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a b s t r a c t

The geometric modulation of synthetic aperture radar (SAR) imagery such as radar shadow, foreshorten-
ing, and layover often complicates image interpretation while it contains useful information about tar-
gets. Recently, some methods for automatic building detection utilizing a peculiar pattern of phase
differences (PDs) within building layovers on SAR interferograms have been proposed. One of the merits
of these methods is the capability to detect buildings even taller than the height of ambiguity without
incorporating any external data. In this paper, we propose a new method that has achieved the following
improvements while maintaining the merit mentioned above. The first improvement is freedom from the
dependence of target heights; without changing any parameters and thresholds, the proposed method
can detect low-rise apartments to skyscrapers. The second one is the prevention of the false grouping
of vertical structure constituents by considering relationships between their PDs. In addition, the method
can measure the height of vertical structures without assuming their shape to be simple ones such as a
parallelogram. These improvements have been verified by applying the method to real datasets acquired
from an airborne X-band SAR. The quantitative assessment for apartment complexes has demonstrated
the high performance of the method; the correctness and completeness are 94% and 83%, respectively.
The mean error in the measured height is �0.2 m, while the standard deviation is 1.8 m. The verification
using real datasets has revealed at the same time that the performance of the method can be degraded
due to the crowdedness in dense urban areas including skyscrapers and owing to the poor discriminabil-
ity between artificial vertical structures and trees. Overcoming these limitations is necessary in future
studies.
� 2018 The Authors. Published by Elsevier B.V. on behalf of International Society for Photogrammetry and
Remote Sensing, Inc. (ISPRS). This is an open access article under the CC BY-NC-ND license (http://creati-

vecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Synthetic aperture radar (SAR) is a remote sensing instrument
widely applied in many fields such as geology, agriculture, urban
studies, and so on (Ouchi, 2013). One of the advantages of SAR is
its imaging capability regardless of weather and day-and-night
conditions. Owing to this characteristic, SAR imagery is generally
provided with a shorter time frame than optical cloud-free imagery
in the event of natural disasters and they have been utilized for
damage assessment (Plank, 2014).

SAR observes the ground surface by transmitting and receiving
signals in an obliquely downward direction. This side-looking
geometry characterizes SAR imagery. Flat smooth areas such as

streets and calm water surfaces return no signals toward the SAR
antenna since the smooth surface behaves as a mirror. In addition,
an unilluminated area called a radar shadow forms behind tall
obstacles such as mountains and buildings. These areas are dark
in SAR intensity imagery. Moreover, from the viewpoint of the
round-trip time measurement of signals, this oblique observation
makes the height of a target and the distance between a SAR plat-
form and the target along the ground range equivalent; the target
is displaced toward the platform by an amount depending on the
height of the target. When the slope angle of the target to the
ground is larger than the incident angle between the platform
and the target, the top part of the target becomes closer to the plat-
form than the bottom part in SAR imagery. This is called the lay-
over effect. These geometric modulations often complicate the
interpretation of SAR imagery and are one of the obstacles for
the application of SAR imagery by users other than experts.
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The returned signals are stored as complex values and they are
processed to improve the spatial resolution. Recent airborne SAR
such as F-SAR (Reigber et al., 2012), SETHI and RAMSES-NG
(Ruault du Plessis and Dreuillet, 2013) as well as spaceborne ones
such as TerraSAR-X (Mittermayer et al., 2014) have achieved spa-
tial resolutions better than 1 m. We can extract finer structures
of small targets than before owing to this achievement. However,
the pixel number of SAR imagery markedly increases at the same
time. Thus, manual extraction of fine information over a vast area
is an exhausting task.

From the viewpoints of the rapid response in disaster events,
the peculiar geometric modulations and the large number of pixels,
the development of automatic methods for the detection and mea-
surement of targets is an important subject for the application of
SAR imagery. One of the major topics of the automatic method is
building detection and parameter extraction such as their width,
length and height. To date, various methods concerned with build-
ing detection and reconstruction have been proposed. They can be
classified by the type of input data, i.e., a single image of amplitude,
a pair of SAR images for cross-track interferometry (CTI) and a
stack of imagery.

The methods using a single image of amplitude utilize specific
features of the amplitude such as the double scattering at the foot-
print, the shadow and the facade layover. Chen et al. (2015) have
developed a building detection method based on amplitude varia-
tion along the range direction from a building layover to its sha-
dow region. Tang et al. (2016) have proposed a high-rise building
detection method incorporating a periodic reflection pattern
within building layovers (Auer et al., 2015), the double bounce at
the footprint and corer lines. Cellier et al. (2005) have reported a
method of applying the mean shift algorithm (Fukunaga and
Hostetler, 1975) to shadow extraction for building reconstruction
in amplitude as well as coherence imagery. The methods utilizing
a single image of amplitude are superior to others in terms of the
data source availability.

