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Repeat-Pass SAR Interferometry With
Partially Coherent Targets

Daniele Perissin and Teng Wang

Abstract—By means of the permanent scatterer (PS) technique,
repeated spaceborne synthetic aperture radar (SAR) images with
relatively low resolution (about 25 m × 5 m for the European Re-
mote Sensing (ERS) and Envisat satellites) can be used to estimate
the displacement (1-mm precision) and 3-D location (1-m preci-
sion) of targets that show an unchanged electromagnetic signature.
The main drawback of the PS technique is the limited spatial den-
sity of targets that behave coherently during the whole observation
span (hundreds of PSs per square kilometer in urban site and
up to few points in vegetated areas). In this paper, we describe
a new approach for multitemporal analysis of SAR images that
also allows extracting information from partially coherent targets.
The basic idea is to loosen the restrictive conditions imposed by the
PS technique. The results obtained in different test sites allowed to
increase significantly the spatial coverage of the estimate of height
and deformation trend, particularly in extraurban areas.

Index Terms—Deformation monitoring, digital elevation mod-
els (DEMs), synthetic aperture radar interferometry (InSAR),
time-series analysis.

I. INTRODUCTION

SYNTHETIC aperture radar (SAR) interferometry (InSAR)
[1] is a remote sensing technique that is able to recover

high-resolution topographic profiles [2] (precision ∼10 m) and
to highlight possible ground deformation phenomena [3] (pre-
cision ∼10 mm). Topography and movement of the illuminated
terrain are extracted from interferograms, complex products of
two scenes gathered at different times with different looking
angles over the same area of interest. The main limitations of
InSAR are temporal and geometrical decorrelations, caused by
the variations of the ground’s reflectivity as a function of time
and of the incidence angle of data acquisition [4]. In addition,
interferograms are also affected by the spatial variability of the
water vapor content in the atmosphere [5].
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The permanent scatterer (PS) technique [6], developed in
Milan, Italy, at the “Politecnico di Milano” (POLIMI) toward
the end of the 1990s, is a powerful multitemporal tool in the
context of InSAR. By examining the pointlike radar targets
which maintain their electromagnetic signature unchanged dur-
ing the entire observation span, the PS technique allows to solve
the well-known problems of interferometry. The PS technique
has been widely applied with good results in a variety of cases,
from ground deformation monitoring [7] to building stability
analysis [8], and in recovering digital elevation models (DEMs)
[9]. The PS technique presents an achievable accuracy of about
1 m in the height estimation of a target [10] and 1 mm in the
estimate of the target displacement [11]. The main drawback of
the PS approach is the low spatial density of permanent targets,
and this is the case particularly outside of urbanized areas.
Indeed, the lack of measurement points can be a considerable
obstacle when monitoring with spaceborne SAR techniques.
Different implementations of the PS technique have been devel-
oped by many research groups but without remarkable differ-
ences between them (from these, we recall [12]–[16]). Standing
out from these groups are the researchers in Naples and in
Stanford, who have proposed two multitemporal algorithms in
an attempt to extract information from distributed targets. In
the small baseline (SBAS) technique [17], the main concept
is the analysis of interferograms with small normal baselines
to reduce the geometrical decorrelation. The Stanford Method
for PS (StaMPS) [18] is based essentially on the analysis of
the phase’s spatial and temporal correlation. By tracing and
exploiting the clues left in the research path of the Naples and
the Stanford groups, we have elaborated a new approach which
loosens the strict conditions imposed by the PS technique. This
innovative method which we present in this paper is able to
extract information also from partially coherent targets and,
hence, to increment the spatial distribution of measure points.
We will name this approach, for the sake of simplicity, quasi-
PS (QPS) technique. The proposed modifications, in relation to
the original PS technique, can be summarized in the following
three main points.

1) The images of the data set are no longer required to
correlate with a unique common master image.

2) The target height and displacement are estimated by
exploiting only an appropriate target-dependent subset of
interferograms.

3) Spatial filtering is applied to enhance the signal-to-noise
ratio of the interferometric phase of extended targets.

The three introduced concepts modify the kernel of the
PS technique and allow to process also distributed and
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decorrelating targets. From another standpoint, these modifica-
tions entail some loss of accuracy and resolution. In addition,
the estimate of the terrain motion is limited to linear deforma-
tions. Therefore, when defining the study case, the QPS and
PS techniques can be considered complementary approaches to
be employed alternatively according to the imposing constraints
and requirements.

