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Abstract Three-dimensional (3D) spatial information is cru-
cial for improving the quality of human life through urban
planning and management, and it is widely utilized due to its
rapid, periodic and inexpensive acquisition. In this context,
extraction of digital surface and elevation models (DSM and
DEM) is a significant research topic for space-borne optical
and synthetic aperture radar (SAR) remote sensing. The
DSMs include visible features on the earth’s surface such as
vegetation, forest and elevated man-made objects, while
DEMs contain only the bare ground. In this paper, using
TerraSAR-X (TSX) high resolution Spotlight (HS) images,
high-resolution interferometric DEM generation in a part of
Istanbul urban area is aimed. This is not an easy task because
of SAR imaging problems in complex geometry of urban
settlements. The interferometric processing steps for DSM
generation were discussed including critical parameters and
thresholds to improve the quality of the final product and a
3 m gridded DSMwas generated. The DSM-DEM conversion
was performed by filtering and the quality of generated DEM
was verified against a reference DEM from stereo photogram-
metry with 3 m original grid spacing. The achieved root mean
square error of height differences (RMSZ) varies from 7.09 to
8.11 m, depending on the terrain slope. The differential DEM,
illustrates the height differences between generated DEM and
the reference DEM, was generated to show the correlation

between height differences and the coherence map. Finally, a
perspective view of test area was created draping extracted
DEM and a high-resolution IKONOS panchromatic image.

Keywords TerraSAR-X . Urban . Interferometric synthetic
aperture radar . Digital elevationmodel . Generation .

Accuracy . Perspective view

Introduction

Three-dimensional (3D) spatial information plays an impor-
tant role in critical decisions regarding city planning and urban
development. Projects that aim to analyze population mobil-
ity, road network design, tracking, prevention of illegal hous-
ing, etc., in urban areas require accurate digital surface models
(DSMs) and digital elevation models (DEMs). DSMs and
DEMs are required for a wide range of other applications,
such as the creation of perspective views and relief maps
(Fraser 2003), orthophoto generation, disaster monitoring
and management (Ranganath et al. 2007; Christie et al.
2009; López-Quiroz et al. 2009), geographical information
system (GIS) establishment (Jenson and Domingue 1988; Liu
et al. 1999; Font et al. 2010), agriculture (Thompson et al.
2001; Schmidt and Persson 2003), forestry (Guindon et al.
1982; Stereńczak and Kozak 2011) and hydrology (Wolock
and Price 1994; Jain and Singh 2005). To satisfy this demand,
different techniques are employed for DSM and DEM gener-
ation. The most preferred techniques are airborne light detec-
tion and ranging (LIDAR), photogrammetry, and space-borne
remote sensing including stereoscopy using optical or synthet-
ic aperture radar (SAR) imagery (radargrammetry) and SAR
interferometry (InSAR). When compared, different space-
borne images have different advantages and disadvantages.
Object recognition is easier from optical images, but cloud-
free coverage is required. Although object recognition is more
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difficult from SAR images, data can be collected both day and
night regardless of weather conditions.

InSAR has become operational in recent years for DSM
generation (Gens and Van Genderen 1996; Herland 1996;
Wegmüller et al. 2009) bymeans of improved ground resolution
of up to 1mwith space-borne SAR sensors such as TerraSAR-X
(TSX) (DLR 2011) and Cosmo-SkyMed (Cosmo-SkyMed
2011). To use InSAR technique, at least two complex SAR
images are required for DSM generation that are either taken
simultaneously (single-pass mode) or sequentially (repeat-pass
mode) by airborne or space-borne sensors from slightly different
viewpoints focused on the same area of interest (Toutin and
Gray 2000; Rosen et al. 2000; Hensley et al. 2001; Crosetto
2002). Utilizing single-pass interferometry, the Shuttle Radar
Topography Mission (SRTM) generated comprehensive topo-
graphic data for mapping near-global landmass (Rabus et al.
2003; Sefercik and Jacobsen 2006, 2007; Yastikli et al. 2006;
Sefercik and Alkan 2009). The repeat-pass InSAR technique
has been employed in several satellite systems such as
ENVISAT, ERS 1–2, RADARSAT 1–2, ALOS, and JERS-1.

