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ABSTRACT

A method to calibrate the geo-location accuracy of 
optical sensors is presented which is based on a novel multi-
modal image matching strategy. This concept enables to 
transfer points from highly accurate TerraSAR-X imagery 
to optical images. These points are then used to register the 
images or to update the optical sensor models. The potential 
of the methodology is demonstrated on Spot 5, Ikonos and 
RapidEye images. 

Index Terms— Geo-location accuracy, TerraSAR-X, 
calibration, mutual-information matching.

1. INTRODUCTION & PROBLEM STATEMENT 

Remote sensing image data increasingly get delivered as 
value-added – typically ortho-rectified – products. Although 
getting more and more accurate, the geo-location accuracy 
of such products frequently is not satisfying, as errors of 
several (tens of) pixels may be observed for instance in very 
high-resolution optical image data. Based upon appropriate 
reference data, the geo-location of such products then needs 
to be improved. As an example Figure 1 shows 
displacement vectors between a reference ortho photo and a 
Spot 5 scene, which were gathered via automatic image 
matching for a grid of points. 

The displacements are highly systematic with a shift of 
approximately 41 meters and vector lengths in the range of 
37 to 47 meters. Those displacements could be basically 
removed by an appropriate co-registration, based either 
upon dense matching results or upon geometric polynomial 
transformations using a set of tie-points, both with respect 
to a respective reference data set. 

Highly accurate reference data, like the ortho photo used 
in the given example, may not be available in general for 
any geographic region and area extension. However, a 
worldwide accessible reference data option providing 
satisfying geo-location accuracy became feasible with the 
launch of the TerraSAR-X [1] mission due to the following 
facts and features: 
(1) The geo-location accuracy of TerraSAR-X is known 

to be very precise, i.e. approximately 1 meter in 
Spotlight and less than 3 meters in Stripmap mode [2-

4]. It should be noted that this accuracy can be 
further improved using a novel calibration technique 
presented in [5]. In the current work however these 
additional improvements have not been employed. 

(2) The TerraSAR-X extension, the TanDEM-X [6] 
mission was launched in June 2010. The goal of the 
TanDEM-X mission is to generate a digital surface 
model of the entire globe using the coherent InSAR 
data, with accuracies beyond the ones of the SRTM 
or ASTER missions. Thus, SAR imagery will be 
collected in high resolution Stripmap mode, covering 
the whole earth.

The objective of the work presented in this paper 
therefore is devoted to the utilization of TerraSAR-X data in 
order to automatically acquire tie-points with respect to   
high-resolution optical ortho-images, which subsequently 
are used for geometric calibration (i.e. improvement of the 
geo-location accuracy) of the optical data. In the following 
chapters, a method which was developed for automatic tie-
point retrieval between optical and SAR images is presented 
and validation results are shown.  

Figure 1: Displacement vectors between an ortho photo 
and a Spot 5 ortho-image (exaggerated by a factor of 25).  

2. METHODOLOGY 

In order to efficiently calibrate the 2D geo-location 
accuracy of optical images via SAR data, an automatic, 
robust and reliable image matching method is needed to find 
corresponding points. Therefore, a multi-modal matching 
technique was developed, which relates different visible 
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spectra, but also e.g. NIR and thermal imaging, to SAR 
data. Appropriate pre-processing of the data is necessary on 
the one hand, and SAR specific imaging effects have to be 
taken into account on the other. 

It should be noted that a similar concept for matching 
optical to SAR data was recently published in [7]. However, 
our method incorporates a specific pre-processing method 
based on bilateral filtering, a different mutual-information 
based matching cost function and the fusion of two opposite 
side looking SAR images. 

2.1. Pre-processing 

To reduce noise in optical and speckle in SAR images a 
pre-processing method based on bilateral filtering may be 
used, which is a non-iterative scheme for edge-preserving 
smoothing [8]. This approach was considered for optical 
imagery holding additive noise. However, for SAR imagery 
holding multiplicative speckle information, an extension to 
bilateral filtering is proposed. It is based on (1) taking the 
logarithm of the input data to transform the problem of 
speckle reduction into an additive one, (2) applying the 
bilateral filtering technique in the logarithmic domain and 
(3) transforming the results into the original domain. To 
avoid drawing the logarithm of zero (i.e. minus infinity) an 
offset of plus one is applied. For TerraSAR-X images a 
bilateral filter of spatial extent of 31x31 pixels works best, 
while the range extent should be in the range of 20 to 30 
digital numbers w.r.t. 8 bit data.  

