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Sensor

Emission

Remote Sensing observations mode

Visible

Near/mid-Infrared

Thermal Infrared

Microwaves

Radar

= active microwaves

VIS + NIR + MIR IRT Microwaves

0.4-0.7 µ 0.9 µ 1.5 µ 0.75-150 cm> 5 µ

Radar Fundamentals

Sensor

Solar radiation

Reflexion
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1991 2002 2007 2010

ERS1
C Band

ERS2
C Band

RADARSAT
C Band

JERS
L Band

1992 1995

RADARSAT2
C  Band

COSMO-SkyMed
X Band

TerraSAR X
X Band

Tandem X
X Band

ENVISAT
RSO

Bande C

ALOS
L Band

SPACEBORNE SAR SENSORS

2014

ALOS 2
L Band

2016

Sentinel-1
C Band



Name
Acquisition 

period

Band 

Frequency

Polarization

mode

Spatial 

resolution (m)

Revisit time

(days)

Scene cover

(km)

ERS-1 / 2 91 - 11 C VV 20 35 185x185

JERS 92 - 98 L HH 20 44 75 x 75

Radarsat 95 – 13 C HH 10-100 24 35 x 500 

ASAR 01-13 C
1 or 2 pol.

HH/HV/VV
30-1000 few -35 100x500

PALSAR 07-11 L
Polarimetric

HH/HV/VV
10-100 few-24 100-500

Radarsat-2 2007 - C
Polarimetric

HH/HV/VV
1-15 5 to 10 NA

TerraSAR-X 2007 - X
1 or 2 pol.

HH/HV/VV
1-20 few-11 5-100

Cosmo-

Skymed
2007 - X

1 or 2 pol

HH/HV/VV
1-100 12 h 10-200

SAOCOM 2015 L
Polarimetric

HH/HV/VV
7-100 few-16 60-320

Sentinel 1 2015 C
1 or 2 pol

HH/HV/VV
5 - 100m few-12 80-400

ALOS-2 2015 L
Polarimetric

HH/HV/VV
3-100 few-14 25-350

SAR data: summary



RADAR:
RAdio Detection And  Ranging

Imaging RADAR PALSAR (© NASDA)

US Army

Road RADAR (© US police)

Radar Fundamentals

Emition of emw

Reception backscattered echoes



Active mode 

with coherent wave

Echoes are ranged according to

Antenna – target distance

RADAR:
RAdio Detection And  Ranging

Radar Fundamentals
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Active mode  night acquisition

Radar Fundamentals
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I. Electromagnetic coherent waves

II. Radar imaging - Spatial resolution

III. Frequency – wavelength

IV. Polarization

V. Radar response sensitivity

VI. Relief effects

OUTLINE
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A: amplitude

T : time period
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Electromagnetic coherent wave

Coherent wave: temporal behaviour
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Coherent wave: spatial behaviour

A: amplitude

l: spatial period = wavelength

j: phase shift
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I. Electromagnetic coherent waves

II. Radar imaging - Spatial resolution
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the ERS Satellite
Scatterometer

ESCAT

RSO

Altimeter

ERS-1: juillet 1991

ERS-2: avril 1995
(SAR)



Swath width S

Sub-satellite track

Side looking radar sensors (l > cm)

SAR: Synthetic Aperture Radar

Spatial resolution

Radiometric resolution

Coherent sum (A, )

Raw echoes recording

fine (1 - 30 m)

Low (speckle) 

Original application

Land - sea

Scatterometers

Incoherent sum (I)

Low (25 – 50 km) 

High (400 Looks) 

sea (winds)



v : Sensor Speed

Azimuthal direction

lengthwise 

(= image lines)

Emitted pulses (PRF)

Range  direction 

transversal
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Ground track

L=10 m, l =5.6 cm, H =700 km, q =23°
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Radar Imaging – spatial resolution

Swath S

Numerical Application (ERS): 

PRF=1680 Hz, V=7km/s

paz  5 m
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Traveling direction
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Pulse duration =tp

Radar Imaging – spatial resolution
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Low signal/noise

 Correlation Cxy(t ) = Cxx(t-t0 )
Only depends on the

autocorrelation of the 

emited pulse

 Choice: pulse with autocorrelation very narrow: Chirp

–t ≤ t ≤ t

Emission: x(t) Eeception: y(t) = x(t-t0)
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0 t (s)2.10-5