Areas settled by humans are difficult terrain for SAR due to
ubiquitous layover and occlusion issues accompanying buildings.
This leads to limited visibility of objects (Soergel et al. 2003),
which decreases the number of correspondences for stereo anal-
ysis and increases the size of areas that are hard to handle in
InSAR processing, such as pure noise in shadow regions. The
advanced German radar satellite TSX, launched June 15, 2007,
offers a number of new perspectives and solutions for InSAR,
particularly with its high-resolution imaging capability (1 m in
high-resolution spotlight (HS) mode). Furthermore, the high
range bandwidth of 150 MHz (or even 300 MHz) allows large
baselines for highly preciseDSMgeneration (Eineder et al. 2003)
and the X-band presents new scattering properties such as PSI
deformation measurement and monitoring (Crosetto et al. 2010).

This paper aims to extract a DEM of an urban area with
intensive human settlement using TSX HS images.

Test Site and Materials

The test site covers 4 km×3 km (length and width) area on the
European side of Istanbul, bordering the Bosporus and the
Marmara Sea with the elevation that ranges from sea level to
130 m. Figure 1 presents the high-resolution optical satellite
image of the test site (a) and the frequency distribution of the
terrain inclination (b).

The TSX project is a public-private partnership (PPP) be-
tween the German Ministry of Education and Science (BMBF),
the German Aerospace Center (DLR) and Astrium, GmbH.
Under the DLR contract, Astrium constructed the satellite, while
DLR is responsible for the development of the ground segment,
instrument calibration and scientific use of the satellite during its
lifespan (DLR 2011). The system parameters and characteristics
of the satellite are given in Eineder et al. (2003). The TSX
collects data using three imaging modes: StripMap (SM), which
is the most frequently applied mode (3 m resolution and long
strips with 30 km swath widths); Spotlight (SL) (2 m resolution
and 10 km×10 km coverage); high-resolution Spotlight (1 m
resolution and 5 km×10 km coverage) and ScanSAR (16–30 m
resolution and 100 km×100 km coverage) (Roth 2003). By
means of these modes, TSX images demonstrate a high potential
for various scientific research activities such as object recognition
(Wegner et al. 2010), wind and wave observation (Mendez et al.
2010), monitoring of water level changes in wetlands (Hong
et al. 2010), traffic monitoring (Meyer et al. 2006), disaster
monitoring (Martinis et al. 2009), forest monitoring
(Breidenbach et al. 2010) and agriculture (Baghdadi et al.
2009; Anguela et al. 2010).

In this study, a suitable TSX HS mode image-pair is
employed. In HS basic theory, the radar beam is focused
similarly to a spotlight during the observation of a particular
ground scene, so that the area of interest is illuminated for
longer, increasing the synthetic aperture. The maximum azi-
muth steering angle range is ±0.75° (Roth 2003) and single-

Fig. 1 The test site (a) and the frequency distribution of the terrain inclination (b)
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look complex data are available. Figure 2 and Table 1 illustrate
the used image-pair and its characteristics.

DEM Extraction Methodology

DEM extraction using SAR data consists of two main parts as
DSM generation and DSM-DEM conversion. For DSM gener-
ation, interferometric processing steps are performed and extract-
ed DSM is converted to DEM by filtering. Figure 3 shows the
detailed flow chart of DEMextractionmethodology in this study.

As can be seen in Fig. 3, DSMgenerationwith interferometric
processing consists of several complex processing steps includ-
ing critical thresholds depending upon the quality and character-
istics of the SAR data. At the beginning of interferometric
processing, at least two concurrent SAR images of the area of
interest are selected, providing the prerequisites for interferome-
try. To achieve reliable products, the imaging modes and the
beams should be the same for the most coherent imaging geom-
etry and the imaging periods should be similar to avoid atmo-
spheric de-correlation due to seasonal variations. In co-
registration and baseline estimation steps, one reference SAR