The QPS approach has been used to analyze different test
sites in nonurbanized areas, demonstrating its high potentiality.
In particular, it was applied in the north of Italy to analyze
Dossena, a small municipality located in a mountainous area
in the Italian province of Bergamo. In this test site, it was
possible to determine the borders of the active landslides around
the inhabited area, covering also partially vegetated sections
where no PS was present [19]. In addition, we report the results
from two test sites in China. One is a newly built town located
along the Yangtze River, upriver the Three Gorges Dam, an
area around the Badong County, located in the extreme west
of central China’s Hubei Province (Enshi Prefecture). This is
a town built on the steep riverbank, where potential landslides
are likely to occur and need to be monitored, particularly after
the area was flooded, with the operation of the Three Gorges
Project beginning in 2003. The results obtained in this site, from
QPS and StaMPS, are here submitted for comparison in order
to highlight the different characteristics of the two techniques
[20]. The other site that we report is the one around the Bashang
prairie near Zhangbei, in the Hebei Province, where the
QPS technique was used to perform topographic mapping,
exposing its capability.

The main ideas presented in this paper were developed by
the authors in POLIMI between the years 2005 and 2007 as
many of the POLIMI group researchers were busy investigating
multi-image InSAR processing. These researchers reached a
variety of different results, among them, e.g., [11], [19], [30],
[38], and [41]. In [29], for the first time, a general theoretical
framework for processing long series of InSAR data was pro-
posed, together with a Maximum Likelihood estimator for re-
trieving terrain height and deformation trend. The contribution
that we give in this paper (of which the research stem began in
the same context at POLIMI) is to present a simple technique
to analyze long series of SAR images, one that requires only
slight modifications of previous technologies in order to obtain
an outstanding improvement of the results.

The QPS technique has been already used for a number of ap-
plications [39]. In particular, results obtained with this approach
have been published in a Ph.D. thesis [40]. Currently, the QPS
technique is incorporated in the SARPROZ InSAR processor, a
software that is used for teaching and research purposes in the
Institute of Space and Earth Information Science, The Chinese
University of Hong Kong [42].

This paper is organized as follows. In Section II, we an-
alyze the QPS algorithm, as an extension of the original
PS technique. After a short introduction in which the main
steps of the PS technique are evoked, we proceed by dis-
cussing the proposed modifications in Sections II-A–C. In
Section III, we describe the results obtained in the processed
data sets: Dossena, Badong, and Zhangbei in Sections III-A–C,
respectively.

II. ALGORITHM

Next, we briefly turn our attention to some of the funda-
mental concepts of the PS technique, setting aside what is not
needed for the immediate understanding of this paper. For a
more exhaustive overview, interested readers can refer to [6]
and [21].

Let us denote with si the ith complex SAR image (with
i = 1, . . . , N ). The interferogram between the images i and k
can thus be expressed as Ii,k = si · s∗k. Taking target p0 as
the reference point, the interferometric phase Δφi,k

p,p0
= ∠Ii,kp,p0

of target p depends on its geometrical location as well as
on its displacement, atmospheric disturbances, and noise [6].
In particular, the terms that depend on the target p height
Δhp,p0

and linear deformation trend Δvp,p0
are expressed, res-

pectively, by

Δφi,k
H,p,p0

=
4π

λ

1

R sin θ
Δhp,p0

Bi,k
n (1)

Δφi,k
D,p,p0

=
4π

λ
Δvp,p0

Bi,k
t (2)

where Bi,k
n is the interferometric normal baseline, Bi,k

t is the
temporal baseline, λ is the radar wavelength, θ is the looking
angle, and R is the sensor–target distance.

In the standard PS technique, the target height and velocity
are estimated by maximizing the absolute value of ξp [6] (we
omit index p0 to lighten the notation)

(Δĥp,Δv̂p) = arg {max (|ξp|)} (3)

where

ξp =
1

M

∑
(i,k)

ej(Δφi,k
p −Δφi,k

H,p
−Δφi,k

D,p). (4)

In (4) (M is the number of pairs i, k), the following terms
can be highlighted.

1) Δφi,k
p is the acquired interferometric phase (compensated

for the terms that can be otherwise estimated, e.g., flat
terrain).

2) Δφi,k
H,p is the elevation-dependent term given by (1).

3) Δφi,k
D,p is the deformation-trend-dependent term given

by (2).

