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ABSTRACT: Information about the shape of the Earth’s surface is important in many applications as it helps 
users to visualize and analyze geographic problems accurately in 3D. This paper focuses on the InSAR tech-
nique of generating Digital Elevation Models (DEM) by using InSAR data acquired from an airborne plat-
form. The data cover a study area of 4 km x 3 km located in Thetford Forest, East Anglia, United Kingdom. 
They were collected by an experimental SAR sensor (E-SAR) carried onboard a DLR aircraft as part of the
UK’s first SHAC campaign in July 2000. 
This study demonstrates that DEM generated from airborne InSAR data are highly correlated with ground to-
pography. Ground elevations in the test area were measured using the Global Positioning System (GPS) and
Total Station techniques. It was found that the RMS error of the InSAR-derived DEM was less than 2.0m.  
The possibility of generating topographic elevations for under forest cover was also examined. Ground eleva-
tions were derived from the Ordnance Survey (GB) 1:10000 digital contour map, while the UK Forestry
Commission’s tree height model was used to estimate tree heights. It was thus possible to estimate the pene-
tration depth of the radar signal into the canopy. It was found that penetration depth increases with the age of
the trees. 

1 INTRODUCTION

Spatial information describes the locations and 
properties of geographical phenomena in three di-
mensions, i.e. planimetric position and elevation. 
This information is widely used in planning and 
management of land-related activities at all levels – 
local, regional and global. Interest in this kind of in-
formation is not limited to its availability, coverage 
and speed of acquisition, but also its quality. 

This paper highlights a radar imaging technique 
known as Synthetic Aperture Radar Interferometry 
(InSAR) which allows the measurement of Earth 
surface elevations that can be expressed in the form 
of a Digital Elevation Model (DEM). The potential 
of this technique is studied using InSAR data ac-
quired during the UK’s first Synthetic Aperture Ra-
dar and Hyperspectral Airborne Campaign (SHAC) 
that took place in July 2000. The InSAR data were 
collected over Thetford Forest in eastern England in 
X and L band wavelengths and full polarization 
mode. Processing was accomplished using the 
Gamma Interferometric SAR Processor (Gamma 
ISP) software. 

The performance of the InSAR DEM was tested 
under two conditions. The first was for an unvege-
tated area and the second for a vegetated area. The 
former was surveyed using GPS and a Total Station 
in order to determine ground elevation at a number 
of points that are uniformly distributed throughout 
the area. This first area was adopted as a reference 
site for validating the InSAR DEM. The second test 
area was chosen for experiments to estimate the 
penetration depth of the radar signal over vegetation 
based on estimates of tree height derived from the 
UK Forestry Commission Yield Model, using 
ground terrain heights derived from the Ordnance 
Survey (GB) 1:10000 digital contour map. The study 
area is shown as a red box in Figure 1.
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Figure 1. Study area in Thetford Forest, east of England 
(Map source: Digimap) 

2 SAR INTERFEROMETRY 

SAR Interferometry uses phase information from 
two SAR images of a common area. The correlation 
between the two SAR images (known as interfer-
ometric coherence) is also used, both to measure the 
quality of the interferometric product and to assess 
ground conditions. This information has the poten-
tial to be used in determining Earth surface eleva-
tions, as well as in land-use classification and the re-
trieval of geophysical and biophysical parameters 
(Wegmuller et al., 1997)

The area of interest is imaged by a radar sensor 
from two different sensor positions. If the two sen-
sors are used simultaneously, the acquisition mode is 
known as Single-pass InSAR. If one sensor is used to 
acquire two images at different times the acquisition 
mode is described as Repeat-pass InSAR. The radar 
sensor can be mounted onboard an aircraft or a satel-
lite platform. The SAR data used in this study were 
collected by an airborne radar system that acquired 
X band interferometric data in single-pass mode and 
L band data in repeat-pass mode. The ERS-2 sensor 
uses C band in repeat-pass mode. The Shuttle Radar 
Topography Mission of 2000 is, so far, the only 
spaceborne radar to operate in single-pass mode. 
One SAR sensor was mounted in the Shuttle cargo 
hold, and the other one was placed at the end of a 60 
m mast. More details of InSAR techniques and ap-
plications can be found in (Gens et al., 1996), 
(Dixon, 1995) and (Zebker et al., 1994). 

