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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

Radar Imaging

Some relevant features:

1. Active instrument: ė no need for external illumination source

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

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

4. Microwaves can penetrate into some natural media, like forests, snow, ice, sand ė

sensitivity to the 3D structure of illuminated media
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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 satellite 
trajectory

o Image formation by Digital Processing techniques

Ý The result is a high resolution two-dimensional map of the imaged scene

Northern Italy at C-Band (ENVISAT)

height

ɗ

/́2

SAR Imaging
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Key features:

o Microwaves penetrate through rain and clouds ė visibility in all weather 
conditions

o Aperture Synthesisė fine spatial resolution

o Phase information ė millimeter accuracy about distance variations

Spaceborne SARs provide accurateand continuousinformation about 
ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ŀƴŘ ƛǘǎ ŜǾƻƭǳǘƛƻƴ ƻǾŜǊ ǘƛƳŜ

Alpine area, Italy ï69 RSAT images (TRE) 

SqueeSAR

Deformation monitoring
Land mapping

Radarsat-2 image of Flevoland in 

the Netherlands (ESA)

Topographic mapping

DEM of Mount Etna, Sicily, derived from ERS-1 (ESA)

Change detection

Post-earthquake change detection map in 

Amatrice, Italy, derived from Sentinel-1A 

(PoliMi)

SAR Imaging
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Another key feature:

o Microwaves penetrate into natural media, like forests, snow, ice, sand ė sensitivity to the 
three-dimensional structure of illuminated media

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

SAR Imaging
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height
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/́2

SAR produces pixels

TomoSAR produces voxels !!!

TomoSARsystems employ a RADAR sensor flown along multiple trajectories 

o Image formation by Digital Processing techniques

ÝThree dimensional representation of Radar intensity at a given wavelength

Tomographic SAR Imaging
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TomoSARsystems employ a RADAR sensor flown along multiple trajectories 

o Image formation by Digital Processing techniques

ÝThree dimensional representation of Radar intensity at a given wavelength

height

ɗ

/́2

SAR produces pixels

TomoSAR produces voxels !!!

Tomographic SAR Imaging
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BIOMASSwill implement two Missionphases

o Tomographicphase (November21, 2025ςMarch 31, 2027): stacksof seven consecutive

passeswith a revisit time of 3 days, to provide 3D imaging capabilitieswith a vertical

resolutionof about25m at the equator

o Interferometric phase(rest of missionlifetime): stacksof three consecutiveacquisitions(or

triplets) with a revisit time of 3 days,ensuringinterferometric global coverageevery nine

months
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Tomographic SAR Imaging

The first BIOMASS forest tomography was 
successfully produced October 31, 2025, 
at the TumucumaqueMountains National 
Park, Northern Brazil 
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Forest scenarios: separation of backscatter from 
different heights within the vegetation

Ý Forest height

Ý Sub-canopy terrain topography

Ý Classification of forest structure

Ý Improved forest biomass retrieval

TomoSAR& Forested areas

Tomographic data from AfriSAR
2016 (ESA)

Site: Gabon

Acquisition by DLR & ONERA
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TomoSAR& Forested areas

Lidar DTM & Forest height

Forest scenarios: separation of backscatter from 
different heights within the vegetation

Ý Forest height

Ý Sub-canopy terrain topography

Ý Classification of forest structure

Ý Improved forest biomass retrieval

Tomographic data from AfriSAR
2016 (ESA)

Site: Gabon

Acquisition by DLR & ONERA
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Forest height

TomoSAR& Forested areas

Sub-canopy terrain 
topography

Lidar Canopy height TomoSAR Canopy height

Site: [ƻǇŞ, Gabon

Data-set: AfriSAR(ESA)

Frequency: P-Band

S̀AR-LIDARҒ о m 

@ 25 m

Site: Mondah, Gabon

Data-set: AfriSAR(ESA)

Frequency: P-Band

S̀AR-LIDARҒ нΦу Ƴ 

@ 15 m
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Lidar Terrain Model TomoSAR Terrain Model

Yang et al., GRSL, 2020

Mariotti et al., 2019
Pardiniet al., 2018
Wasiket al., 2018
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TomoSAR& Forested areas

Classification of forest 
structure

Telloet al., Journal of Selected Topics in 
Applied Earth Observations and Remote 
Sensing, 2018

Horizontal structure Vertical structure

Field

Lidar

TomoSAR

Field

Lidar

TomoSAR

Site: Traunstein, Germany

Frequency: L-Band

Data-set by DLR
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TomoSAR& Forested areas

Ho Tong Minh et al., TGRS, 2014

Sites: Paracou, Nourages
(French Guiana)

Frequency: P-Band

Data-set: TropiSAR(ESA)