The maximum of the absolute value of (4) ξ̂p = max(|ξp|) is
called temporal coherence, and it can be expressed as a function
of the dispersion σφ of the phase residuals ξ̂p � e−σ2

φ
/2 [21].

The variances of the height estimate and the deformation trend
(σ2

Δh and σ2
Δv , respectively) depend on the phase dispersion,

the number of interferograms M , and the lever arm given by the
corresponding acquisition parameter (normal- and temporal-
baseline dispersions σ2

Bn
and σ2

Bt
). More precisely, as derived

in [21], we can approximate them with the following relations:

σ2
Δh �

(
λR sin θ

4π

)2 σ2
φ

Mσ2
Bn

(5)

σ2
Δv �

(
λ

4π

)2 σ2
φ

Mσ2
Bt

. (6)
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Fig. 1. Dossena data-set image graph. (a) Star graph, adopted in the PS
technique. (b) MST graph, obtained by maximizing the average coherence.
The color of the connections in (b) indicates the estimated coherence of the
corresponding interferograms.

Normally, when considering the orbital tubes of the
European Space Agency (ESA) satellites ERS and Envisat,
the minimum number of images to perform successfully a
PS analysis is about 20. The minimum temporal coherence to
consider a target as a PS, by an available low number of images,
is 0.9. When instead a higher number of images (more than
60) are processed, this figure decreases to 0.7. Under these
conditions, the accuracy of the estimate can reach 1 m for the
height [9] and 1 mm/year for the deformation trend [11].

A. Images’ Graph

In the original PS analysis [6] (as well as in StaMPS
[18]), the interferometric phase (4) is generated by referring
all images to a common master acquisition. In the normal-
baseline–temporal-baseline space, this configuration can be
represented with a star graph as in Fig. 1(a), where each point
(node) indicates an image and each connection (link) indicates
an interferogram in the Dossena data set. In this framework, the
graph connectivity assures the temporal continuity of the defor-
mation measurements and, thus, the possibility of unwrapping

the phase time series (and detecting nonlinear motions [23]).
Moreover, the dispersions of normal and temporal baselines
allow high-precision estimates of height and deformation trend.
However, the main drawback of this combination is to make
the assumption that each image can coherently interfere with
the master acquisition, something that happens only for point-
like targets. Now, we would like to discuss possible different
choices for the graph that connects the images of the data set
under study and the criteria to choose it, which is similar to
what has been done in [24] but for different purposes.

We can single out three principal properties to describe
an image’s graph. The first one is connectivity: A graph is
connected whenever, for all distinct pairs of nodes, a linking
path exists. This property is needed in order to unwrap the
phase time series. The second one is the number of links.
Assuming that we are exploiting all the available N images
(no isolated nodes), the minimum number of links in a graph
is N/2 (or (N + 1)/2 if N is odd), the minimum number to
guarantee connectivity is N − 1, and the number of links to
make a complete graph (each node is connected with all others)
is N(N − 1)/2. Whenever the number of links is > N − 1, we
can say that the graph is redundant (given a pair of nodes, more
linking paths exist). For the third and final one, we assign a
weight to each link in order to quantify its goodness and to
compare different graphs (e.g., with the average goodness of
all links).

Since links correspond to interferograms, the interferometric
coherence is the most appropriate index to characterize them.
The coherence is defined as the normalized cross-correlation
coefficient between two images i and k [27]

γi,k =
E [sis

∗
k]√

E [|si|2]E [|sk|2]
(7)

where ∗ is the complex conjugate operator and E{·} is the
mathematical expectation.1

Different noise sources are at the origin of decorrelation in
SAR interferograms [4], [28]. For this paper, we highlight two
main phenomena: the geometric and temporal decorrelations.
In the first one, the reflectivity of the terrain changes as a
function of the look angle, and in the second one, it changes as
a function of time. Assuming distributed random scattering and
an exponential temporal decay, the phenomena can be simply
modeled [24]–[26], and the absolute value of the coherence
assumes the following form:

γi,k � γi,k
geoγ

i,k
temp=

(
1−

∣∣∣∣B
i,k
n

Bn,c

∣∣∣∣
)
rect

(
Bi,k

n

2Bn,c

)
e−|B

i,k
t /Bt,c|

(8)

where Bn,c is the critical normal baselines, Bt,c is a temporal
decay constant (we can name it as critical temporal baseline),
and rect() is the rectangular function in the domain −1/2, 1/2.
The model could also be generalized by taking into account
possible Doppler and carrier frequency diversity (as done in
[22] for finite-dimension PSs).