3 INTERFEROMETRIC SAR PROCESSING 
AND PRODUCTS 

This study uses the L band data that were acquired 
by the ESAR sensor that was carried by a DLR 
Dornier aircraft in a repeat-pass mission. The 
elapsed time between the two passes was about two 
minutes, and the overflight took place during mid-
morning. Table 1 shows the parameters of the L 

band system. The image data were provided in the 
form of a Single Look Complex (SLC) image that 
contains both intensity and phase information. The 
latter is used in generating the interferometric DEM. 
A file containing the parameters describing the 
properties of the radar system and its imaging ge-
ometry was set up prior to processing. Parameter 
values were extracted from ESAR data leader files. 
A typical procedure in InSAR processing is outlined 
in Figure 2. The main steps involved are the co-
registration of images, formation of the interfero-
gram by complex multiplication, phase unwrapping, 
computation of the DEM and geo-coding.  

When repeat-pass methods are used, the quality 
of DEM generated using InSAR very much depends 
on the constancy of the scattering properties of the 
target, so that the only phase changes are those at-
tributed to the different path lengths of the signal 
from a given ground point to each of the sensors. 
The correlation between the phase measurements in 
the two SAR images is given by the coherence. The 
overall phase coherence for the data used in this 
study is 0.817, which is sufficiently high for DEM 
production to proceed. 

Table 1. L band parameters 

Band L 

Wavelength  23.0cm 

Polarisation HH,HV & VV 

InSAR Mode Repeat-pass 

Baseline length ~ 10.0m 

Incidence angle 56o

Centre slant range 5.5km 

Flight altitude 

(above sea level) 

3.0km. 

Flight direction 2o

Pulse bandwidth 50 MHz 

Spatial resolution 2.0m 

Acquisition : 

Date

Start/ end time 

31 May 2000 

1054/ 1056 hrs 

The processing was carried out using a commer-
cial software package, the Gamma ISP, which runs 
under the UNIX operating system. The interfero-
gram was generated using on 2 looks in range and 6-
look in azimuth and the resulting DEM was re-
sampled using a square grid of 5m by 5m pixels. The 
DEM accuracy depends on the accuracy of baseline 
estimation, and for this reason Ground Control 
Points (GCP) were used (Armour et al., 1999). The 
GCP coordinates were obtained from GPS observa-
tions. The accuracy of baseline estimation may be 
check from the mean square error of the absolute 
heights of the GCP. There is possibility that high ab-
solute height errors resulted from the processing. 
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Examining the location of the GCP on the 5 m reso-
lution DEM was not an easy task, and very time 
consuming. In this study 5.0~7.0m error was 
achieved for processing HH, HV and VV polarized 
L-band images. Despite the presence of this error the 
overall derived DEM were quite accurate. Estima-
tion of the InSAR baselines could be further im-
proved by using more GCP. Besides the DEM, other 
products such as coherence and intensity images 
were generated. These images can be very useful in 
land-use classification. 

Figure 2. InSAR processing steps (Wegmuller and Werner, 
1997). 

4 DEM VALIDATION AND RESULTS 

The quality of InSAR derived DEM depends on 
various factors such as the radar system parameters, 
data acquisition mode, imaging geometry, decorrela-
tion effect, ground conditions, scattering mecha-
nisms and algorithms used to process the data. The 
quality of the derived InSAR DEM is dependent on 
all these factors. The accuracy of the InSAR DEM 
generated during this study was estimated by com-
paring DEM elevations with known ground eleva-
tions of a reference DEM derived by ground survey-
ing (section 1).

The test site for which the reference DEM was 
derived is a treeless area of size 300m x 300 m. 
Thirty-three well-distributed points were selected 
and their planimetric positions and elevations were 
measured using a Total Station. The survey was tied 
to the UK National Grid coordinate system by 
means of 14 Ground Control Points that were ob-
served using GPS. The Ordnance Survey estimates 

that GPS is capable of giving millimetre-level accu-
racy in horizontal positioning and in vertical posi-
tioning it is two times worse than the horizontal rela-
tive to global datum. In this work it was anticipated 
that the accuracy of the ground points with respect to 
local datum was within the centimetre level in all 
dimensions. 

The InSAR DEM derived from HH, HV and VV 
polarized data were validated by comparison with 
the reference DEM and their RMS error and correla-
tions were estimated. The results are shown in Table 
2.

Table 2. Comparison of InSAR derived DEM with field survey 
data 

DEM HH HV VV 

RMSE (m) 1.690 1.734 1.049 

Correlation (r) 0.883 0.945 0.952 

It was found that the accuracy levels for the HH 
and HV InSAR DEM were about the same, whilst 
higher accuracy was achieved by the VV DEM. This 
study demonstrates that it is possible to generate 
DEM for bare earth areas with an accuracy of less 
than 2 m from the ESAR L-band data. The accuracy 
levels achieved in this study were found to be in 
good agreement with those of other researchers (Li
et al., 2002), (Scheiber et al., 1999), (Huber et al.,
2001), (Madsen et al., 1993), (Tokunaga, 1997), 
(Zebker et al., 1994), (Rufino et al., 1998), (Cheng
et al., 1999).

