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SAR TOMOGRAPHY

Spectral Analysis (Specan) techniques
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● From 3-D SAR Imaging to the Beamformer

● PolTomSAR imaging using 1D Specan techniques

● Advanced  PolTomSAR imaging  using Specan 

●  Polarimetric TomoSAR tomography

Full-Rank specan & and SKP  decomposition

● Spaceborne 3-D imaging using  correlation SAR 
tomography
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From 3-D 
Synthetic Aperture Imaging

To the Beamformer
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2-D focused signal (x-r domain)

2-D SAR impulse response
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2-D SAR imaging

SAR imaging: coherent integration of a reflectivity density
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3-D SAR imaging

Additional aperture in elevation:
            2-D → 3-D focusing
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3-D SAR imaging
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z

S1

Co-registration on a reference plane

Valid for 
Discretization

NN-interp.

Flat earth Elevation

3-D SAR imaging
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z

S1

Co-registration on a reference plane

Valid for 

After Compensation

Flat earth Elevation

3-D SAR imaging
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3-D Synthetic Aperture imaging 

Filter-like formulation for a given 2-D resolution cell

1D Linear filter

Coregistered
Resampled
Flattened 

Single Look Complex 
(SLC) data

Steering vector

3-D SAR imaging: 2D + 1D processing
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TomoSAR imaging 
using 

Monodimensional
Spectral Analysis Techniques
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InSAR way

Estimation of a single scatterer, M=2 images 

Linear filtering way

● Phase estimation → linear filtering & search

● Filter output: reflectivity

●         steering vector: matched filter
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Estimation of several scatterers: MB InSAR way

Estimation of several scatterers: linear filtering way 

● Matched filter: Discrete Fourier Transform

● Tomographic focusing: spectral estimation problem

● Estimation quality: depends on MB-inSAR configuration 

Estimation of several scatterers, M>2 images 
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Uniform baseline distribution

Fast

M times Slower

Tomographic imaging using specan

Spectral sampling: Spectral bandwidth:

Ideal acquired signal (single scatterer)

Periodic oscillating filter output
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Uniform baseline sampling

Spatial features of a tomogram

● rapid oscillations: resolution

● band-limited: sidelobes

● sampled spectrum : 
spatial ambiguities zamb

dz

M=6

Fast → resolution

Slow→ ambiguity

Tomographic imaging using specan

dz
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M=6

Tomographic imaging using specan

● Reduced resolution

● Improved ambiguity
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M=6

M=12

Tomographic imaging using specan

● Improved  resolution

● Unchanged ambiguity
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M=6

M=12

Tomographic imaging using specan

● Unchanged  resolution

● Improved ambiguity
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M=6

M=12

Rule of a thumb

- select B using

- select M for a sufficient resolution 

Tomographic imaging using specan
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Tomographic imaging using specan

Tomographic data from AfriSAR 
2016 (ESA)

Site: Gabon

Acquisition by DLR & ONERA

Single-look tomograms

Noisy aspect due to speckle
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TomoSAR imaging 
Using multilook
Specan methods
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Speckle: coherent effect that appears as a 

Speckle effect
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1 dominant scatterer Rough surfaces Volumetric media

Two realizations in both cases 

Speckle effect
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Unfiltered intensity image: exponential distribution

L independent samples (looks): ML estimate has chi2 distribution

Speckle filtering
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Speckle filtering

Equivalent Number of Looks
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Speckle filtering
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Speckle filtering
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Speckle filtering



3131Non local speckle filtering

Speckle filtering
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Speckle filtering with tomographic data

Speckle filtering for monovariate SLC SAR images

Speckle filtering for multivariate SLC MB-InSAR images

L-look (ML) estimate of the TomoSAR covariance matrix



3333

Speckle filtering with tomographic data

TomoSAR covariance matrix

Interferometric coherence estimate
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Beamformer is Fourier imaging 

Capon's solution: constrained beamformer

Tomographic imaging using specan

Objective: minimize output power, with unitary gain at the height of interest 

● Excellent (optimal) statistical accuracy

● Fourier resolution: 

● Cannot handle closely spaced scatterers

● High sidelobes

Solution:

BF

objective
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● Capon: significantly improved resolution 

● Resolution improvement is a function of the Signal to Noise Ratio (SNR)

● For regular baselines, BF & Capon are equally affected by ambiguities

Tomographic imaging using specan



3636

● BF: strongly affected by ambiguities

● CAPON: asynchronous ambiguities are considered as perturbations and 

filtered (may be dangerous!). Good resolution performance preserved

Irregular baseline sampling: logscale distribution

Tomographic imaging using specan
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Practical implementation 

● Asymptotic (L→ +∞) estimators

● In practice, spatial averaging

● BF: quite stable w.r.t L

● Capon may suffer from a poor covariance matrix conditioning: sufficient ENL needed

        Þ Diagonal Loading

     For large a (low SNR):     CP → BF 

Tomographic imaging using specan
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Tropical forest profile at P band with residual phase errors

z

z Capon

BF

Tomographic imaging using specan
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Tomographic imaging using specan

 P band tomogram (Tomosense campaign) with residual phase errors
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Forest height HH intensity
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Case study: BIOSAR 2 data
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BF

Case study: BIOSAR 2 data
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CAPON: processing OK ?