Data-set by ONERA

Correlation between Radar intensity and Above Ground Biomass (AGB)
o 2D SAR intensity is poorly correlated to AGB
o TomoSARintensity at 0 m is poorly and negatively correlated to AGB
o TomoSARƛƴǘŜƴǎƛǘȅ ŀǘ Ƴŀƛƴ ŎŀƴƻǇȅ ƘŜƛƎƘǘ ƛǎ ƘƛƎƘƭȅ ŎƻǊǊŜƭŀǘŜŘ ǘƻ !D. όҒ рл aƎκƘŀ ǇŜǊ Ř.ύ

In-situ AGB (100 t/ha)

Correlationto AGB

In-situ AGB (100 t/ha)

Correlationto AGB

In-situ AGB (100 t/ha)

Correlationto AGB

In-situ AGB (100 t/ha)

Correlationto AGB

Å Paracou
+     Nourages
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Ho Tong Minh et al., Remote Sensing 
of Environment, 2016
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TomoSAR& Forested areas

Results were confirmed for three African 
ŦƻǊŜǎǘ ǎƛǘŜǎΧΦΦ

Sites: Paracou, Nourages(French Guiana)

[ƻǇŞ, Rabi, Mondah(Gabon)

Frequency: P-Band

Data-sets: TropiSARand AfriSAR(ESA)

Data-set by ONERA

Site: Krycklan(Sweden)

Frequency: L-Band

Data-set: BioSAR2 (ESA)

Data-set by DLR

Tebaldini et al., Geophysical Surveys, 2019

Blomberg et al., GRSL, 2018

2D SAR TomoSAR
ΧΦ ŀƴŘ ŦƻǊ ŀ ōƻǊŜŀƭ ǎƛǘŜ ŀǘ [-Band 
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Glaciers: inside view of the ice body

Ý Bedrock detection below the ice surface

Ý Imaging of internal structures 

TomoSAR& Glaciers/ Ice sheets

Mittelbergferner , 
Austrian Alps, March 2014
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Firnareas Crevasses Bedrock/ground reflection

TomoSAR& Glaciers/ Ice sheets

Comparison between 200 MHz Ground Penetrating 
Radar and L-Band TomoSAR

Tebaldini et al., TGRS, 2016
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TomoSARImage  - Ice surface

TomoSARImage  - 25 m below the Ice surface TomoSARImage  - 50 m below the Ice surface

TomoSARIllumination

TomoSAR& Glaciers/ Ice sheets
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Rekiouaet al., ComptesRendusPhysique , 2017

Snow: fine structure of snowpack layering

Ý Total Snow depth

Ý Refractive index

Ý Internal layering

TomoSAR& Snow

Data from AlpSAR2013 (Rennes 1, ESA)
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?
! ǎǘŜǇ ōŀŎƪΧ
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?
Answer:
Yes ( J), with some efforts concerning

Geometry

Radar Processing

! ǎǘŜǇ ōŀŎƪΧ

Waves
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Waves
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Q

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 non-uniform motion

o Propagation velocity in free space: ὧ σɇρπm/s

Representation

We can describe waves as signals that vary over time and spaceas:

ίὸ
ᾀ

ὧ
with ίὸ some waveform
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When we express a signal as a function of time, we are implicitly assuming that the signal 
is measured at a fixed point in space

υπ ά

Must knows about waves (at least for today)

ίὸ ίὸ
υπ

ὧ

ίὸ
υπ

ὧ
ίὸ
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Equivalently, we can express a signal as a function of space by imaging that we can freeze 
the time at a fixed instant and take a snapshot of the signal distribution over space

ίὸ
υπ

ὧ
ίὸ

υπ ά

Must knows about waves (at least for today)

ίψσὲί
ᾀ

ὧ
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Must knows about waves (at least for today)

For the case of a monochromatic wave we have ίὸ ὧέίς“Ὢὸ

The temporal period is obtained as

Ὕ
ρ

Ὢ

The spatial period, a.k.a. the wavelength, is 
obtained as

‗
ὧ

Ὢ

Ὕ

‗

ίὸ
ᾀ

ὧ
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Geometric principles of 
target localization
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Simplified description
I) The transmitted signal propagates away from the RADAR sensors in all 

directions(*) in the form of a spherical wave

(*)Note:  real antennas actually radiate over an angular sector, depending on size and 
wavelength

Circular wave  on the water surface

P1

RADAR

P

ίὸ ίὸ
Ὑ

ὧ

R= distance between P1 and the RADAR 

c = speed of light

Radio detection and ranging

Letting ίὸdenote the transmitted signal, the signal at point P1 is 
obtained as
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Simplifieddescription
II) The signal interacts with surrounding objects (targets) ė backscattered echoes

As a first approximation the backscattered echo can be represented by imaging the target as a new source 
of spherical waves triggered by the impinging signal s1(t)

