


Radar Imaging

RADARRadio Detection And Rangings a technology to detect and study far off targets by transmittir
EM pulses at radiofrequency and observing the backscattered echoes

Some relevant features:
1. Active instrument:@ no need for external illumination source

2. Delaybased measuremeng target distance is obtained based on pulse tweay
travel time

3. Microwaves penetrate through rain and clouds visibility in all weather conditions

4. Microwaves can penetrate into some natural media, like forests, snow, ice, send
sensitivity to the 3D structure of illuminated media
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SAR Imaging

SAR systems employ a RADAR sensor flown onboard a satellite platform to synthesize an antenna
aperture as long as several kilometers

o Accurate measurement of Radar echoes backscattered from the targets as the system is flown along the sate
trajectory

o Image formation by Digital Processing techniques
Y The result is a high resolutiagwo-dimensionalmap of the imaged scene

& Northern ltaly at C-Band (ENVISAT) i
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SAR Imaging

Key features: Topographic mapping

0 Microwaves penetrate through rain and clouglsvisibility in all weather
conditions

0 Aperture Syntheseés fine spatial resolution

o0 Phase informatio® millimeter accuracy about distance variations S R S——

Spaceborne SARs providecurateand continuousnformation about
:>GK§ 9 NIKQAa &dzNFIFOS yR Ala S@2f dziAz2

Deformation monitoring

Land mapping Change detection

Radarsat-2 image of Flevoland in
the Netherlands (ESA) =

Post-earthquake change detection map in
Amatrice, Italy, derived from Sentinel-1A
(PoliMi)
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SAR Imaging

Another key feature:

0 Microwavespenetrate into natural media, like forests, snow, ice, sandsensitivity to the
three-dimensional structure of illuminated media

Y A single pixel within a SAR image is actually a mixture of different scattering
mechanisms distributed over height
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Tomographic SAR Imaging

TomoSARystems employ a RADAR sensor flown aftoulyiple trajectories
o Image formation by Digital Processing techniques

Y Three dimensional representationf Radar intensity at a given wavelength

SAR produces pixels

TomoSAR produces voxels !!!
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Tomographic SAR Imaging

TomoSARystems employ a RADAR sensor flown aftoulyiple trajectories
o Image formation by Digital Processing techniques
Y Three dimensional representationf Radar intensity at a given wavelength

SAR produces pixels
. TomoSAR produces voxels !!! |
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BIOMASSvill implementtwo Missionphases

o

resolutlonof about25mat the A0 uato

Tomographicphase (November21 2025¢ March 31 2027) stacksof seven consecutive
passeswith a revisit time of\3 days, to pro |de 3D ag gcapab|I|t|eSW|th a vertical
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Tomographic SAR Imaging

The first BIOMASS forest tomography wa
successfully produced October 31, 2025,

at the Tumucumaquevountains National
Park, Northern Brazil

Tumucumaque Mountains National Park

height (m)

Dense forest
Sparse structure
canopy




TomMoSAR Forested areas

Forest scenariasseparation of backscatter from
different heights within the vegetation

Y Forest height

Y Subcanopy terrain topography

Y Classification of forest structure
Y Improved forest biomass retrieval
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TomMoSAR Forested areas

Forest scenariasseparation of backscatter from
different heights within the vegetation

Y Forest height

Y Subcanopy terrain topography

Y Classification of forest structure
Y Improved forest biomass retrieval

Tomographic data fromAfriSAR
2016 (ESA)

Site: Gabon ‘ |
L. 1 | \ .ok ) il
Acquisition by DLR & ONERA .Y V. ! 4/
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TomMoSAR Forested areas

Forest helght Lidar Canopy height
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TomoSAR Forested areas

Classification of forest
structure
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TomoSAR Forested areas

Correlation between Radar intensity and Above Ground Biomass (AGB)
o0 2D SAR intensity is poorly correlated to AGB
o TomoSARntensity at 0 m is poorly and negatively correlated to AGB
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TomoSAR Forested areas

Results were confirmed for three African i
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TomoSAR Glaciers/ Ice sheets

Glaciers: inside view of the ice body

-

Y Bedrock detection below the ice surface

Imaging of internal structures
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TomMOoSAR Glaciers/ Ice sheets

x10° TomoSAR section - Direction 1

Comparison between 200 MHz Ground Penetrating

Radar and tBandTomoSAR
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TomoSAR Glaciers/ Ice sheets