Another approach is to use a stack of imagery. The typical meth-
ods are the multiaspect-based one and the SAR tomography
(TomoSAR). Xu and Jin (2007) have reported a 3D reconstruction
method for simple-shaped buildings using multiaspect SAR
images. They matched the parallelogram-like facade images
extracted from single-aspect SAR images with each other for
reconstruction. Thiele et al. (2007b) have proposed recognition
methods for residential and extended buildings using orthogonal
viewed CTI SAR data. In their method, primitives are extracted
from each viewing data and fused afterward. On the other hand,
TomoSAR is a technique that forms an additional synthetic aper-
ture in another direction by using multiple slightly displaced
acquisitions (Kimura, 2013; Reigber and Moreira, 2000). Zhu and
Shahzad (2014) have reported a method of building detection
and reconstruction by using multiview TomoSAR point clouds.
Both multiaspect data analysis and TomoSAR realize the recon-
struction of buildings that cannot be achieved with a single image
of amplitude; however, the cost of dataset acquisition is a
bottleneck.

The methods utilizing a pair of CTI SAR images are located at an
intermediate position between those utilizing a single image of
amplitude and a stack of imagery from the viewpoint of the cost
of data acquisition. The airborne SARs such as F-SAR, SETHI, and
the Pi-SAR-X series (Kobayashi et al., 2000; Nadai et al., 2009) have
the capability to perform single-pass CTI. In addition, the appear-
ance of the TanDEM-X satellite (Rossi et al., 2012) has increased
the availability of spaceborne single-pass CTI data with high reso-
lution. Thus, there is a slight difference in the costs of data acqui-
sition between a single image of amplitude and a pair of SAR CTI
images, at least for airborne SAR. Gamba et al. (2000) have pro-
posed a method of building reconstruction that utilizes a modified

machine vision approach and have reported the results for large
buildings. Their input is elevation data based on CTI observations.
Petit et al. (2000) have reported a discrimination method between
horizontal and vertical parts on an SAR interferogram by utilizing a
spectral shift that depends on the slope angle of an illuminated
area. Tison et al. (2007) have reported a fusion method for informa-
tion extracted from interferogram, amplitude and coherence data
to improve the accuracies of both height retrieval and classification
results. Recently, methods using TanDEM-X CTI data have been
proposed. For example, Guo and Zhu (2014) have demonstrated
the extraction of high-rise buildings from amplitude and coherence
data and the measurements of building parameters such as the ori-
entation angle and iso-height lines. Rossi et al. (2014) have pro-
posed a method of extracting the layover regions of buildings
without external references. Their method utilizes the behavior
of a number of displaced pixels within a cell of the digital elevation
model (DEM) that is derived from the geocoding processing for
TanDEM-X DEM generation.

As one of the recently reported methods, Thiele et al. (2013) uti-
lized a phase ramp within building layovers. The phase ramp refers
to a monotonic variation of the phase difference (PD) on an SAR
interferogram in the slant range direction within a layover of a ver-
tical structure. This phase pattern was found in the simulation and
observation by Thiele et al. (2007a). In the work by Thiele et al.
(2013), a one-dimensional theoretical detector for the phase ramp
with a length of some extent was prepared and used to perform
building detection and extract building parameters. Their method
has been improved by Dubois et al.(2014) and Dubois et al.
(2016). In addition to the phase ramp detector, Dubois et al.
(2016) have utilized the consistency of the PDs within building lay-
overs on an SAR interferogram along the orientation angle of
buildings.

There have been a few studies on the application of the phase
ramp within layovers to date; however, the method utilizing the
phase ramp is worth developing further. One of the reasons is
the potential of this method; it can detect buildings even taller
than the height of ambiguity (HOA) without unwrapping the whole
interferogram or using any external data. Another reason is that it
can be fused with methods utilizing a single amplitude image to
improve its performance because a pair of CTI SAR images connotes
two amplitude images as well as a coherence map in addition to an
interferogram.

One of the problems of the methods described above is that the
optimal length of the phase ramp detector depends on the building
layover length to be measured (Dubois et al., 2015). An algorithm
free from any a priori knowledge such as building height is prefer-
able. Recently, Zhu et al. (2017) have proposed another method of
extracting building layover, which utilizes the local frequency in
the range direction derived from a nonlocal estimation. Their
method does not depend on the building structure; however, their
study focused on only high-rise buildings. On the other hand, the
algorithm for grouping candidates of vertical structure has room
for improvement. There is a risk of the candidates evolving into
an extraordinarily large group by repeating false groupings in a
dense cloud of candidates if we rely on only the closeness among
the candidates.

In this context, we propose a new method that has achieved the
following improvements. One is freedom from the dependence of
target heights. Another is the reduction of the false grouping of
constituents by considering the relationship between their PDs.
In addition, the proposed method can measure the height of verti-
cal structures without assuming simple shapes such as a parallel-
ogram. The rest of this paper is organized as follows. In
Section 2, we introduce a theoretical relationship between the
PDs of a footprint and a constituent of a vertical structure. The
method, its parameters and its thresholds are described in
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