0 t (s)5.10-7

0 t (s)4.10-5

0 t (s)

Comparison between square pulse and chirp

Emited pulse Autocorrelation

t = 37ms

B=15.5 MHz

SAR ERS



Amplitude spectrum of 

the chirp

f0 f0 + Dff0 - Df f0 f0 + Dff0 - Df

f0 f0 + Dff0 - Df

 fS

 fS

 fS

B . tp = 400

B . tp = 200B . tp = 100



q

c

2.Fs.sin q

c

2.Fs
: pixel size in the radar geometry 

= range pixel size

Emited pulse

Received echo sampling (Freq. Fs)

(= columns image)

Ground pixel size
Source: CNES
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Radar Imaging – spatial resolution



Slant range resolution: 
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Radar Imaging – spatial resolution
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Radar Imaging – spatial resolution
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Radar Imaging – spatial resolution

B1

Ground range resolution

Range resolution

Azimuthal resolution
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Radar Imaging – spatial resolution

B1

Ground range resolution

Range resolution

Line (azimuthal) spacing
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Azimuthal resolution
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Radar Imaging – spatial resolution

Range

Azimuth
Slant (radar) Ground

Resolution

Pixel size

Case of ERS
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l = 5.6 cm

V= 7 km/s

PRF=1680 Hz

FS= 19 MHz

Q = 18-24°

B=15.5 MHz

 5 km = 25 m - 32 m = 10 m 

R = 15.5 MHz

L = 10 m
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Ideal scene

Compression in distance

Raw echoes



F
L

IG
H

T
 D

IR
E

C
T

IO
N



Swath width S

Sub-satellite track

Side looking radar sensors (l > cm)

SAR: Synthetic Aperture Radar

Spatial resolution

Radiometric resolution

Coherent sum (A, )

Raw echoes recording

fine (1 - 30 m)

Low (speckle) 

Original application

Land - sea

Scatterometers

Incoherent sum (I)

Low (25 – 50 km) 

High (400 Looks) 

sea (winds)



qazt

Exposure time
v

Equivalence

SAR

L = v . Exp. Time v

Coherent sum of the successive echoes

Adaptative filtering (Doppler Bandwidth)
Gain in azimuthal resolution

Small mobile antenna  Fixed wide antenna

~ 5 km ~ 10 m

Synthetic Aperture Radar: (i.e. improvment of azimuthal resolution)

Radar Imaging – spatial resolution

D

az

B

V
X 

L

V
B

D

2
 =>

2

L
X

az




F
L

IG
H

T
 D

IR
E

C
T

IO
N

RANGE  (Viewing) DIRECTION

Ideal scene

radar Image Single Look Complex (SLC)Compression in distance

Compression in Azimuth
Raw echoes
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Radar Imaging – spatial resolution

Range

Azimuth
Slant (radar) Ground

Resolution

Pixel size

Case of ERS SAR (after aperture synthesis)
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= 10 m= 25 m - 32 m = 10 m 

Case of TERRASAR-X

Range

Azimuth
Slant (radar) Ground

Resolution

Pixel size 0.75 m – 1.75 m 0.6  m 

1.5 m – 3.5 m 1.1 m1.2 m 

0.6 m



RADARSAT - Scansar Wide : 27 mars 1999



Rail d’Ouessant: RADARSAT - Standard 6 : 3 août 

1999



La Manche

ASAR 

22 novembre 2003

(rés. 150 m)



ERS Resolution ~ 25 m, pixel 12,5m

Radar Imaging – spatial resolution



DLR airplane radar resolution ~ 3 m

Radar Imaging – spatial resolution



Forest in Congo Bassin,

PALSAR,

Polar: HH,

Spat.Resolution: 20 m

Radar data

Radar Imaging – spatial resolution



Forest in Cameroon,

TerraSAR-X, Spot 

Light,

Polar: HH,

Spat.Resolution: 1 m

Radar Imaging – spatial resolution

Radar data



Forest in Cameroon,

Geoeye, Panchromatic,

Spat.Resolution: 0.5 m

Optical data

Radar Imaging – spatial resolution



Forest in Congo Bassin,

PALSAR,

Polar: HH,

Spat.Resolution: 15 m

Forest in Cameroon,

TerraSAR-X, Spot 

Light,

Polar: HH,

Spat.Resolution: 1 m

Forest in Cameroon,

Geoeye, Panchromatic,

Spat.Resolution: 0.5 m

Optical DataRADAR Data

Radar Imaging – spatial resolution



Swath width S

Sub-satellite track

Side looking radar sensors (l > cm)