Figure 2 shows an example, where this pre-processing 
was done for a TerraSAR-X and an ortho-image subset of 
150x150 pixels (5m GSD). It is very well visible that the 
noise level is reduced in general and that details which do 
anyway not exist in the SAR images are smoothed out from 
the optical data. 
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Figure 2: Example of bilateral filtering.  

 Next, the histograms of the filtered images are 
compressed using quantile processing. A lower and an 
upper threshold representing a given quantile of the data 
distribution (e.g. 1% and 99%) are calculated and used to 
compress the histogram to a given number of values. This 
technique helps the following up matching procedure as the 
joint histograms are then better populated and thus a larger 
number of correct matches are found. A compression to 64 
bins yields best results. 

2.2. Areal matching 

The areal matching paradigm is based on mutual-
information (MI) maximization. The main idea is that the 
joint entropy of two image patches is minimized, when the 
patches are correctly aligned. Therefore, a maximization of 
the MI measure corresponds to a maximization of clusters in 
the joint entropy and to a minimization of the joint 
entropy’s dispersion. To get normalized similarity 
measurements the entropy correlation coefficient is used, 
which maps the normalized mutual-information to the 
domain [0,1], 

2H(X,Y)ECC(X, Y) 2
H(X) H(Y)

,

with H(X) and H(Y) being the individual entropies and 
H(X,Y) the joint entropy of image patches X and Y (cf. 
[7,9,10]). In contradiction to e.g. the normalized cross-
correlation method (NCC), which is just invariant to linear 
mappings between the values of the images to be matched, 
the MI method can also handle non-linear dependencies. 
Since the values of optical and SAR images have non-linear 
dependencies the MI method is able to find correct matches 
even in cases where NCC fails. In our tests best results are 
achieved with 151x151 pixel windows for MI calculation. 

A subpixel measurement is achieved by fitting a 
polynomial using the 3x3 neighborhood of the entropy’s 
correlation peak and analytical calculation of its maxima. 

2.3. SAR specific aspects 

An important aspect to be considered refers to the side 
looking geometry of SAR sensors. Thus, SAR phenomena 
like layover, foreshortening or shadow occur whenever the 
terrain rapidly changes in height. Those effects are always 
aligned in range direction (i.e. in the SAR scan line) and 
cause a systematic point displacement in case that ground 
models lacking from building and vegetation structures are 
used to ortho-rectify SAR images. Then, e.g. the roofs of 
houses are shifted with respect to the SAR looking 
direction. This is demonstrated in Figure 3 in a comparison 
of image subsets (80x64 pixels at 5m GSD) of an aerial 
ortho-image and TerraSAR-X ortho-images generated from 
ascending as well as descending data acquisitions. With 
respect to the selected reference point, marked with an 
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arrow, the roof top is shifted in range direction in both SAR 
ortho-images. 

Matching procedures hardly can cope with such strange 
effects, and authors in [7] therefore propose to restrict SAR 
to optical matching to agricultural regions in order to avoid 
these problems. Such regions of interest could e.g. be 
determined using the CORINE land cover database. 

However, the issue can also be solved by utilization of 
two SAR images acquired from descending and ascending 
orbit, respectively, where such displacements occur in a 
similar but opposite disposition. In our approach it is 
therefore suggested to fuse the SAR ortho-images achieved 
from the ascending and descending orbits in such a way, 
that the geometric bias, which is locally inherent to the SAR 
ortho-images, is averaged out. This fusion is simply based 
on an addition of the individually pre-processed images and 
is expected to work satisfactorily, in particular in case of 
similar SAR off-nadir look angles.  

SAR ascending Ortho photo SAR descending 
Figure 3: Building mis-location in SAR ortho-images.  