image is referred to as themaster and a second imagewith similar
acquisition geometry is referred to as the slave. The master and
slave images should overlap to achieve sub-pixel accuracy in the
slant range geometry. The co-registration of complex SAR im-
ages is accomplished in two parts: coarse co-registration (with an
accuracy of 1–2 pixels) and fine co-registration (with an accuracy
of 1/10 pixel) (Rabus et al. 2003; Li and Bethel 2008). At first,
the location of each pixel in the slave image changes with respect
to themaster. Then, the amplitude and phase information of slave
image is recalculated for each pixel by interpolation (Gens 1998)
using bilinear or cubic convolution functions. The slave image
resampling method is chosen based upon the type of terrain and
the quality of the complex SAR images. At co-registration, the
dependencies, range and azimuth grid positions and window
numbers, orbit initialization, orbit accuracy and orbit interpola-
tion values must be calibrated. Additionally, the window sizes,
central positions of range and azimuth and cross-correlation
threshold should be assigned. Eventually, the fine shift parame-
ters should be determined, as well as the containing window
sizes, range and azimuth window numbers, cross-correlation
oversampling value, coherence oversampling value, reject and
signal-to-noise ratio (SNR) threshold values. The number of tie

Fig. 2 The TSX HS Istanbul
SAR image-pair (a : image 1, b :
image 2)

Table 1 TSXHSSAR image pair
characteristics Characteristics TSX HS image 1 TSX HS image 2

Sensor ID SAR SAR

Sensor mode High resolution spotlight High resolution spotlight

Beam Spot_055 Spot_055

Start date(y-m-d)/time (h:m:s) 2008-05-05/15:57:33,985 2008-10-06/15:57:42,522

End date(y-m-d)/time (h:m:s) 2008-05-05/15:57:34,738 2008-10-06/15:57:43,262

Polarization mode Single polarization Single polarization

Polarization channel HH HH

Looking direction Right looking Right looking

Pass direction Ascending pass Ascending pass

Centre incidence angle 40.975° 41.089°

Scene center latitude 41.022° 41.025°

Scene center longitude 28.957° 28.940°

Resolution – slant range 0.588 m 0.588 m

Resolution – ground range 0.895 m 0.897 m

Resolution – azimuth 1.100 m 1.100 m

Length and width of scene 5 km×10 km 5 km×10 km
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points (grid density), the width of the search window and the
threshold for the correlation coefficient are extremely important
in this step, as they influence the final results of the interferomet-
ric processing and the DSM accuracy. These values are usually
determined by repeated tests.

The baseline estimation includes relevant parameters contain-
ing the normal baseline, the critical (maximum) baseline, the
height of ambiguity (2π ambiguity height), the shifts in range
and azimuth directions and the Doppler centroid difference. The
normal baseline is the distance between two positions of SAR
antenna in repeat-pass interferometry and perpendicular to the
master and slave orbit, which is very significant for further
interferometric processing. Initially, the normal baseline is com-
puted based on the orbital parameters. In principle, a higher
normal baseline is equivalent with higher DSM accuracy. How-
ever, if the magnitude of the normal baseline exceeds the thresh-
old values, the noise affecting the interferogram increases and

the description of the topography and DSM generation become
complicated. The critical normal baseline is given by the acqui-
sition geometry and by the characteristics of the SAR sensor. An
optimal value for the normal baseline maximizes the signal-to-
noise ratio (Gatelli et al. 1994; Bamler 1997, 2006; Ferretti et al.
2007). Hence, the critical baseline should not be exceeded in any
case. The 2π ambiguity height represents the height difference
of an interferometric fringe (2π cycle) and is inversely propor-
tional to the normal baseline (Gatelli et al. 2009). An increase of
this value obstructs the definition and delineation of small
changes in height. The range and azimuth shifts are applied in
the range and azimuth direction during the coarse master–slave
co-registration. The difference between the master and slave
Doppler centroids is called the Doppler centroid difference
(fD). This value equals zero when the side look is 90° as the
satellite travels in its flight direction (azimuth). Apart from that
situation, fD has a non-zero value that cannot exceed the pulse

Fig. 3 DEM extraction
methodology
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repetition frequency (critical value). In this study, TSX HS
image 1 was selected as the master and TSX HS image 2 was
selected as the slave (see Fig. 2) and entire DSM generation
processes were implemented in SARscape (version 4.3) module
of ENVI software (version 4.8). The baseline estimation results
between master and slave images are shown in Table 2.

