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Abstract—High resolution millimeter wave synthetic aperture 
radar (SAR) interferometry is presented using the MEMPHIS 
multi-baseline InSAR system. A complete processing chain is 
used to generate digital elevation models starting from the radar 
raw data. A deeper focus is laid on the phase unwrapping step, 
which is achieved using the multi-baseline properties of the 
system. In November 2006, an experiment was realized including 
two test sites in Switzerland; the actual results are presented and 
discussed.  

I. INTRODUCTION 
Synthetic aperture radar interferometry (InSAR) combines 

two conventional, correlated SAR images together to create an 
interferogram. Basically, an interferogram is the phase 
difference of the two SAR images. Interferograms can give 
information on topography or moving objects within a scene, 
depending on the baseline type. In a cross-track or spatial 
baseline mode, the phase difference provides topographical 
information. In an along-track or temporal baseline mode, the 
phase difference equals displacement information, i.e. changes 
over time. 

In this work, we focus on the millimeter wave high 
resolution SAR system MEMPHIS [1] developed and operated 
by the German research institute FGAN. It operates 
simultaneously at the 35 and 94 GHz radar bands (Ka and W 
bands) with a bandwidth of either 200 MHz in low resolution 
mode or 800 MHz in high resolution mode, using a synthetic 
stepped-frequency chirp. The obtained slant range resolutions 
are below 0.8 m and 0.2 m, respectively. 

 

Fig. 1. MEMPHIS 35 GHz interferometric antenna, with two emitting (E1-
E2) and four receiving horns (R1-R4). Only one emitter is used at a time. 

Both the 35 GHz and 94 GHz interferometric multiple 
baseline antennas work with one transmitting horn and four 
receiving horns. The horns are displaced against each other 
vertically (see Fig. 1), allowing multi-baseline cross-track 
interferometry, and thus to generate digital surface models 
(DSM) as end products. As the penetration of Ka- and W- band 
waves in vegetation is near to zero, the generated 3D model 
will be in fact a DSM and not a DEM (digital elevation model). 

II. METHOD 
A multiple step processing chain is needed to generate a 

DSM from SAR raw data. 

We process and focus the raw data to obtain single look 
complex (SLC) images. The same parameters are used to focus 
the SAR data from each horn. We use range-Doppler, ω-k or 
extended chirp scaling algorithms [2] to produce the SLC 
images. 

Interferograms are computed by taking the SLC images by 
pairs. To ensure the comparison of corresponding areas in the 
images, they are first aligned or coregistrated to sub-pixel 
accuracy via a cross-correlation of their amplitude values. 
Interferograms are then formed and “flattened”, i.e. the phase 
of the flat earth surface is removed. Coherence maps are 
calculated for local quality control. Our interferometric 
processing works for both low and high resolution modes. 

Once flattened interferograms have been generated comes 
the phase unwrapping step. Interferograms are complex 
images, i.e. each pixel is a complex number, with a real and 
imaginary part. Calculating the phase gives an angle modulo 
2π. Thus, we must unwrap the phase to make it continuous and 
therefrom recover the topographic information. This has been 
done using the two following methods. 

A. Multi-Baseline InSAR 
The four MEMPHIS receiving horns form five different 

baselines. The height ambiguity (the height difference giving a 
2π phase difference) being inversely proportional to the 
baseline (see (1), [3]), we take as reference the smallest 
baseline interferogram (which often does not even need to be 
unwrapped) and combine it with larger baseline interferograms 
to increase the phase precision. In MEMPHIS, the received 
signal is in fact converted with an 8-bit A/D converter, thus, the 



best achievable phase resolution is 360°/256 = 1.4°, and we get 
the best height estimation accuracy with the biggest baseline 
(smallest height ambiguity) interferogram. The height 
ambiguity is given as: 
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where λ is the wavelength, ρ the slant range, θ  the offnadir 
angle, p is equal to 1 or 2 depending on the interferometry 
mode, and ( )αθ −cosB  is the perpendicular baseline. 