3. TEST DATA & RESULTS 

To experimentally prove the concept, a test area in Graz 
(Austria) was chosen. High-resolution optical as well as 
SAR images acquired from TerraSAR-X in Stripmap mode, 
Spot 5, Ikonos PAN and RapidEye sensors were used. To 
demonstrate the benefit of the SAR image fusion, two 
TerraSAR-X Stripmap images acquired from ascending and 
descending orbit with look angles of 33.2° and 50.4°, 
respectively, were included. All images were geo-coded 
with 5 meters GSD. In addition, ground truth information is 
available by means of a highly accurate aerial ortho-photo. 

All matching tests are based on transferring a set of 24 
manually selected points from one image to another. Those 
points are equally distributed over the scene and mark 
objects of interest, like crossing of streets, houses, parts of 
an airport and agricultural field border lines. The quality of 
the matching is then described by the standard deviation of 
the matching residuals, where outliers are discarded by an 
iterative least squares method. 

3.1. Visual analysis 

Figure 4 shows the initial situation and the results 
achieved by the proposed matching method for a dedicated 
point of interest, i.e. the runway shown already in Figure 2
(image patches of 75x75 pixels, 5m GSD). The reference 
situation is given by the location of this point in the 

TerraSAR-X and in the aerial ortho-image. Matching of the 
TerraSAR-X image was then done with respect to the Spot 
5, Ikonos PAN and RapidEye initial ortho-images. The left 
illustrations of Figure 4 show the initial situation, i.e. the 
displacement of the (initial) ortho-images against the 
reference tie-point, while the right illustrations show the 
locations of this tie-point as retrieved by the matching 
method. Visually the point coordinates retrieved by 
matching have a decent accuracy. 
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Figure 4: Reference tie-point shown in the TerraSAR-X 
and in the aerial ortho-image (top), initial ortho-image 

locations (left) as well as locations retrieved from matching 
(right).

3.2. Ascending and descending fusion 

To be able to acquire corresponding points also on non-
planar regions, where building and vegetation structures 
exist, the feasibility of the proposed ascending/descending 
matching fusion was tested. Therefore, both SAR images 
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were matched with the aerial ortho-photo using the 
presented method. As outlined a bias in SAR range 
direction is achieved, extending mainly in East-West 
direction. In Table 1 bias values of about -7 and +4 meters 
can be realized for the ascending and the descending image 
in East. However, when merging both images, the resulting 
displacement between reference ortho-photo and retrieved 
coordinates results in a mean bias of less than 0.5 meters. 
Also the standard deviations, which are about 7 and 5 
meters in the individual images, get reduced to about 3 
meters. They further reveal that larger SAR off-nadir look-
angles yield a smaller geo-location bias. Therefore, in the 
optimal case two SAR images from opposite orbit with a 
large off-nadir look-angle should be fused for the 
calibration process. 

Mean Std. deviation SAR Image #TPs
East North East North

ASC 15 -6.9 -0.2 7.2 7.0
DSC 15 4.3 -0.2 5.3 5.0

ASC+DSC 12 0.3 0.5 3.4 2.8
Table 1: 2D location bias achieved from ascending, 

descending and fused TerraSAR-X image data.

3.3. Optical to SAR registration accuracy 

For the optical to SAR registration tests the fused SAR 
image is used to avoid a location bias and is matched to 
different optical images. Table 2 shows the mean 2D 
displacements and RMS before and after co-registration 
using translation only. For all of the optical image data the 
initial displacements of about 20 up to 40 meters drop down 
to RMS displacement values of less than 5 meters, i.e. well 
in the sub-pixel range of the underlying ortho-images (GSD 
of 5m) and almost corresponding to the geo-location 
accuracy of the reference TerraSAR-X Stripmap data [2-4].  

Mean (before) RMS (before) RMS (after) Optical
image #TPs

East North East North East North
Spot 5 14 39.0 -8.7 39.1 9.4 3.2 3.6
Ikonos 15 -19.0 -3.7 19.6 5.6 4.6 4.3

RapidEye 15 20.2 16.3 20.5 16.6 3.5 3.0
Table 2: 2D geo-location displacement and RMS values to 

the TerraSAR-X images given in meters. 