SAR: Synthetic Aperture Radar

Spatial resolution

Radiometric resolution

Coherent sum (A, )

Raw echoes recording

fine (1 - 30 m)

Low (speckle) 

Original application

Land - sea

Scatterometers

Incoherent sum (I)

Low (25 – 50 km) 

High (400 Looks) 

sea (winds)



I. Electromagnetic coherent waves
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III. Frequency – wavelength

IV. Polarization

V. Radar response sensitivity

VI. Relief effects
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Bande X l ~ 3 cm f ~ 10 GHz

Bande C l ~ 6 cm f ~ 5 GHz

Bande L l ~ 25 cm f ~ 1,2 GHz

Bande P l ~ 70 cm f ~ 400 MHz

Fréquency – Wavelength

 



Exercice: why is it required to know the wavelength l?

JERS sensor
(Bande L, l = 25 cm)

Frequency - wavelength

ERS sensor
(Bande C, l = 6 cm)



Radar response over French Guiana



L P C

L Band –VV pol. P Band –VV pol.

C Band –VV pol.

Frequency - wavelength

Tubuai Island, Vegetation discrimination



Radar: all weather acquisition

Source: Wikipedia

Frequency - wavelength



Radar: all weather acquisition

Source: Ullaby et al.

Frequency - wavelength



no problem with rain and cloudy conditions

Radar, ERS Optical, SPOT

Frequency - wavelength



Rainy events on X Band

SIR-C / X-SAR

Niger Inner Delta, Mali
October 2, 1994 

MOPTI

RARE 

EXCEPTIONS!



TerraSAR-X

Don River, Russia
June 19, 2007 

Rainy events on X Band



Ionospheric effects on L Band

ALOS-PALSAR
AMAPA, Brazil



I. Electromagnetic coherent waves

II. Radar imaging - Spatial resolution

III. Frequency – wavelength

IV. Polarization - Polarimetry

V. Radar response sensitivity

VI. Relief effects

OUTLINE



C Cedric Lardeux

Polarization

Important characteristics of  cohetent EMW:

Electromagnetic field evolution is predictable

Most general: Elliptical polarization

Source: IETR



C Cedric Lardeux

Polarization

Most general: 

Elliptical polarization

Common radar sensor: 

Linear polarization

Source: Wikipedia



Radar : 

transmits a EMW in a give polarization

measures the backscattered wave contribution in a given polarization

h
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horizontal polarizationVertical polarization

Polarization

Source: CNES Source: CNES

k


: Direction of  illumination

n


: Normal to the observed surface

 nk


, : incident plane



Polarization characterisation of a radar acquisition:

Polarization

VV

emissionreception

ERS, ASAR  

HH

emissionreception

JERS, RADARSAT, PALSAR 

HV

emissionreception

VH

emissionreception

ASAR, PALSAR

ASAR, PALSAR



Polarization

Surface with vertical structures

What is the point?



Polarization

Microwave oven

What is the point?



polar VV

Polarization

polar HV



ALOS acquisition  (l = 24 cm)- Polarization HH

Déforestation

Forêt inondée

J.-M. Martinez, 2010

Brazil

Polarization



Déforestation

Forêt inondée

J.-M. Martinez, 2010

Brazil

ALOS acquisition  (l = 24 cm)- Polarization HV

Polarization



Monitoring of the Petit Saut Dam, French Guiana, Flooding beginning: 1994

Polarization



Polarization



JERS, L  Band

ERS, C Band

Polarization



1995 1997

JERS

ERS

Polarization



HH polarization VV polarization

HV polarization

Polarization
Tubuai Island, vegetation discrimination, L Band

HH HVVV



• Pin • Falcata • Goyavier

Polarimétrie radar pour la cartographie des forets

7 différentes classes: 

• sols nus

• marécages 

• landes à fougères

4 espèces forestières

• Purau

Données AIRSAR

bande L (l = 24 

cm)

août 2000

Île de Tubuai, Polynésie française

2 km

HH HVVV



Polarization

in visible domain also!



