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Abstract 
 
Differential SAR interferometry is a recent and powerful tool to measure small 
motions of the terrain; the available measurements start from 1991, date of 
launch of the European satellite ERS-1.  The spatial resolution is about 20X20m 
and the temporal resolution is a pass every 35 days. Most of the earth surface 
has been monitored systematically first by ERS-1, then by ERS-2 (launched in 
1995) and it will be with the satellite ENVISAT to be launched in 2000, thus 
creating long and consistent series of data. In urban areas and where exposed 
rocks are visible, it is possible to identify numerous back scatterers that do not 
change their signature with time (the Permanent Scatterers) and therefore can be 
used as natural monuments to estimate the progressive motion of the terrain. 
The precision of the measurement is a small fraction of a wavelength (5.6 cm) 
and millimetric motions are appreciable with good reliability. The atmospheric 
contribution is rather smooth spatially and independent from take to take, so 
that it can be identified and removed from the data using a proper processing, 
provided that the density of the PS  is high enough as it happens in urban areas. 
Then, it is possible to obtain maps of subsidence with very high spatial 
sampling rate (more than 20 PS/km2, in urban areas) and high quality. After a 
short description of the possibilities and limits of this technique, the paper will 
present results in Paris (France); results in   Ancona, Camaiore, Pomona (US) 
have been discussed in other papers.  
 
1. INTRODUCTION 
 
The Synthetic Aperture Radar is a microwave imaging system of the earth 
surface [4]. It has cloud-penetrating capabilities because it uses microwaves. It 
has day/night operational capabilities because it is an active system. Finally, in 
its “interferometric configuration”, it allows accurate measurements of the 
radiation travel path because it is coherent.  Measurement of travel path 
variations as a function of the satellite position and time of acquisition allow to 
generate Digital Elevation Maps (DEM) and to measure centimetric surface 



deformation of the terrain.  A SAR imaging system from satellite (as ERS-1 and 
ERS-2) is sketched in figure 1.  A satellite carries a radar with the antenna 
pointed to the earth surface in the plane perpendicular to the orbit  (the 
inclination of the antenna with respect to the Nadir is called off-Nadir angle and 
usually ranges between 20 and 50 deg. (21 deg. for ERS-1 and ERS-2) for the 
available systems.    
Currently operational satellite SAR systems work at C band – 5.3GHz (the 
European ERS,  the Canadian Radarsat, and the US Shuttle missions), L band - 
1.2GHz (the Japanese J-ERS), and  X band – 10GHz (the German-Italian X-
SAR on the shuttle missions). In the case of ERS, the illuminated area on the 
ground (antenna footprint) is about 5km in the along-track direction (also said 
azimuth direction) and about 100km in the across-track direction (also said 
ground range direction). The direction along the Line of Sight (LOS) is usually 
called slant-range direction. The antenna footprint moves at the satellite speed 
(about 7500m/s for ERS) along its orbit (a quasi-polar orbit for ERS-1 and 
ERS-2 that crosses the equator with an angle of 9 deg. at an elevation of about 
800km). It forms a 100km wide strip on the earth surface with the capability of 
imaging a 450km long strip every minute. 
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Figure 1- Description of a SAR system from satellite 

2. COMPLEX SAR IMAGES 
A digital SAR image can be seen as a mosaic (i.e. a two-dimensional array 
formed by columns and rows) of small picture elements  (pixels). A small area 
(resolution cell) of the earth surface is associated to each pixel. Each pixel 
carries amplitude and phase information (i.e. a complex number) of the 
microwave field back-scattered by all the scatterers (rocks, vegetation, building 
etc) within the correspondent resolution cell projected on the ground (see next 
section on SAR resolution cell projection on the ground).  Different columns of 
the image are associated to different azimuth locations whereas different rows 
indicate different slant range locations (see figure 1).  Location and dimension 
of the resolution cell in azimuth and slant-range coordinates depend only on the 