It is possible that the correlation between the ref-
erence and InSAR DEM result from the fact that the 
reference DEM was derived from 33 sample points. 
A test of the null hypothesis that the observed corre-
lation between the reference DEM and the InSAR 
DEM is actually zero was conducted using the Stu-
dent’s t-distribution. The results showed that the null 
hypothesis was rejected at 95% confidence level. In 
other words, all of the correlations are statistically 
significant.

The reference DEM was also checked against UK 
Environmental Agency Lidar data, and it was found 
to be highly correlated with an RMS error of 1.051 
m. This indicates that the field survey data is suffi-
ciently accurate and suitable for validating the In-
SAR DEM. 

The reference DEM was also compared with the 
1:10,000 Ordnance Survey digitised contour map it 
was estimated that the RMS error was 1.06 m. This 
value corresponds to the accuracy as specified in the 
OS Land-Form PROFILE product technical speci-
fications.
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5 TOPOGRAPHIC DEM UNDER FOREST 

There is possibility of using InSAR data to generate 
a DEM for areas covered by vegetation. In this 
study, DEM derived from interferometric L-band 
HH and VV SAR data were used to estimate the im-
pact of vegetation cover on InSAR DEM generation. 
Because of its longer wavelength, the L band mi-
crowave signal penetrates into vegetation layer to a 
certain depth (Balzter, 2001). Ignoring the effect of 
this penetration may cause systematic errors in esti-
mation of the elevation of the terrain. Computing the 
difference between an InSAR DEM and a known 
ground DEM would therefore not give the actual 
tree heights if the effect of the signal’s penetration 
depth is not taken into account.

Figure 3. LHH DEM overestimates Reference DEM (Ordnance 
Survey contour map)  

Figure 4. Tree height computed from Yield Model (UK For-
estry Commission)  

Comparison of the HH DEM with a reference 
DEM derived from a 1:10,000 Ordnance Survey 
(GB) contour map is shown in Figure 3. Values from 
the HH DEM are generally higher than correspond-
ing values in the reference DEM, indicating that the 
radar backscatter emanated from the vegetation 
layer. This observation applies also to the VV DEM. 
Both HH and VV DEM were highly correlated (cor-
relation coefficient of 0.8). 

In this study the radar signal penetration depth is 

estimated based on a geometrical approach by inter-
grating information on tree height and ground eleva-
tion. Tree height was estimated from the UK For-
estry Commission’s Yield Model (Balzter et al.,
2001) (Figure 4) and the ground elevation beneath 
the trees was determined from the 1:10,000 Ord-
nance Survey (GB) digital contour map. Information 
about tree age and yield class was extracted from the 
UK Forestry Commission GIS database. 

Figure 5. Signal penetration depth of HH (triangle) and VV 
(square) bands. 

Figure 5 shows the pattern of penetration depth of 
younger trees (0 - 20 years old) and older trees (> 20 
years old) as determined from HH (triangle symbol) 
and VV (square symbol). The depth over young 
trees was estimated within 10 m and this is propor-
tional to the tree height as shown in Figure 4. In this 
case the derived InSAR DEM from L band over 
young vegetation is not significantly different from 
the ground DEM. 

The L-band VV polarized signal penetrates the 
older vegetation region to a depth of 10 – 15 m. The 
tree height in this region is in the range 20 – 30 m. 
The penetration depth increases over older trees and 
this should not be ignored when reducing the ground 
terrain from L band data.  

The results of this study were limited by the qual-
ity of the information about tree height and the 
ground terrain elevations beneath the forest cover. 
Better results are anticipated when real data are ob-
tained from in-situ measurements. The negative val-
ues shown in Figure 5 indicate that there were in-
consistencies in the data source and that the InSAR 
DEM was seriously affected by the presence of 
vegetation.

6 CONCLUSIONS 

This study demonstrates that: 
It is possible to generate an elevation model 
with accuracy better than 2.0m from ESAR L 
band data. This result shows that the repeat-
pass data were not seriously affected by co-
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herence degradation. L band data with VV 
polarization produced the most accurate 
DEM.
Both the L-band HH and VV DEM overes-
timate ground terrain under vegetation cover 
and, due to its longer wavelength, the L-band 
signal penetrates vegetation layer to a certain 
depth. This penetration depth varies with tree 
age.
Based on a geometrical approach, the sig-
nal’s penetration depth over young vegeta-
tion was found not to be significant. The 
penetration depth was of the order of 10 m 
over areas of older trees and this should be 
taken into account when reducing the ground 
terrain DEM.
The results from this study require further 
analysis based on field measurements of tree 
height and under-tree elevations. 
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