Interferogram Generation and Flattening

In single or double-pass (repeat-pass) interferometry, two SAR
data sets are achieved simultaneously or at different times using
different look angles for the same area of interest on the ground.
These data sets contain the phase and magnitude of the
backscattered radiation. The phase differences of the two co-
registered complex-valued SAR data sets for the same area of
interest are computed on a pixel-by-pixel base and an interfero-
metric product is generated with the combination of them
(Massonnet and Souyris 2008). This product is called an inter-
ferogram or a fringe map. Interferograms provide 3D visualiza-
tion and topographic information can be derived from fringes,
which are similar to contour lines. In addition tomaster and slave
images, SPOT-5 HRS DSM and the precise orbital parameters
were used for the interferogram generation in this study. The use
of a DSM (an optional process) for interferogram generation
allows the assignment of a reference cartographic system for
the resulting DSM. During interferogram generation, the spectral
shift and common Doppler bandwidth filtering are performed.
The spectral shift is needed due to the range spectra shift for
distributed targets caused by the variable SAR viewing angle,
usually when the normal baseline has a high value (Ferretti et al.
2007). Doppler bandwidth filtering is required to compensate for
different doppler squint angles, which produce shifted azimuthal
spectra. In the case of SAR images acquired at large time interval,
temporal de-correlation affects the quality of the interferometric
phase, which is translated into noise. Noise reduction is per-
formed by averaging the neighboring pixels of the complex
interferogram, with the cost of lowering its spatial resolution.
This process is called interferogram multi-looking (Manjunath
2008), computed based on the slant range and azimuth resolution
and on the incidence angle at the center of the scene. A multi-
looking factor of 3×3 pixels was applied to TSX HS images

considering the grid spacing of final DSM. The produced inter-
ferogram from the TSX HS SAR image-pair is shown in Fig. 4.

After interferogram generation, several low-frequency com-
ponents can be removed using interferogram flattening, the dif-
ferential phase between the constant phase and the phase expect-
ed for flat or known topography. Therefore, this step consists of
the removal of the interferometric phase component due to terrain
topography. This process can be supported by a coarse DSM by
transforming it into the master image slant range geometry. The
synthetic fringes are generated from this DSM, otherwise the
shape of the earth is assumed to be an ellipsoid and ellipsoidal
height is used as a constant height. In this study, we used SPOT-5
HRS as a coarse DSM in the interferometric processing steps.
The interferogram-flattening step is not a main step in DSM
generation, but it is used to support the phase-unwrapping pro-
cess. By interferogram flattening, it is observed that the numbers
of fringes are reduced on the TSX HS interferogram.

Filtering and Coherence Map Generation

Interferogram filters do not necessarily enhance or recover the
radar signal, although a powerful filter that reduces noise
caused by temporal or baseline related de-correlation changes
the structure of the interferogram and improves fringe visibil-
ity. In this study, Goldstein, one of the most powerful adaptive
radar interferogram filters (Goldstein and Werner 1998), was
used for filtering. It is based on the concept of multiplication
of the Fourier spectrum Z (u ,v ) of a small interferogram patch
by its smoothed absolute value S{|Z (u ,v )|} to the power of an
exponent α:

H u; vð Þ ¼ S Z u; vð Þj jf ga � Z u; vð Þ ð1Þ

whereH(u ,v ) is the filter response (the spectrum of the filtered
interferogram), S{} is a smoothing operator, u and v are
spatial frequencies, and a is the filter parameter. Patches of
the interferogram are defined and overlapped to prevent dis-
continuities at the boundaries. The interferogram is filtered in
the spectral domain using a rectangular smoothing window of
varying size. The filter parameter a is an arbitrarily chosen
value between 0 (no filtering) and 1 (maximum filtering) and
it has the largest impact on the filter performance. For a =0,
the multiplication factor becomes 1 and no filtering occurs.
However, for large values of a , the filtering is significant
(Baran et al. 2003). The value of this parameter is chosen
upon the correlation coefficient of the SAR images. If the
correlation coefficient has a low value (less than 0.25) the
filter is set to 0.2–0.5. In general, large smoothing windows
are preferred for low correlation values (Goldstein andWerner
1998). Filtering of the interferogramgenerated from the TSX

Table 2 Baseline estimation between the TSX HS master and slave
images

Baseline estimation parameters Values

Normal baseline (m) 136.21

Critical baseline (m) 15770.57

2π ambiguity height (m) 45.95

Range Shift (pixels) −2030.48
Azimuth Shift (pixels) 618.91

Doppler centroid difference (Hz) (Critical: 3514.78) 154.00
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HS image-pair was performed using a filter parameter of 0.5
and a window of 128 pixels.