SAR system characteristics. In the ERS-1 and ERS-2 case the SAR resolution 
cell dimension is about 5 meters in azimuth and about 9.5 meters in slant-range. 
The distance between adjacent cells is about 4 meters in azimuth and about 8 
meters in slant range (SAR resolution cells are thus slightly overlapped both in 
azimuth and slant-range). 
The detected SAR image 
The detected SAR image contains a measurement of the amplitude of the 
radiation  backscattered toward the radar by the objects (scatterers) contained in 
each SAR resolution cell. This amplitude depends more on the roughness than 
on the chemical composition of the scatterers on the terrain. Typically, exposed 
rocks and urban areas show strong amplitude whereas smooth flat surfaces (like 
quiet water basins) show low amplitude since the radiation is mainly mirrored 
away from the radar.  The detected SAR image is generally visualized by means 
of gray scale levels as shown in the example of figure 2. Bright pixels 
correspond to areas of strong backscattered radiation (e.g. urban areas), whereas 
dark pixels correspond to low backscattered radiation (e.g. quiet water basin). 
The phase SAR image 
The radiation transmitted from the radar has to reach the scatterers on the 
ground and then to come back to the radar in order to form the SAR image (two 
ways travel distance). Scatterers at different distances from the radar (different 
slant range) introduce a different delay between transmission and reception of 
the radiation. Due to the almost pure sinusoidal nature of the transmitted signal, 
this delay is equivalent to a phase change between transmitted and received 
signals. The phase change is thus proportional to the two ways travel distance of 
the radiation divided by the transmitted wavelength.  
However, due to the periodic nature of the signal, travel distances that differ by 
an integer multiple of the wavelength introduce exactly the same phase change. 
In other words the phase of the SAR signal is a measure of just the last fraction 
of the two ways travel distance smaller than the transmitted wavelength. In 
practice, due to huge ratio between the resolution cell dimension (in the order of 
a few meters) and wavelength (~5.6cm for ERS), the phase of a single SAR 
image looks random passing from one pixel to another and it is of no practical 
utility. 
 
3. SAR INTERFEROMETRY 
 
A satellite based SAR can observe the same area from slightly different looking 
angles. It can be done simultaneously (two radar should be mounted on the 
same platform, as in the recent NASA/DLR/ASI survey SRTM) or at different 
times by exploiting repeated orbits. The latter is the case of ERS-1 and ERS-2. 
In that case, time intervals between observations of 1, 35 or a multiple of 35 
days are available. The distance between the two satellites in the plane 
perpendicular to the orbit is called “interferometer baseline” and its projection 
perpendicular to the slant range is called “perpendicular baseline”.  



The SAR interferogram is generated by cross-multiplying pixel by pixel the first 
SAR image times the second one complex conjugated. Thus, the interferogram 
amplitude is the amplitude of the first image times that of the second one, 
whereas its phase (called interferometric phase) is the phase difference between 
the two images. 

 
 
Figure 2.  ERS SAR detected image of Milano (Italy). The image size is about 

25km in ground range (vertical) and 25 km in azimuth (horizontal).   Bright 
pixels correspond to areas of strong backscattered radiation (e.g. buildings), 

whereas dark pixels correspond to low backscattered radiation (e.g. quiet water 
basin). 

 
3.1 Terrain altitude measurement through the interferometric phase 
Let us suppose to have only one dominant point scatterer that does not change 
in time in each ground resolution cell. Then the interferogram phase would 
depend on the travel path difference only since the phase of the scatterers is 
cancelled by the difference. The variation of the travel path difference ∆∆∆∆r that 
results passing from one resolution cell to another has a simple expression (an 
approximation that holds for small baselines and resolution cells not too far 
apart) that depends on a few geometric parameters shown in figure 3:  
1- the perpendicular baseline Bn 
2- the radar-target distance R  
3- the displacement between the resolution cells along the perpendicular to the 

slant range qs. 
The following approximated expression of ∆∆∆∆r holds:  

R
qBr Sn2=∆  



The interferometric phase variation has thus the following expression (where λλλλ 
is the SAR wavelength): 
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The altitude of ambiguity is defined as the altitude difference qa that generates 
an interferometric phase change of two-pi after interferogram flattening. The 
altitude of ambiguity is inversely proportional to the perpendicular baseline: 
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In the ERS case with λ=5.6cm,θ =23deg., R=850km the following expression 
holds: 
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As an example, if a 100 meters perpendicular baseline is used, a two-pi change 
of the interferometric phase corresponds to an altitude difference of about 93 
meters. In principle, the higher is the baseline the more accurate is the altitude 
measurement since the phase noise (see next section) is equivalent to a smaller 
altitude noise.   
 

 
 
 

Figure 3. Geometric parameters of a satellite interferometric SAR system. 



 

3.2 Phase unwrapping and DEM generation 
The flattened interferogram provides just a measurement of the relative terrain 
altitude that is ambiguous. The phase variation between two points on the 
flattened interferogram provides a measurement of the actual altitude variation 
plus an integer number of altitude of ambiguity (equivalent to an integer number 
of 2  phase cycles). The process that allows to add to the interferometric fringes 
the correct number of altitude of ambiguity is called phase unwrapping. There 
are several well-known phase unwrapping techniques that are not discussed 
here. However it should be noted here that usually phase unwrapping does not 
have a unique solution and “a priori” information should be exploited to get the 
right solution [1]. 
Once the interferometric phases are unwrapped, an elevation map in SAR 
coordinates is obtained.  As an example, the flattened interferogram and the 
relative DEM of Mt. Etna (Sicily – Italy) obtained through phase unwrapping 
and re-sampling are shown in figures 4, 5.   
 