Polarization

in visible domain also!

Rees, 2012

Vertical Horizontal



Surface scattering (bare soils) smooth rough

VV > HH low high

HV ~ 0

Volume scattering (Dense forest)

HH, VV high

HV high

Double reflexion (urban areas, flooded vegetation)

HH > VV

Wild areas (urban areas, disorderly rocks)

VV ~ HH ~ HV

Radar images interpretation rules

Intensity (or Amplitude) Images



Surface scattering (bare soils)

Amplitude

VV  > HH 

HV ~ 0

Volume scattering (Dense forest)

HH, VV high

HV high

Double reflexion (urban areas, flooded vegetation)

HH > VV

Radar images interpretation rules

Amplitude (or Intensity) Images

Wild areas (urban areas, disorderly rocks)

VV ~ HH ~ HV



VV polarization

For bare surfaces (roughness / moisture)

vegetation with vertical structures (i.e. rice crops)

HV polarization

For Forest/Non forest discrimnation

HH polarization

For flooded/Non flooded vegetation

Urban areas

Radar images interpretation rules

Intensity (or Amplitude) Images



•Double bounds

•Dense vegetation

•Bare soil

•Pinus et Falcata

 PurauHH HV VV 

Radar images interpretation rules

Intensity Image

Tubuai Island
AISAR data, L Band



Radar images interpretation rules

INTENSITY Images (different polarization):

HH, HV, VV

Fully Polarimetric Data: INTENSITY + PHASE

HH, HV, VV
(PALSAR, RADARSAT-2)

(ASAR)

Partial Polarimetric Data: INTENSITY + PHASE
HH, HV

VV,HV

HH, VV

(PALSAR, RADARSAT-2)



Radar images interpretation rules

Polarimetric Data: Amplitude + Phase Images



Surface Scattering: VV = HH

Radar images interpretation rules

Polarimetric Data: Amplitude + Phase

HH=AHH cos(HH )VV=AVV cos(VV )

AHH+VV

AVV

AHH

AHH-VV

HH+VV HH-VV



Radar images interpretation rules

Polarimetric Data: Amplitude + Phase Images

HH=AHH cos(HH )VV=AVV cos(VV )

HH+VV HH-VV

Double bounds: VV - HH = 

AVV

AHH

AHH+VV

AHH-VV



Surface scattering (bare soils)

Amplitude Phase difference

VV > HH VV - HH = 0

HV ~ 0 |HH+VV| high

Volume scattering (Dense forest)

HH, VV high

HV high

Double reflexion (urban areas, flooded vegetation)

HH > VV VV - HH = 

|HH-VV| high

Radar images interpretation rules

Wild areas (dense habitat, screes,…)

VV ~ HH ~ HV

Polarimetric Data: Amplitude + Phase Images



|HH+VV| 

Bare surfaces 

HV polarization

For Forest/Non forest discrimnation

|HH-VV| 

For urban areas and flooded vegetation

Radar images interpretation rules

Polarimetric Data: Amplitude + Phase Images



|HH-VV| HV |HH+VV| 

Radar images interpretation rules

Polarimetric Image: Pauli Representation

Tubuai Island
AISAR data, L Band

•Double bounds

•Dense vegetation

•Bare soil

•Pinus et Falcata

 Purau



HH HV VV

Quickbird

Radar images interpretation rules

|HH-VV| |HV| |HH+VV|

Pauli Representation



Pauli decomposition

hh/hv

hh hv hv-hh

vv/hv

vv hv hv-vv

hh/vv

hh vv hh-vv

Radar images interpretation rules

Natural Vegetation - French Guyana

PALSAR (L Band)
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VI. Relief effects

OUTLINE



Transmited power: 
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Receiving irradiance at distance R:

Intercepted power from the target (W):

The radar equation
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Radar Cross Section (m²)

Intensity emited from the target (isotrope):
 444
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R
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I

eeS


R’
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Target

Transmiting antenna

R

Receiving antenna

Power received by surface dS at distance R’: dS
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Power received by the antenna:

The radar equation
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Recived irradiance at distance R’
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Power received by the antenna: 

Radar Backscattering Coefficient:

The radar equation
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Case of expanse surfaces: 
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 Analogous to the reflectance in Optical domain

 0 high dynamic

==> dB units (log. scale)
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0
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NatdB
 



Surface scattering

Influence of roughness

Soil: homogeneous medium ==> scattering at the interface

Surface roughness is refered to the radar wavelength

: rms height

q

l


cos8

 ==>   smooth surface

ERS (l = 5 cm, q = 23°): s > 2.10-2: every soil is rough!