The various baselines give the height ambiguities shown in 
Table I for values typical for MEMPHIS (λ = 0.00855 m at 
35 GHz, ρ = 2000 m, θ = 62°, p = 1 (common transmitter 
interferometry mode), ( ) BB =−αθcos  because θ – α = 0). 

TABLE I.  TYPICAL HEIGHT AMBIGUITIES WITH THE 35 GHZ ANTENNA 

Receiving Horns Baseline B [m] Height Ambiguity [m] 

R1, R2 B1 = 0.055 274.52 

R2, R3 or R3, R4 B2 = 0.11 137.26 

R1, R3 B3 = 0.165 91.51 

R2, R4 B4 = 0.22 68.63 

R1, R4 B5 = 0.275 54.9 
 

The combination of two interferograms is made as follows: 
the phase of the reference interferogram is multiplied by the 
scaling factor k = B2/B1 binding both baselines. The fine 
interferogram phase is then subtracted, the result is divided by 
2π, and the entire part is taken to form the interval map. The 
interval map is multiplied by 2π, the fine interferogram phase 
is added to form the new unwrapped interferogram. Possible 
errors are corrected with the addition or subtraction of 2π, 
while making sure that the gradients with neighbour pixels stay 
in the interval [ ]επεπ +−− , , with ε symbolizing the phase 
noise. 

This process is repeated on the resulting phase map with 
scaling factors B3/B2, B4/B3, B5/B4 until the interferogram with 
the finest height resolution (biggest baseline) is unwrapped. 

B. SNAPHU 
We also use an algorithm working on single interferograms 

to unwrap the phase. This algorithm is based on SNAPHU [4] 
(statistical-cost network-flow algorithm for phase unwrapping). 
We use it mainly in two cases: 

• Big elevation differences as occurring in mountainous 
areas can lead to an ambiguous phase even in the 
smallest baseline interferogram. Thus, this 
interferogram needs to be unwrapped with SNAPHU 
before using it as reference with the multi-baseline 
algorithm. 

• In high resolution mode, the data from only two horns 
could be recorded, due to shortcomings in the data 
storage process. Thus, only a single baseline 
interferogram could be computed from such data, and 

we needed an algorithm such as SNAPHU to unwrap 
the phase. 

The unwrapped interferogram is then unflattened, i.e. the 
inverse operation as in the flattening process is applied. Using 
straight-forward geometry, we make a phase to height 
conversion followed by the final geocoding step. 

III. EXPERIMENTAL RESULTS 
 

In November 2006, an interferometry experiment was 
realized in a mountainous area of the Swiss Alps and in an 
urban area near the city of Zurich. The main goal of this 
experiment was to create high resolution DSMs with the 
collected SAR data. 

Multiple tracks were flown in each test area, with different 
headings, in low and high resolution modes, and with the 35 
and 94 GHz antennas. Corner reflectors were placed in the test 
areas and their positions were accurately measured by 
differential GPS. These tie points were later used to calibrate 
the final steps of the DSM generation. 

A. Mountainous Area: Gurnigel 
The mountainous area has such height differences that there 

is a phase ambiguity in the interferogram even with the 
smallest baseline. It must therefore be unwrapped with 
SNAPHU before increasing the height resolution using the 
multi-baseline algorithm. 

Fig. 2 shows the test area. This image is a SAR image 
geocoded using the InSAR DSM shown in Fig. 3, which has 
been generated through the processing chain described in 
Section II. 

To generate a precise DSM, the phase information has to be 
accurate; this aspect can be controlled using the coherence. 
Low coherence mainly appears in areas of radar shadow (in 
forest and steep slopes). Some terrain types like water or roads 
show also a low coherence. The coherence diminishes with 
larger baselines. Thus, a threshold is implemented and data 
with a very low coherence are not treated in the generated 
DSM (white areas in Fig. 3). 

This InSAR DSM has been compared with a LIDAR DSM 
in Fig. 4. The average error is 2.26 m, with a standard deviation 
of 12.37 m. The biggest errors are found in the forests; this 
may be explained by different vegetation states between the 
LIDAR and SAR data takes or by different wind conditions, 
etc. On grasslands, the difference is generally between - 3 m 
and + 3 m. Terrain height varies from 1350 m to 1800 m ASL. 