The interferometric coherence represents the stability of the
backscattered SAR signal over an area of interest (Parcharidis
et al. 2005) and should be defined as the ratio between
coherent and incoherent synopsis. The coherence map is
achieved by measuring the pixel-to-pixel SNR and exposes
the quality and reliability of an interferogram. The equation
relating SNR to coherence value (γ ) is;

SNR ¼ γ2=1−γ2 ð2Þ

Coherence maps are acquired by iterating the sampled
estimator given below for each pixel (k , h ) of the co-
registered master (sM) and slave (sS) images, after compen-
sating for the estimated local slopes (wk, wh) (Guarnieri et al.
2003).

γ k; hð Þ ¼
X

ij
SM k−i; h− jð ÞSS� k−i; h− jð Þexp j WkiþWh jð Þð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
ij
SM k−i; h− jð Þj j2 SS k−i; h− jð Þj j2

q

ð3Þ

The coherence ranges between 0 (the phase is just noise) and
1 (a complete absence of noise), depending upon the noise of the
SAR sensor, errors that occurred during the previous

interferometric steps (low accuracy co-registration), acquisition
geometry (looking direction and incidence angle), systematic
spatial de-correlation (due to terrain topography, slope and height
differences), and temporal de-correlation between the master and
slave image (Gatelli et al. 1994; Zhou et al. 2009). Coherence is a
measure for describing the quality of the complex interferogram
and, consequently, the generated DSM and the thematic infor-
mation extracted related to ground objects according to the
backscattering coefficient. The most important factor for coher-
ence is the time interval between themaster and slave images and
changes in the imaged objects. A large acquisition interval
significantly decreases the coherence based on changes in the
objects caused by season, climate, etc., at the area of interest.
According to Tran et al. (2007) an interferogram is considered to
have good coherency if 80 % of the pixels have a coherence
value better than 0.5. An interferogram with coherence values
less than 0.2 cannot be unwrapped. Low coherence values
usually occur in areas covered by water or dense vegetation,
while high coherence values are characteristic of urban or rocky
areas (Ferretti et al. 2007). For the generation of a coherence
map, an interferogram or its filtered version are used. A filtered
coherence map may be useful for higher coherence. Figure 5
shows the filtered interferogram of the TSX HS (a) and corre-
sponding coherence map (b). The bright parts of the coherence
map indicate areas with higher coherence, such as built-up or flat
areas, and the dark parts indicate regions with lower coherence,
such as sea, vegetation or forest.

Fig. 4 Interferogram of TSX HS
image-pair

Fig. 5 Filtered interferogram (a)
and the generated coherence map
(b)
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Phase Unwrapping and Orbital Refinement

Phase unwrapping is the most complex step of interferometric
processing and problems occur from aliasing errors due to phase
noise caused by low coherence and under sampling because of
locally high fringe rates (Reigber and Moreira 1997). To solve
these problems, several algorithms, including, minimum cost
flow and minimum least squares, have been developed. In this
study, region growing algorithm (Reigber and Moreira 1997)
with different decomposition levels was preferred for phase
unwrapping. This method can be described in terms of two
primitive operations: the translation operation, which adds or
subtracts 2π to all points in a region, and the connect operation,
which merges two areas. Starting from a condition of maximum
fragmentation where each point constitutes a region, these two
operations are executed iteratively on the active areas until no
additional joins can be done (Baldi 2003).

For excluding lower coherence areas, a threshold value
should be defined during phase unwrapping. Nevertheless, by
incorrect coherence threshold selection, several significant de-
tails may be lost and the operation may become illogical.