 

 
 
 

Figure 4. Flattened interferogram of Mt. Etna generated from ERS tandem 
pairs. The perpendicular baseline of 115 meters generates an altitude of 

ambiguity of about 82 meters. 
 
 
 



Figure 5. Perspective view of Mt. Etna as seen from North-East. The estimated 
vertical accuracy is better than 10 meters. 

3.3 Terrain motion measurement through the interferometric phase 
Let us now suppose that some of the point scatterers on the ground slightly 
change their relative position in the time interval between two SAR 
observations (as, for example, in case of subsidence, landslide, earthquake …). 
In such cases the following additive phase term, independent of the baseline, 
appears in the interferometric phase, where d is the relative scatterer 
displacement projected on the slant range direction.  

dd λ
πϕ 4=∆  

It is thus evident that after interferogram flattening, the interferometric phase 
contains both altitude and motion components: 
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Moreover, if a digital elevation model (DEM) is available, the altitude 
contribution can be subtracted from the interferometric phase (generating the 
so-called differential interferogram) and the terrain motion component can be 
measured [6]. In the ERS case with λ=5.6cm and assuming a perpendicular 
baseline of 150m (a rather usual value), the following expression holds: 

d
q

22510 +∆ =ϕ  

From this example it appears that the sensitivity of SAR interferometry to 
terrain motion is much larger than that to the altitude difference. A 2.8cm 
motion component in the slant range direction would generate a 2π 



interferometric phase variation. As an example, the map of the terrain 
deformation in Paris that occurred from 1992 to 1999, is shown in figure 6.   
It should be pointed out that there are many different ways to get a differential 
interferogram: 
1. With a single interferometric pair (two SAR images) and baseline close to 

zero: the interferometric phase contains the motion contribution only (see 
equation (2)). No other processing steps are required. 

2  With a single interferometric pair (two SAR images) and baseline different 
from zero: the interferometric phase contains both altitude and motion 
contributions (see equation (2)).   

 The altitude component has to be removed using a priori information or a 
Digital elevation model obtained from the data themselves. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. The map of the terrain deformation in Paris that occurred between 
1992 and 1999. The map has been generated by means of  ERS interferometric 
images. Blue-green colors show stable areas whereas areas subsiding with 
4mm/year rate are shown in red.  

3.4 The atmospheric contribution to the interferometric phase 
When two interferometric SAR images are not simultaneous, the radiation 
travel path can be affected differently by the atmosphere. In particular, different 
atmospheric humidity, temperature and pressure between the two takes have a 
visible consequence on the interferometric phase (Atmospheric Phase Screen: 
APS) [7]. This effect is usually confined within a two-pi peak to peak 
interferometric phase change along the image with a smooth spatial variability 
(from a few hundreds meters to a few kilometers). The effect of such a 



contribution impacts both on altitude (especially in case of small baselines) and 
terrain deformation measurements. 
As an example, the atmospheric phase contribution to the ERS interferogram 
generated on Paris is shown in figure 7. Here the turbulence effect has been 
superimposed to the detected image of Paris.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. An example of atmospheric phase contribution to the ERS 
interferogram generated on Paris.  

3.5 Phase noise sources 
Three main contributions to the phase noise should be taken into consideration: 
1. Phase noise due to temporal change of the scatterers. As an example, in the 

case of water basin or densely vegetated areas, the scatterers change totally 
after a few milliseconds, whereas exposed rocks or urban areas remain 
stable even after years. Of course, there are also the intermediate situations 
where the interferometric phase is still useful even if corrupted by change 
noise. 

2. Phase noise due to the different looking angle. The speckle changes due to 
the different combination of the elementary echoes even if the scatterers do 
not change in time. The most important consequence of this effect is that 
there exists a critical baseline over which the interferometric phase is pure 
noise. In the ERS case, the critical baseline for horizontal terrain is about 
1150 meters.  

3. Phase noise due to volume scattering. The critical baseline reduces in case 
of volume scattering when the elementary scatterers are not disposed on a 
plane surface but occupy a volume (e.g. the branches of a tree).   

3.6 Coherence maps 
The phase noise can be estimated from the interferometric SAR pair by means 
of the local coherence . The local coherence is the cross-correlation coefficient 
of the SAR image pair estimated on a small window (a few pixels in range and 



azimuth), once all the deterministic phase components (mainly due to the terrain 
elevation) are compensated. The coherence map of the scene is then formed 
computing its absolute value on a moving window that covers the whole SAR 
image. The coherence value ranges from 0 (the interferometric phase is just 
noise) up to 1 (absence of phase noise).  
 