1Here and in the following, to lighten the notation, we avoid writing
explicitly the phase compensation for a known terrain model.
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The geometric critical baseline can be expressed as a function
of the system range resolution ρ and the terrain slope α [25]

Bn,c =
λR tan(θ − α)

2ρ
(9)

and thus, the geometric decorrelation depends on the local
topography of the analyzed area. Similarly, the temporal crit-
ical baseline depends on the typology and magnitude of the
observed terrain motion [35]. This is why, in order to tune the
model (8), we need a priori information on the area of interest.
If a priori information is not available, the coherence must be
directly estimated.

A cost-effective direct estimate of the coherence can be
carried out on just a subset of Np suitable points in the scene.
The coherence of point p is calculated by means of spatial
averages over an appropriate neighborhood win(p) of point p

γi,k
p =

∑
win(p)

sis
∗
k

√ ∑
win(p)

|si|2
∑

win(p)

|sk|2
. (10)

The amplitude of the interferogram coherence is then retrieved
by averaging the absolute value of the coherence of all Np

points

γi,k � 1

Np

∑
p

∣∣γi,k
p

∣∣ . (11)

Either by exploiting a model as (8) or by estimating the
coherence with (11), we are able to characterize each link
of the graph. Finally, we assign descriptive numbers to the
whole graph. In this way, it is possible to compare different
graphs not only from a topological point of view but also
quantitatively. Since the coherence is a normalized index, the
sum of the link values can be interpreted as the effective number
of interferograms in the graph used to estimate the height and
the deformation trend

Meff =
∑
(i,k)

|γi,k|. (12)

Similarly, we can calculate the effective variances of normal
and temporal baselines

σ2
Bn eff

=

∑
(i,k)

|γi,k|
∣∣Bi,k

n

∣∣2
∑
(i,k)

|γi,k| σ2
Bt eff

=

∑
(i,k)

|γi,k|
∣∣∣Bi,k

t

∣∣∣2
∑
(i,k)

|γi,k| .

(13)

The effective quantities of the graph (12) and (13) allow deriva-
tion of the average precision of the height estimate and the
deformation trend, i.e., (5) and (6).

With the described parameters, we are able to compare
different graphs and to choose the one that best fits the estimate
requirements. If we intend to maximize the information to be
extracted, then the optimum choice would be the complete
graph. However, computational constraints can be an imped-
iment when implementing the estimate. Moreover, the links
of a complete graph are not necessarily all informative. In
[24], the use of a minimum spanning tree (MST) is suggested,

built by maximizing the modeled coherence of the links. The
MST-generated image graph of the Dossena data set is shown
in Fig. 1(b). The inconvenience of an MST could be the limited
lever arm of the baselines for the estimate (the best coherent
links usually correspond to SBASs). The SBAS technique [17]
uses a redundant graph, but it is based on the assumption that
most of the decorrelation is due to the acquisition geometry
(low normal-baseline values). This is true in general but not
in the presence of strong or nonlinear motions or for long tem-
poral baselines (where the temporal decorrelation can become
prevalent). Furthermore, the SBAS graph may not be connected
(a property useful in case retrieving displacement time series
is required). A possible general solution is to add a number
of best links to the MST that maximizes the coherence. The
number of links can be determined by posing a threshold on the
coherence. The criterion to be used for this purpose is to find
an acceptable compromise between the computational cost and
the desired accuracy given by the baseline lever arm.

We discussed here several factors to be considered when
choosing optimal images’ graph. However, the choice is strictly
linked to the case study at hand, to the available data set, and to
the aim of the estimate. If the final target is, e.g., retrieving the
DEM of an area, it is more reasonable to select smaller temporal
baselines and higher normal baselines among the coherent
interferograms. Finally, it is worth to point out that, even though
reliable a priori information on topography and terrain motion
typology can correctly drive a decorrelation model as (8), the
best graph is clearly found by directly estimating the coherence.