Figure 6 shows an example for three different coherence thresh-
olds applied to the large part of Istanbul on a TSX Stripmap
mode data and their effects on the results of phase unwrapping.
The most of the lost details (black) appear in the intensive forest
area at the north side of Fig. 6. As known, SAR imagery offers
high coherence in open and built-up areas as our test site.
Considering this fact and plotting the spatial profiles at the
various parts of generated coherence map, we preferred to use
0.5 as the optimal coherence threshold. The resulting interfero-
gram after phase unwrapping is shown in Fig. 7.

After phase unwrapping, orbital refinement is essential for
DSM extraction (Tokunaga 1998). The relation between the
phase difference and elevation is a function of the baseline and
an accurate baseline is necessary for an accurate DSM. The
baseline is initially estimated using the orbit information of the
image header file and the orbital refinement improves the accu-
racy of the baseline value. In addition to refined orbits, phase
compensation is calculated using ground control points (GCP),
enabling the absolute phase calculation. GCPs should be deter-
mined precisely and located on flat, highly correlated areas (co-
herence map can be used for this process) and the residual orbital

Fig. 6 Effect of the coherence threshold in phase unwrapping (a =0.35, b=0.40, c =0.5)

Fig. 7 Interferogram of the TSX
HS after phase unwrapping
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fringes, if present. The accuracy of the normal baseline determi-
nation should be within 10−6–10−4 of the slant range value
(Richards 2007). The baseline errors decrease the vertical accu-
racy of the DSM generated by interferometric means (Sowter
2003). In this study, 12 GCPs were used for the orbital refine-
ment. Figure 8 shows the distribution of GCPs on the coherence
map. To check the distribution and quality of GCPs, the Root
Mean Square Error (RMSE) has to be examined in the modified
phase-unwrapping header file. A maximum RMSE of 10 m
indicateswell-distributed and qualifiedGCPs. Toprovide request-
ed accuracy, before the determination of a GCP in any location,
plotting of a spatial profile on coherence map is recommended.

Generation of Final DSM

At the last step of interferometric processing for DSM extraction,
phase values should be converted to the height of each pixel in the
interferogram. The conversion implies the re-projection from the
SAR coordinate system of the complex images into a geocentric
Cartesian system defined by X, Yplanimetric coordinates and Z
height (Crosetto and Perez Aragues 1999; Ferretti et al. 2007).
The geocoding process of SAR images is different from optical
imagery because SAR systems cause a non-linear compression

that cannot be corrected by using polynomials. The sensor and
processor characteristics must be considered during the geometric
correction. For this reason, the Range-Doppler approach is essen-
tial for geocoding SAR data. The Range Eq. (4) and the Doppler
Eq. (5) must be performed for each image pixel:

Rs ¼ S−P ð4Þ

f D ¼ 2 f 0 vp−vs
� �

Rs

c Rsj j ð5Þ

Where Rs is the slant range, S and P are the spacecraft and
backscatter element positions, vp and vs are the spacecraft and
backscatter element velocities, f 0 is the carrier frequency, c is
the speed of light and fD is the processed Doppler frequency.
Instead of ellipsoidal geocoding, terrain geocoding was per-
formed by means of a SPOT-5 HRS DSM. The coherence
threshold, interpolation method, interpolation window size,
mean window size and requested grid size should be carefully
determinedfor more accurate conversion. Table 3 and Fig. 9
show the used main parameters at the interferometric process-
ing and the extracted 3D DSM with an exaggeration factor of
3 for better interpretation respectively.

Fig. 8 GCP distribution on
coherence map

Table 3 Used main parameters for interferometric processing

Processing Step Parameter

Interferogram
generation

Multilooking: 3×3 (Range×Azimuth)

Flatenning With SPOT-5 HRS

Filtering Goldstein (2×2)

Phase unwrapping Region growing algorithm; decomposition level: 3;
coherence threshold: 0.5

Orbital refinement 12 GCPs (calculated RMSZ <10 m)

Phase to height
conversion

3 m gridded DSM

Geocoding Terrain geocoding, UTM WGS84 datum (central
meridian=35°)

Fig. 9 Extracted TSX HS DSM (exaggeration factor of 3)
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DSM-DEM Conversion

In DSM-DEM conversion process, to obtain bare ground we
preferred linear prediction algorithm for filtering considering
dominant built-up coverage in the test site. We used RASCOR
software (Day et al. 2013), developed byDr. Karsten Jacobsen
from Leibniz University Hannover, Institute of Photogram-
metry and Geoinformation. The gaps, occurred at the loca-
tions of filtered non-terrain objects, were filled by ‘moving
surface’ interpolation method, mostly preferred for the appli-
cations on flat terrain.