Case study: BIOSAR 2 data
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Advanced 
TomoSAR imaging 

Using Specan methods
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3-D imaging of an urban area using a minimal configuration3-D imaging of an urban area using a minimal configuration

3 PolSAR images
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SAR tomography over urban areasSAR tomography over urban areas



4646

Critical configuration (3 images) in an urban environment at L band

BF CAPON MUSIC

- Strictly speaking, Capon's technique is not HR, but is very convenient
- MUSIC (and some other techniques) is HR 

Tomographic imaging using specan
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Polarimetric SAR tomography over urban areasPolarimetric SAR tomography over urban areas
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Polarimetric SAR tomography over urban areasPolarimetric SAR tomography over urban areas
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Polarimetric SAR tomography over urban areasPolarimetric SAR tomography over urban areas
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Polarimetric SAR tomography over urban areasPolarimetric SAR tomography over urban areas
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Tropical forest characterizationTropical forest characterization
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Tropical forest characterizationTropical forest characterization
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Tropical forest characterizationTropical forest characterization
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Tropical forest characterizationTropical forest characterization
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Tropical forest characterizationTropical forest characterization



5656Huang, Y.; Ferro-Famil, L. & Reigber, A. "Under-Foliage Object Imaging Using SAR Tomography and Polarimetric 
Spectral Estimators", IEEE TGRS 2011

TomoSAR imaging of concealed objectsTomoSAR imaging of concealed objects
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TomoSAR imaging of concealed objectsTomoSAR imaging of concealed objects
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TomoSAR imaging of concealed objectsTomoSAR imaging of concealed objects
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Sparse (compressive) sensing solution

- a few wavelet components

- a few discrete contributions 

TomoSAR imaging of concealed objectsTomoSAR imaging of concealed objects
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TomoSAR imaging of concealed objectsTomoSAR imaging of concealed objects
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InSAR coherence analysis  
and

 TomoSAR modeling  
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InSAR coherence analysis
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InSAR coherence analysis
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InSAR coherence analysis

: indicator of phase quality

Large number of looks required to  reduce:
  

Phase 
pdf
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InSAR coherence analysis

Single-look inSAR phase
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Multi-look inSAR phase

InSAR coherence analysis
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InSAR coherence decomposition



6868

InSAR coherence decomposition
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InSAR coherence decomposition

Temporal decorrelation
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Temporal decorrelation

InSAR coherence decomposition
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Volume decorrelation

InSAR coherence decomposition

1 hour, 20 baseline
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Volumetric media inSAR response modeling

● Vertical reflectivity structure

● InSAR coherence

● Decorrelation due to vertical structure :  

InSAR vertical decorrelation over volumesInSAR vertical decorrelation over volumes

● Fourier transform-like coherence-structure relationship 
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Modeling at order 1 Parameter Estimation
z

0

vh

Parameter estimation often requires to simplify models

● omitting negligible terms

● merging contributions that cannot be discriminated (e.g. ground and double-bounce)

InSAR RVOG modelInSAR RVOG model

z

0

vh
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● 2 significant and uncorrelated mechanisms : 
 volume + underlying ground

● low density medium 
 no refraction

InSAR RVOG modelInSAR RVOG model

Ground

Volume

Ground Volume
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Ground only

InSAR well adapted to topography estimation

InSAR RVOG analysisInSAR RVOG analysis
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No underlying ground

Null extinction:

Non attenuating random volume only

InSAR RVOG analysisInSAR RVOG analysis
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Volume widthVolume center height

InSAR well adapted to volume analysis under specific conditions 

InSAR RVOG analysisInSAR RVOG analysis
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Linear differential extinction

Effective reflectivity density
    constant extinction

Backscattered volume intensity

Attenuating random volume only

InSAR RVOG analysisInSAR RVOG analysis
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InSAR RVOG analysisInSAR RVOG analysis

ke → 0

ke >> 0

InSAR                    ambiguous estimation



8080

ke >> 0

InSAR                            ambiguous estimation

InSAR RVOG analysisInSAR RVOG analysis

ke → 0

Unambiguous solution for known               shape :  
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Backscattered volume intensity

Backscattered ground intensity

InSAR RVOG analysisInSAR RVOG analysis

Attenuating random volume and ground
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● Coherence formulation 

●  Ground to volume intensity ratio

●   Coherence interpretation   
 

InSAR based RVOG analysis:    under-determined problem

                         → another source of diversity is needed : polarization ?

InSAR RVOG analysisInSAR RVOG analysis
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ke → 0

ke >> 0

● Unambiguous height estimation for known f(z) shape

● Estimation of f(z) or non-parametric analysis

● PolTomoSAR (MB-Pol-lnSAR) :

TomoSAR (MB-InSAR) RVOG analysisTomoSAR (MB-InSAR) RVOG analysis

Additional spatial diversity
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L-band BIOSAR2, Capon tomograms

HH

HV

VV

InSAR phases, polarization & TomoSARInSAR phases, polarization & TomoSAR
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InSAR phase center heights

InSAR phases, polarization & TomoSARInSAR phases, polarization & TomoSAR

Near Range Far Range
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POL-InSAR phase center heightsPolarimetric diversity

InSAR phases, polarization & TomoSARInSAR phases, polarization & TomoSAR

Near range Far range

Single-baseline PolinSAR: 
● Phase Center height diversity not always guaranteed
● Requires specific k

z
 (baseline) values: adequate volume decorrelation
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Illustration of coherence featuresIllustration of coherence features
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Forest height HH intensity


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DEM

Illustration of coherence featuresIllustration of coherence features
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Forest height

DEM

Illustration of coherence featuresIllustration of coherence features
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