() ö
÷

õ
æ
ç

å +
-Ö=ö

÷

õ
æ
ç

å
-Ö=

c

RR
tsA

c

R
tsAts

''
12

Rô = distance from 

P1 to P2

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

RADAR

P1

P2

() ö
÷

õ
æ
ç

å
-=

c

R
tsts1

R= distance between P1 and the RADAR 

c = speed of light

s1(t) = signal at point P1

s2(t) = backscattered signal at point P2

Radio detection and ranging
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Simplifieddescription:
III) The backscattered echo is received by the RADAR sensor
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tsA

c

R
tsAtsRx

2
1

RADAR

P1

The distance of a target from the RADAR 

is known by measuring the pulse round-

trip time
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Transmitted signal
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Received signal

Example

Measured delay: Ű = 20 

microseconds

Propagation velocity: c = 300000 

Km/s  

Ý Range: R = cĀŰ/2 = 3 Km

sRx(t) = backscattered signal received by the RADAR

Radio detection and ranging
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r : sensor-to-target distance 

c : speed of light
() ()tstsTx = () ö

÷

õ
æ
ç

å
-=

c

R
tstsRx

2

Transmission Reception
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Received signal

Signal delay 

ė

Sensor-to-target 

distance

Delay measurement

Localization in 1D
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The target is bound to lie on a sphere 

o Centered on the RADAR

o Of radius R

Ý 1D Localization

Delay measurement ė Localization on the surface of a sphere

?

?

?

Localization in 1D
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Flying a RADAR along a straight line = measuring the distance from the target to each point on the line

╢†

╡†

Ý The target is bound to lie on the circle:

Å Centered on the trajectory

Å Perpendicular to the trajectory (yzplane)

Å Of radius ╡□░▪

Ý 2D Localization

╡□░▪

/̄2

The target is bound to lie on the intersection of all the spheres:

Å Centered in ╢†

Å Of radius ╡†

╡□░▪
?

?

/̄2

x

y

z

Localization in 2D (SAR)
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Ý Only 1 solution in the 3D space !

Ý 3D localization

╢ †
╡

╢▪†

╢╝†

╡▪

╡╝

!

x y

z

S1

Sn

SN

╡

╡▪

╡╝

!

y

z

The target is bound to lie on the circles:

Å Centered on each trajectory

Å Perpendicular to the trajectory , 

Å Of radius ╡ȣ ╡▪ȣȢ╡╝

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

Localization in 3D (TomoSAR)
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?
Geometry unveils the principle why flying 
multiple trajectories results in the capability 
to localize a target in the 3D space



8th Advanced Training Course on Radar Polarimetry | SAR basics & SAR Tomography theory |Ljubljana 2026 Stefano Tebaldini

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

Missing elements:
o Resolution
o What if there are many targets ?!!!
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RADAR signals
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RADARs transmit and receive Radiofrequency (RF) pulses

()ts RFTx,

ί ȟ ὸ Ὣὸɇὧέίς“Ὢὸ

g(t) = short EM pulse
f0 = carrier frequency

Ὣὸ
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Radar signals
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RADARs transmit and receive Radiofrequency (RF) pulses

()ts RFTx,

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
o The RF hardware to be used
o The features of the observed 

targets which the signal is 
sensitive to

ί ȟ ὸ Ὣὸɇὧέίς“Ὢὸ

g(t) = short EM pulse
f0 = carrier frequency

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

()ts RFRx,

ί ȟ ὸ ὃɇί ȟ ὸ Ὠ

R

()ts RFTx,
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Radar signals

ὃɇὫὸ Ὠɇὧέίς“Ὢὸ Ὠ

The signal is received after a time delay▀
╡

╬
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Following basic trigonometry, the received signal is expressed as:

In phase component Ὅὸ Quadrature component ὗὸ

The information about the target is carried by the amplitude and delay parameters A and d, 
which are embedded in the in-phase and quadrature signals Ὅὸand ὗὸ
(we already know the value of the carrier, so no new info in it)

Where we define the in-phase and quadrature signals as:
o Ὅὸ ὃɇὫὸ Ὠɇὧέίς“ὪὨ

o ὗὸ ὃɇὫὸ Ὠɇὧέίς“ὪὨ

ί ȟ ὸ ὃɇὫὸ Ὠɇὧέίς“ὪὨɇὧέίς“Ὢὸ ὃɇὫὸ ὨɇίὭὲς“ὪὨɇίὭὲς“Ὢὸ

Radar signals
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The Ὅὸand ὗὸƻŦ wC ǎƛƎƴŀƭǎ ŀǊŜ ŜȄǘǊŀŎǘŜŘ ōȅ wC ŎƛǊŎǳƛǘǊȅΣ ǎǘƻǊŜŘ ŀǎ ƴǳƳŜǊƛŎŀƭ ǎƛƎƴŀƭǎΧ

ί ȟ ὸ RF receiver

Ὅὸ

ὗὸ

10011001100100100100001

000111000111010101010101

Radar signals




