looking Airborne Radar)

❖ azimuth resolution determined by the antenna beamwidth

❖ Range resolution (across-track)

➢ To be distinguishable, two targets must be separated by the distance:

d > L / 2

where L is the length of the pulse

L = c

where  is the duration of the pulse

 d > c / 2

Radar images from RAR

https://earth.esa.int/eogateway/missions/ers/radar-courses/radar-course-2

https://earth.esa.int/eogateway/missions/ers/radar-courses/radar-course-2


❖ Ground range resolution (across-track)

dmin = L / 2 = Rs

where Rs : slant range resolution

The ground range resolution (Rg) is equal to:

Rg = Rs / sinθ = L / (2 sinθ)

Rg = c / (2 sinθ)

Rg = c / (2 Bwsinθ)

where θ : incidence angle

Bw : bandwidth

If Bw = 10 MHz, θ = 30°, Rg = 7.5 m

Radar images from RAR

https://www.geo.uzh.ch/~fpaul/sar_theory.html

https://www.geo.uzh.ch/~fpaul/sar_theory.html


❖ Azimuth resolution (along-track)

Ability of an imaging radar to separate two closely spaced scatterers in the direction parallel to the motion

vector

Two objects are in the radar beam simultaneously, for almost all pulses, they both cause reflections, and

their echoes will be received at the same time.

Two targets in the azimuth or along-track resolution can be separated only if the distance between them is

larger than the radar beamwidth. Hence the beamwidth is taken as the azimuth resolution.

For all types of radars, the beamwidth is a constant angular value with range. For a diffraction limited

system, for a given wavelength l, the azimuth beamwidth b depends on the physical length dH of the

antenna in the horizontal direction according to:

b = l / dH

Radar images from RAR

https://earth.esa.int/eogateway/missions/ers/radar-courses/radar-course-2

https://earth.esa.int/eogateway/missions/ers/radar-courses/radar-course-2


For example, to obtain a beamwidth of 10 milliradians using 50 millimetres wavelength, it would be

necessary to use an antenna 5 metres long. The real aperture azimuth resolution is given by:

raz = Rb

with raz: azimuth resolution

R: slant range

For example for a Real Aperture Radar of beamwidth 10 milliradians, at a slant range R equal to 700

kilometres, the azimuth resolution raz will be:

raz = 700 x 0.01

raz = 7 km

Radar images from RAR

https://earth.esa.int/eogateway/missions/ers/radar-courses/radar-course-2

https://earth.esa.int/eogateway/missions/ers/radar-courses/radar-course-2


Synthetic Aperture Radar (SAR) images



❖ SAR developed to overcome the limitations of RAR.

i.e., to achieve good azimuth resolution independent of the slant range

yet using small antennae and relatively long wavelengths.

 use of the Doppler effect (motion of the sensor)

Radar images from SAR

https://earth.esa.int/eogateway/missions/ers/radar-courses/radar-course-2

https://earth.esa.int/eogateway/missions/ers/radar-courses/radar-course-2


❖ Measurement principle

Radar images from SAR

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf


➢ Range

Radar images from SAR

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf


➢ Azimuth

Observed frequency (f):

f = f0 ± Δf

with f0 : transmitted frequency

Δf: change in frequency

Δf = Δv / c x f0

with Δv = vs - vr

with vs : velocity of the source

vr : velocity of the receiver (= 0 here)

Radar images from SAR

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf

Lower

frequencies

Higher

frequencies

Zero-Doppler

Earth

rotation

Instantanous

speed 

Satellite 

trajectory Inertial

reference

frame

Earth reference

frame Relative displacement

of the satellite

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf


SAR images acquisition



❖ Level-0 Raw Products

❖ Level-1

➢ Single Look Complex (SLC) products

➢ Ground Range Detected (GRD) products

❖ Level-2

➢ Ocean Wind field (OWI)

➢ Ocean Swell spectra (OSW)

➢ Surface Radial Velocity (RVL)

SAR images processing levels



❖ From RAW to GRD

SAR images processing levels

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf

Deconvolution 1. Azimuth

compression 

(1/α factor)

2. Slant-to-

ground

projection

3. Amplitude
Scatterer contributes to 

signal in the two beams

GRD

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf


❖ RAW

SAR images processing levels

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf

ERS-2 SAR image from 27/02/1999. View of Napoli (Italy)

5 unsigned

bytes/pixel

Quadrature

Imaginary part

In-phase

Real part

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf


❖ SLC

SAR images processing levels

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf

16 signed

bytes/pixel

Quadrature

Imaginary part

In-phase

Real part

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf


❖ Azimuth-compressed

SLC

SAR images processing levels

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf

16 signed

bytes/pixel

Quadrature

Imaginary part

In-phase

Real part

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf


❖ SLC module

SAR images processing levels

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf

16 unsigned

bytes/pixel

Quadrature

Imaginary part

In-phase

Real part

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf


❖ GRD

SAR images processing levels

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf

16 unsigned

bytes/pixel

Amplitude

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf


SAR images processing



Processing steps

Adapted from Marzi & Gamba (2021)

Marzi D., Gamba P. (2021). Inland Water Body Mapping Using Multitemporal Sentinel-1 SAR Data. IEEE Journal of

Selected Topics in Applied Earth Observations and Remote Sensing, 14, 11789-11799,

doi:10.1109/JSTARS.2021.3127748.

DEM



Geometry defaults

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf

Topography

Ellipsoid

Satellite

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf


Orthorectification

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf
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https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf


Precise geocoding

Loew & Mauzer (2007)



Radiometric normalization

Loew, A., & Mauser, W. (2007). Generation of geometrically and radiometrically terrain corrected SAR image products.

Remote Sensing of Environment, 106(3), 337-349, doi:10.1016/j.rse.2006.09.002



Orthorectification - examples

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf

Alp mountains (France)

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf


Orthorectification - examples

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf

Napoli region(Italy)

https://www-igm.univ-mlv.fr/~riazano/enseignement/SR-RADAR-COURS-01-04.pdf


Speckle noise

Speckle, appearing in synthetic aperture radar (SAR) images as granular noise, is due to the interference of waves

reflected from many elementary scatterers. Speckle in SAR images complicates the image interpretation problem by

reducing the effectiveness of image segmentation and classification (Lee et al., 1994).

Example of speckle on Sentinel-1 image

from 27/09/2018 at the mouth of the Leyre

River (Gironde, France)

presented in Brodu (2018)

Lee J.S., Jurkevich L., Dewaele P., Wambacq P., Oosterlinck A. (1994). Speckle filtering of synthetic aperture radar

images: A review. Remote Sensing Reviews, 8(4), 313-340, doi:10.1080/02757259409532206.



Speckle noise

- Spatial filters:

Farage G., Foucher S., Benie G. (2006). Comparison of PolSAR speckle filtering techniques. IEEE International

Symposium on Geoscience and Remote Sensing 2006, 1760-1763.



- Temporal filters: similar techniques as for the spatial domain.

Spatial/temporal filtering  degradation of spatial/temporal resolution

Brodu N. (2018). Low-rankness transfer for denoising Sentinel-1 SAR images. 9th International Symposium on Signal,

Image, Video and Communications (ISIVC), 106-111.

Speckle noise

a) original amplitude signal, b) Sigma-Lee filtering, c)

SAR-BM3D, d) Pure shrinkage in SVD space (only one

singular value retained), e) Low-rank transfer with 5

singular values, f) Low-rank transfer with 10 singular

values (Brodu, 2018).

a) b)

c) d)

e) f)