4. CONCLUSIONS & OUTLOOK 

Algorithms to automatically transfer points or dense point 
grids from a SAR image to optical imagery were presented. 
The concept is based on a dedicated pre-processing method 
employing bilateral filtering, a histogram compression 
method using quantile processing, an areal matching 
paradigm based on mutual-information maximization and 
the fusion of SAR images acquired from opposite orbits. 

The methods can be used to automatically register an ortho-
rectified image to a SAR reference image and thus to 
calibrate the 2D geo-location accuracy of the optical data. 

A future objective is to use the original optical satellite 
data rather than the ortho-rectified data and to automatically 
derive GCPs applying the presented method. The 
corresponding height information for the points of interest 
then can be taken from existing height information, like the 
SRTM-, the ASTER- or the future TanDEM-X-DSM. Those 
GCPs can then be utilized to automatically refine the sensor 
models of the optical image data and to generate precision 
ortho-images based upon the refined sensor geometry. 

Our future vision encompasses a worldwide database of 
geo-coded TerraSAR-X image patches as well as digital 
surface models, e.g. those acquired from the TanDEM-X-
mission. Then 3D points may be acquired for any given 
scene by means of fully automatic image matching in order 
to serve for geometric calibration purposes. 

5.  REFERENCES 

[1] Eineder M., Fritz T., Mittermayer J., Roth A., Boerner E., 
Breit H.: TerraSAR Ground Segment - Basic Product 
Specification Document, Doc. TX-GS-DD-3302, issue 1.5, 
103 pages. Technical report, DLR, Cluster Applied Remote 
Sensing, 2008. 

[2] Bresnahan, P.C. Absolute Geolocation Accuracy Evaluation 
of TerraSAR-X-1 Spotlight and Stripmap Imagery—Study 
Results. In Proceedings of Civil Commercial Imagery 
Evaluation Workshop, Fairfax, VA, USA, 2009. 

[3] Ager, T., Bresnahan, P.: Geometric precision in space radar 
imaging: results from TerraSAR-X. NGA CCAP Report, 
2009.

[4] Raggam H., Perko, R., Gutjahr K., Kiefl N., Koppe W., 
Hennig S.: Accuracy Assessment of 3D Point Retrieval from 
TerraSAR-X Data Sets. European Conference on Synthetic 
Aperture Radar, number 8, pp. 572–575, 2010. 

[5] Eineder, M., Minet, C., Steigenberger, P., Cong, X., Fritz, T.: 
Imaging Geodesy—Toward Centimeter-Level Ranging 
Accuracy with TerraSAR-X. IEEE Transactions on 
Geoscience and Remote Sensing, vol. 49, no. 2, 2011. 

[6] Krieger G., Moreira A., Fiedler H., Hajnsek I., Werner M., 
Younis M., Zink M.: A satellite formation for high-resolution 
SAR interferometry, IEEE Transactions on Geoscience and 
Remote Sensing., vol. 45, no. 11, pp. 3317–3341, Nov. 2007. 

[7] Reinartz, P., Müller, R., Schwind, P., Suri, S., Bamler, R.: 
Orthorectification of VHR optical satellite data exploiting the 
geometric accuracy of TerraSAR-X data. Photogrammetry 
and Remote Sensing, vol. 66, pp. 124-132, 2011. 

[8] Tomasi C., Manduchi R.: Bilateral Filtering for Gray and 
Color Images, Intern. Conference on Computer Vision, 1998. 

[9] Pluim, J.P.W., Maintz, J.B.A., Viergever, M.A.: Mutual 
Information Based Registration of Medical Images: A Survey. 
IEEE Transactions on Medical Imaging, pp. 986-1004, 2003. 

[10] Inglada, J., and A. Giros, A.: On the possibility of automatic 
multisensor image registration. IEEE Transactions on 
Geoscience and Remote Sensing, vol. 42(19), pp. 2104 – 
2120, 2004.

2554