X

4 o
-
o

TomoSARmage - 25 m below the Ice surface TomoSARmage - 50 m below the Ice surface
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TomoSAR Show

Snow fine structure of snowpack layering

Y Total Snow depth
Y Refractive index

5N

Y Internal layering
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RADAR (Radio Detection And Ranging) is a technology to detect and study far off targets by transmitting
EM pulses at radiofrequency and observing the backscattered echoes

Some relevant features:

1. Active instrument: <> no need for external illumination source

2. Delay-based measurement <> target distance is obtained based on pulse two-way
travel time

3. Microwaves penetrate through rain and clouds <> visibility in all weather conditions

4. Microwaves can penetrate into some natural media, like forests, snow, ice, sand <>
ivity to the 3D structure of il i media
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RADAR (Radio Detection And Ranging) is a technology to detect and study far off targets by transmitting
EM pulses at radiofrequency and observing the backscattered echoes

Some relevant features:
1. Active instrument: <> no need for external illumination source

2. Delay-based measurement <> target distance is obtained based on pulse two-way
travel time

3. Microwaves penetrate through rain and clouds <> visibility in all weather conditions

4. Microwaves can penetrate into some natural media, like forests, snow, ice, sand <>
itivity to the 3D structure of il i media

Answer:
Yes ( J), with some efforts concerning

Ground level

1000 1400
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Man-made structures

Ground level
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waves
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Must knows about waves (at least for today)

Electromagnetic waves
o EM wave = perturbation in the intensity of the static EM field. \ | /
o Effect of the universal speed limit <\
o Triggered by charges in namiform motion

o Propagation velocity in free spaa®: oép T m/s

Representation
We can describe waves as signals that vary tiwey and spaceas:

with i (0) some waveform
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Must knows about waves (at least for today)

When we express a signal as a function of time, we are implicitly assuming that the sig
IS measured at eixed point in space

- S [ Y
i (¢ Y —>il0o —«
i (0 = , e ( Qj)
U m /, //II

[© i <o ”—J)
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Must knows about waves (at least for today)

Equivalently, we can express a signal as a function of space by imaging that we can fre
the time at afixed instantand take a snapshot of the signal distribution over space
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Must knows about waves (at least for today)

For the case of a monochromatic wave we ha(® o £(¢* "Q)
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Geometric principles of
target localization
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Radio detection and ranging

Simplifieddescription
) The transmitted signal propagates away from the RADAR sensts in

directions” in the form of aspherical wave

Circular wave on the water surface

“Note: real antennas actually radiate over an angular sector, depending on size an — :
wavelength —
T nPl Lettingi (0) denote the transmitted signal, the signal at polytis
PR AN obtained as
’Il /,, ® ,’,"_—“N\L\\ %”I \\\\ \\\
I'I I// ) :“ _’__\‘ /,‘; /:,( . \\\ \“
A R R A R= distance between fand the RADAR
T e i (© i(lo = _
i (V) c= speed of light

1
1 1 - \ !
1
1 €t l \ \ .
1 1 o ! ! 1 1
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\ v P S 1
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Vs V4 A \ I
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Radio detection and ranging

Simplifieddescription
II) The signal interacts with surrounding objects (targetspackscattered echoes

As a first approximation the backscattered echo can be represented by imaging the target as a new ¢

of spherical waves triggered by the impinging sign@)

s,(t) = signal at point P

Sl(t) — S;%- Bg R= distance betweenfand the RADAR
C C =+ c = speed of light

S,(t) = backscattered signal at point,P

RG_ x4 R+RG Ro = di
s()-nak B3-ack RRG no - dieta

P v A = constant accounting for the interaction of the impinging signal with
L the target

Stefano Tebaldini
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Radio detection and ranging

Simplifieddescription:
lIl) The backscattered echo is received by the RADAR sensor

Sk(t) = backscattered signal received by the RADAR

2RE The distance of a target from the RADAR
() AC%&- —o AC%&- —Q == | is known by measuring the pulse round- |
' | trip time

Transmitted signal

Example

Measureddelay: U = 20
\ microseconds

5 10 15 20 2 s 3 4 Propagation velocity: c = 300000
Time [us]

Received signal Km/S

Y Range:R=c N /=3 Km

5 10 15 20 25 30 35 40
Time [us]
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Localization in 1D

Delay measurement

Signal delay

e

: Sensorto-target
@ ,‘4‘ @ - distance

.
v,
.
‘.
‘.