4. THE PERMANENT SCATTERERS 
  
Stable natural reflectors (Permanent Scatterers) can be identified from long 
temporal series of interferometric data [2,3]. They can be used in urban areas, 
like Paris or Pomona [6] showing subsidence effects. Two animations relative 
to the estimated displacement field in Pomona since June 1992 are available on 
our web site:  
http://www-dsp.elet.polimi.it/andrea/www/sar/pomona.htm.  
One of the main difficulties encountered in Differential SAR interferometry 
applications is due to temporal and geometric decorrelation. We have been able 
to identify single pixels (the PS’s) coherent over long time intervals and for 
wide look-angle variations. This allows one to use all ERS acquisitions relative 
to an area of interest. In fact when the dimension of the PS is smaller than the 
resolution cell, the coherence is good (the speckle is the same) even for image 
pairs taken with baselines larger than the decorrelation one. Then, on those 
pixels, sub-meter DEM accuracy and millimetric terrain motion detection can 
be achieved, even if the coherence is low in the surrounding areas. Reliable 
elevation and deformation measurements can then be obtained on this subset of 
image pixels that can be used as a ''natural'' GPS network. 
 
5. RESULTS 
 
An interesting case of subsidence, already studied using differential 
interferometry and other  techniques, is found in Paris.  61 ERS images were 
available. All were resampled on the same master and 60 interferograms were 
obtained. After the initial selection of the PS set (about 3 PS/km2 were 
identified), phase increments between each PS and all the others less than 1 km 
apart were estimated. The range of normal baselines is about +/- 1100 m, while 
the maximum temporal baseline is more than 6 years. If a PS had a LOS 
velocity of, say, 2 cm/yr and a residual elevation difference of 5 m with respect 
to a neighboring scatterer, considered as a reference, its phase variations as a 
function of time and baseline would be a 2D sinusoid. If now we accept, 
temporarily, the hypothesis of constant LOS velocity of each pixel, then using a 
periodogram we can estimate both the residual elevation and the LOS velocity 
difference of the pixels. This operation was carried out for all PS pairs less than 
1km apart, thus removing the effects of the residual elevation with respect to the 
average DEM and of the LOS velocity and estimating the unwrapped phase 
values. After estimation of both elevation and mean velocity of the targets, time 
series analysis of the phase residues in correspondence of each PS was carried 



out. The target is to identify possible non-linear motion contributions. For each 
PS we carried out a temporal smoothing using a triangular filter (300 days long) 
and we removed the low pass component. Phase residuals were then spatially 
filtered using a moving average on a 2x2 km window. APS's were then 
interpolated on the original regular grid and removed from each datum. It 
should be noted that each APS is actually the difference of the atmospheric 
component of the slave image and the APS of the master acquisition. Averaging 
the 60 APS's it was possible to get an estimation of the master contribution and 
then of each single contribution. After APS removal it is possible to estimate 
not only the mean velocity field of the area but a displacement field as a 
function of time, possibly interpolating the displacement maps on a regular 
temporal grid. In figure 8 we report an example of non-linear motion of one 
pixel in Paris located in the area of Gare St. Lazaire where works for the 
construction of a new metro line created subsidence and heave. 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. An example of non-linear motion of one pixel in Paris located in the 
area between P. de la Concorde (red star) of Gare St. Lazaire (blue star) where 
works for the construction of a new metro line created subsidence and heave. 
 
The validation and an experimental estimates of the accuracy of the results have 
been carried out by cross-correlating the dilation of the metallic building of La 
Cite des Sciences with the temperatures in Paris. The result is shown in figure 
9. The cross-correlation coefficient is 0.92 showing that the accuracy of our 
measurements is better than 1mm. 
 
6. CONCLUSIONS 
 
We have shown that in urban areas Permanent Scatterers exist that allow to 
generate interferograms on a sparse grid, even if the time lapse between the 
takes is many years long. The density of the PS's, small enough to have 
sufficient phase stability with respect to the baseline, was seen to be sufficient 
in urban areas to be able to estimate the atmospheric disturbance (the APS) with 
a sufficient spatial resolution. Then, the estimated APS can be removed from 
the interferometric phase, improving the DEM estimates and improving the 



estimate of the pixel motion. The long time lapse observations made available 
by this technique allow to estimate long term pixel motion with an accuracy that  
was previously attainable using optical techniques only.   
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 9. Dilation of the metallic building of La Cite des Sciences measured by 
means of the PS technique (red triangles) superimposed to the temperatures in 
Paris (solid line). 
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