We can see larger errors in the middle and bottom parts of 
the area, which must come from the idealized flight track used 
in the geocoding step. 



 

Fig. 2. 35 GHz geocoded SAR image of the 
mountainous area “Gurnigel”. 

 

Fig. 3. 35 GHz InSAR DSM using the same SAR 
dataset as in Fig. 2.  

 

Fig. 4. Comparison between the InSAR DSM of 
Fig. 3 and a precise LIDAR digital surface model. 

 

B. Urban Area: Hinwil 
Fig. 5 shows a part of the urban test area “Hinwil”. The 

image is a SAR image geocoded using the generated InSAR 
DSM. Three types of terrain can be seen on the image: forests, 
grasslands and a built-up area. 

This area is flat enough to be unwrapped without using 
SNAPHU for the reference interferogram. 

The InSAR DSM is shown in Fig. 6. It has also been 
compared with a LIDAR digital surface model, but the 
comparison is not optimal: the vegetation was denser during 
the InSAR campaign.  The average error is 2.81 m, with a 
standard deviation of 10.96 m. On grasslands, the difference is 
also between - 3 m and + 3 m. In the built-up area, buildings 
show a strong reflection, saturating receiving channels. This 
prevents one from calculating an accurate height for these 
buildings. 

 

 

 

Fig. 5. 35 GHz geocoded SAR image of the test area “Hinwil”.  
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Fig. 6. 35 GHz InSAR DSM using the same SAR dataset as in Fig. 5. 

C. Discussion 
From the processed examples we have seen some key 

factors to be considered when generating a highly precise 
DSM. 

• Reference data must be as complete as possible, i.e. 
ground tie points and navigation data. In the case of 
this campaign, the aircraft GPS behaved inaccurately, 
which prevents using its data directly. Thus, work 
remains to integrate the GPS and INS aircraft data, and 
then to use it for the geocoding step. 

• To overcome this, the actually used navigation path is 
linear and with a constant velocity. It is calibrated to 
the available tie points. As a consequence, the DSM is 
more accurate in the azimuth neighborhood (over the 
whole range) of those tie points (error less than 1 m on 
grasslands). 

• The 94 GHz interferometric antenna was used for the 
first time during this campaign. Despite an issue with a 
receiving channel which did not work properly, 
interferometric processing was possible and worked as 
intended. The coherence is lower than with the 35 GHz 
antenna. 

• The interferometric processing works well both in the 
low and high resolution modes, using the synthetic 
stepped-frequency chirp. For this campaign, the data 
storage process was limited to the recording of only 
two channels at a time (information from two horns). 
These limitations will fall away using new data storage 
hardware. The 94 GHz antenna was not ready for high 
resolution for this campaign.  

 

 

 

 

IV. CONCLUSION 
We have built a complete processing chain, allowing the 

generation of digital elevation models starting from the SAR 
raw data delivered by MEMPHIS. 

The four receivers of the MEMPHIS 35 and 94 GHz 
antennas allow doing multi-baseline interferometry. The multi-
baseline phase unwrapping allows recovering the absolute 
phase even for interferograms with very low height 
ambiguities. Unwrapping the data with SNAPHU leads to big 
errors when applying it on small height ambiguity 
interferograms because of large phase incontinuities. 

A conventional algorithm is nevertheless sometimes needed 
to unwrap the reference interferogram (in areas with large 
height differences). 

The spatial resolution of the MEMPHIS system is its 
greatest advantage: the biggest baseline interferogram has a 
corresponding theoretical height resolution of about 0.2 m, 
combined with an azimuth resolution of less than 0.05 m and a 
range resolution of less than 0.2 m in high resolution mode. 

The accuracy of the generated DSMs in the azimuth 
neighborhood (over the whole range) of the tie points shows 
that using precise reference data leads to a highly accurate 
elevation. Thus, the recovery of precise navigation data and its 
use should allow a high accuracy on the whole datasets. 
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