Transmission Reception

A A
o ~
S; (t) = S(t) st(t) = S%- 58 r : sensoito-target distancg
X C cC - c: speed of light
15 Transmitted signal 1 Received signal
1] 1]
0. 0.5
\ JI\
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
time [ug time [ug
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Localization in 1D

Delay measuremer# Localization on the surface of a sphere

-

The target is bound to lie on a sphere
0 Centered on the RADAR

o Ofradius R

Y 1D Localization

Swve o
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Localization in 2D (SAR)

The target is bound to lie on the intersection of all the spheres:
A Centered inf|(1)
A Of radius{ ()

The target is bound to lie on the circle

Y
A Centered on the trajectory
A
A

Of radius:l Oiie

Perpendicular to the trajectorygplane)
Y 2D Localization
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Localization in 3ADTlomoSAR

Flying a RADAR along multiple lines = measuring the distance from the target to multiple lines

The target is bound to lie on the circles: e
A Centered on each trajectory :> Y Only 1 solution in the 3D space !
A Perpendicular to the trajectory ,

A Ofradius{ 8 4.8 8{4

______________________________________________________
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RADAR3 ||
L
i L BAOAR2

' Target

Geometry unveils the principle why flying
multiple trajectories results in the capability
to localize a target in the 3D space

1000
slant range [m]

1400

1800

Ground level + 10m
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RADAR3.[ .
o
i

' Target

Geometry unveils the principle why flying
multiple trajectories results in the capability
to localize a target in the 3D space

1000 1400 1800
slant range [m]

Missing elements:
0 Resolution
o What if there are many targets ?!!!

Ground level + 10m

Ground level

0"0 <

imuth
e Azimu
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RADAR signals
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Radar signals

RADARSs transmit and receive Radiofrequency (RF) pulses

N 6O a0 EHEE D

g(t) = short EM pulse
Sy RF (t)% fo = carrier frequency
- "Q 1 0obOa
1
(I
0
: : : : : : : . . 005 004 -003 002 001 0 00l 002 003 004 005
1r T time [us]
0.51 1 —=<
—8.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 Q p C XUUOQ
time [us] 1 T T T
i r (0
0 v I\
_-:(LJ.OS -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05
\

time [us]
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Radar signals

RADARSs transmit and receive Radiofrequency (RF) pulses

R © a0 ghEE )
g(t) = short EM pulse
Sy RF (t)% fo = carrier frequency

The carrier frequency (or wavelength —) is perhaps the most important parameter in
the design of a Radar sensor, as it determines:

o The antenna to be used What are the scatterers in the volume scattering?
o The RF hardware to be used |
0 The features of the observed
targets which the signal is =)
sensitive to N
Austrian pine TN 00 Ddeem avsm

The main scatterers in a canopy are the elements having
dimension of the order of the wavelength

o X 5 ESA-MOST Dragon Programme Advanced training course in Land R: Sensing, Beijing, October 2005 kSB!O
8h Advanced Training Course on Radar Polarimeti§AR basics & SAR To RIS ERT S Y = Thuy LE TOAN, CESBIO, France 22,




Radar signals

On a mathematical ground, the signal backscattered by a target is represented as a dela
version of the transmitted signal

N —
I R I (©)
of w \!\/V\»
SI'x, RF (t )% -05
P R TR By
The signal is received aftetiene delay™® %_j " [u:] y
a0 &
W

< | gl | 5 O
(t)<

SRx, RF \\‘:\1\ or “N\[\ﬁ ’ f\/V”‘”—
D= sl |
_-1(3.06 -o.I04 -o.loz é) .o.loz o.I04 o.loe o.los 0.1

5 © bf G O

0 FdO Qgné(¢ QAo Q)
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Radar signals

Following basic trigonometry, the received signal is expressed as:

[ (0 O0fFd0 QeEn(C A F0E(E W) OFAO Dl " O @E Q)

K }
\ Y ) Y

In phase componeno) Quadrature component 0 (0)

Where we define the #phase and quadrature signals as:
0 @ O¢dAd QEwEE N
o 0(© Ogd0 Q gné(E "

Theinformation about the target is carried by the amplitude and d~elay paramefesindd,
which are embedded in the iphase and quadrature signat®) andv (0)
(we already know the value of the carrier, so no new info in it)
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Radar signals

The'@ and0(®2F wC airdaylfa INB SEGNYOGSR 0@ w

|:> ‘@) 10011001100100100100001
i 5 (0 |:> RF receiver

I:> 0 (0) 000111000111010101010101
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