Radar images interpretation rules



Surface scattering
Smooth surface

Rough surface

Soil roughness: angular effect

Soil moisture: shift level effect

Radar images interpretation rules



ERS radar image in Sahel

Over bare soil: depends on 

Roughness

Soil moisture



Radar response sensitivity

ERS (bande C, 23°, VV): 9 mars 1999

Over surface water:

surface roughness too



Volume scattering

Inhomogeneous medium (vegetation cover):

each inhomogeneity (leaves, branches….)

scatters incident wave in all direction

Multiple scattering

+

Absorption
==> wave attenuation within the layer

Radar images interpretation rules



C band
L band P-band

Penetration Depth: 

Penetration        

Biomass

wavelength 

)Im(4 

l
 

Volume scattering

Radar images interpretation rules



25 cm 6 cm 2 cm

Penetration depth is proportional to l

Bare soils

Vegetation

GlacieIce

Radar response sensitivity




 0

(d
B

)

BIOMASS (t / ha)

HH

VV

HV

Radar response over forest

Radar images interpretation rules



C band L band P band

20 tons/ha 40 tons/ha
100 tons/ha

Radar saturation level with vegetation density

from Imhoff et al. 19?

Volume Scattering



Radar response sensitivity

Backscattering mechanism on vegetation

Source: Ulaby et al.



Local Agricultural Deforestation along road

Radar response sensitivity



Radar response sensitivity



Cameroun (région Ngaoundéré: Cultural practice, burned area

Radar response sensitivity

ERS C band l=6cm



ERS

JERS

l = 25cm

Saison sèche

Saison humide



Color Composite

ERS and JERS



Radar response sensitivity



Temporal evolution monitoring

All weather: no seasonnal constraint

Érosion

Sédimentation

Radar response sensitivity



2000: Update of the marine map

Source: SHOM/ Univ-MLV

Radar response sensitivity



Radar response sensitivity

RADAR COHERENCE:

2 radar acquisitions 

Temporal stability of the scatterers

within each resolution cell



Amplitude

Coherence

Mount Cameroun, ERS



Amplitude ERS

Mangroves

Cohérence ERS Coherence ERS

Radar response sensitivity

Carte ancienne SHOM



Amplitude ERS

Coherence



Cohérence

Petit Saut Dam
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V. Radar response sensitivity
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OUTLINE



Acquisition incidence angle
Incidence on flat terrain Local ncidence on relief

Relief effects

Dark

High inc. ang.

Nominal 

radiomery

Bright 

Small 

inc. ang.



Relief effects



Relief effects

Foreshorting

slopes facing the radar

Extension

slopes backward to the radar

Echoes are ranged according to

Antenna – target distance



Relief effects

Foreshorting

slopes facing the radar

Extension

slopes backward to the radar

Echoes are ranged according to

Antenna – target distance

A1B1=AB sin(i1) B1C1=BC sin(i1- p); C1D1=CD sin(i1+ p)



Relief effects

Low incidences angle

high geometrical distorsions

few shaddows

Echoes are ranged according to

Antenna – target distance

High incidence angle

low geometrical distorsions

lot of shadows
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Relief effects

Range resolution



Relief effects

Range resolution

i

i

i-p
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Relief effectsBefore correction After correction

ASAR – VV pol. 

Surinam

(orthorectification)



Relief effects

Before correction

After correction

(Orthorectification)



Relief effects

Layover effect

Shadow area

Image Line generatedfrom CNES



H=300m

500 m



Exercice
The distortions of radar satellite scenes are the consequence of geometric 
relationships between the radar pulse and the topography

Use geometric distortions of radar scenes to calculate the slope

Landsat 7 ETM+
ortho

ENVISAT-ASAR IS3
Low view angle: 28°

ENVISAT-ASAR IS7 
High view angle 43°

Relief effects



Relief effects

25° 45°

70° 80°

Few shadows

High geom. distorsions

Small geom. Distorsions

Lot of shadows



Relief Effects

i=23° i=35°



Relief Effects



Optical SPOT Image

ERS radar image

Relief effects