Vertical Accuracy Assessment of Extracted DEM

The vertical accuracy of a DEM, derived by InSAR technique,
is affected by the following factors: value of the normal
baseline between master and slave images (Bamler 2006),
the accuracy of the interferometric phase computation, the
accuracy of the geometry acquisition determination, the

Fig. 11 Perspective view display of IKONOS PAN and extracted TSX
HS DEM

Fig. 10 Reference DEM (a),
TSX HS DEM (b), DIFFDEM
(c) and coherence map of the
TSX HS (d)

Table 4 Accuracy assessment of generated DEM according to promi-
nent slope groups

DEM RMSE ΔZ (m)

tan(slope)=0
(%40)

tan(slope)=0.05
(%25)

tan(slope)=0.10
(%20)

TSX HS (3 m) 7.09 7.65 8.21
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accuracy of the removal of atmospheric errors, and phase-
unwrapping results (Bamler 1997; Kyaruzi 2005; Ferretti et al.
2007; Richards 2007; Mohr and Boncori 2007). The accuracy
was evaluated by comparing extracted DEM with a 3 m
original gridded reference DEM, derived from 1:1000 scaled
photogrammetric maps without having major distortions on
the comparison area. In accuracy assessment, the extracted
DEM was overlapped to the reference DEM by horizontal
shifting and RMSE of height differences (ΔZ) was computed.
For assessment process, BLUH (bundle block adjustment
Leibniz University Hannover) (Jacobsen, unpublished data
2009) software was used. The results of the vertical accuracy
assessment for prominent slope groups of the test area (see
Fig. 1b) are shown in Table 4. Following Fig. 10 contains the
reference DEM (a), the TSX HS DEM (b), the differential
DEM (DIFFDEM) that illustrates pixel-based height differ-
ences between the TSX HS and reference DEM by height
scale (c) and the coherence map of the TSX HS (d). Light and
dark parts (white squares in Fig. 10c) indicate discordant areas
that have low coherence (see Fig. 10d).

In SAR imagery, the accuracy is inversely proportional to
terrain inclination where layover and shadows occur (Gens
and VanGenderen 1996; Sefercik and Jacobsen 2007) and this
provision was corrected by Table 4.

After determining the vertical accuracy, a perspective view
display (Fig. 11) was generated to use in operational tasks
(John and Cowen 1999) by draping extracted TSX HS DEM
and high-resolution space-borne IKONOS panchromatic
(PAN) image that has 1 m grid spacing.

Conclusions

The high resolution interferometric DEM generation has be-
come possible by InSAR technique using the data from space-
borne SAR sensors such as TerraSAR-X (TSX) and Cosmo-
SkyMed with improved ground resolution up to 1 m. Due to
the intrinsic properties of used SAR signals and complex
geometry of urban settlements, the interferometric DEM gen-
eration in urban areas is still complicated task.

In this paper, an attempt is presented to explore DEM
extraction in urban areas by InSAR using TSX high resolution
Spotlight (HS) images covering an urban part of Istanbul. The
multi-step procedure interferometric processing for DSM gen-
eration has been performed with proposed approach using the
assigned critical parameters and thresholds depending upon
the quality and characteristics of the SAR data. The final DEM
with 3 m grid spacing was generated after DSM-DEM con-
version using optimal filtering algorithm and gap filling by
interpolation. The quality of the resulting DEM has been
analyzed by comparing a reference DEM, derived from
1:1000 scaled photogrammetric maps. The results reveal that
the root mean square error of height differences between 7.09

and 8.11 m is achievable depending on the slope groups in
study area. The results of further analyses show the correlation
between low coherence and low vertical accuracy using the
generated differential DEM. Overall; the obtained results ver-
ify that TSX HS images can be used for DEM extraction and
various applications in urban areas which require 5–10 m
vertical accuracy.
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