B. Interferometric Phase Weighing

Regardless of the chosen graph, the set of coherent interfer-
ograms that carry information can be different from point to
point within the analyzed scene. Again, only PSs are coherent
in all interferograms. Thus, in order to estimate height and
deformation trend also of partially coherent targets, we have to
choose a subset of coherent interferograms (out of the selected
graph) for each point. To this purpose, we can exploit the
absolute value of the spatial coherence γi,k

p of point p given by
(10). By inserting it as a weight in the estimation process, only
coherent interferograms will determine the result. Equation (4)
becomes then

ξp =

∑
(i,k)

∣∣γi,k
p

∣∣ ej(Δφi,k
p −Δφi,k

H,p
−Δφi,k

D,p)

∑
(i,k)

∣∣∣γi,k
p

∣∣∣ (14)

where the denominator has been modified to normalize the
outcome. As a consequence, the reliability of the estimate for
point p has to be calculated, taking into account only interfero-
grams with good spatial coherence. To this aim, we evaluate the
effective quantities (12) and (13) for each point p. The effective
number of interferograms for point p becomes then

Mp,eff =
∑
(i,k)

∣∣γi,k
p

∣∣ (15)
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and the effective dispersions of normal and temporal baselines
become

σ2
Bnp,eff

=

∑
(i,k)

∣∣γi,k
p

∣∣ ∣∣Bi,k
n

∣∣2
∑
(i,k)

∣∣∣γi,k
p

∣∣∣

σ2
Btp,eff

=

∑
(i,k)

∣∣γi,k
p

∣∣ ∣∣∣Bi,k
t

∣∣∣2
∑
(i,k)

∣∣∣γi,k
p

∣∣∣ . (16)

By means of (16), it is possible to calculate the dispersions of
the height estimate (5) and of the deformation trend (6) for each
point p.

Assigning a weight to the phase values allows one to iden-
tify the information and to discard the noise. Conversely, the
behavior of the weights (the coherence values) as a function
of the acquisition parameters reveals the physical nature of the
distributed scatterer at hand [29]. For each target, it is possible
to determine the geometrical and temporal decorrelation trends.
Seasonal trends can be observed on mountains due to the
presence of snow during the winter months or in vegetated areas
due to fall or the presence of leaves according to the season.

The proposed model (14) is extremely simple and could even
seem insignificant and ordinary, but in spite of its apparent
simplicity, the expression is fully general. Assuming all weights
equal to one, (14) turns into the original PS form (4). Even
the case of temporary PSs [30] can be easily implemented by
putting null weights in interferograms outside the PS lifetime.

It is worth mentioning here that a nonredundant graph, such
as MST, could prevent connection of targets that are coherent
on disjoint subsets of interferograms (and thus could prevent
estimating height and deformation trend of those targets). This
could be the case of targets affected by different decorrelation
phenomena. Let us assume that we have a geometrically com-
plex target (“A”), which needs small normal baselines to show
coherence, and a fast-moving target (“B”), which needs small
temporal baselines. If the two sets of interferograms (small
normal baselines and small temporal baselines) are disjoint (no
interferogram has both small normal and temporal baselines),
no coherent connection between A and B exists. This case is
quite unlucky but still theoretically possible. Finally, only by
using redundant graphs, we may study different decorrelation
mechanisms.

To conclude, it is clear that the effectiveness of the analysis is
given by the estimate of the spatial coherence. The imposition
of a decorrelating model (whenever available) instead of the
direct estimate of the coherence would not have the same
capability.

C. Interferogram Filtering

The last issue that we consider is the improvement of the
extended targets’ phase estimation. The original PS analysis
assumes to be dealing with pointwise scatterers [6]. As a
consequence of this assumption, the phase associated to a PS
is the angle of the complex value of a single pixel of the SAR

image (no filtering is applied). From one standpoint, avoiding
filtered data prevents the loss of isolated pointwise targets
(they would be mixed with noise). From another standpoint,
in a multi-interferogram framework, avoiding to filter allows
to push the resolution of the system much further than the
nominal values (until 1 m in the 3-D space [9], [10]), the
reason being that the original PS technique searches for high-
precision punctual information and exploits long series of data
to detect the temporal coherence. In this kind of procedure,
pixels that are not coherent in time but instead are with similar
characteristics in space are lost. This is the case of an extended
randomly scattering terrain that decorrelates quickly both in
time and in geometry. In the previous section, we showed how
to select the informative interferograms in order to recover
information from these pixels. At this point, we would like to
introduce the reason to apply spatial filters to strengthen the
estimate of the interferometric phase.

Many kinds of filters for radar interferograms can be found
in the current available literature. Some of the techniques have
been developed for simply averaging (complex multilooking)
[31] or for enhancing spatial fringes [32]. The signal-to-noise
ratio of the interferometric phase has been increased by adap-
tively filtering noise along the fringes [33], by using multiple
surveys [34], by estimating adaptively the filtering window
shape [36], by evaluating the local coherence [37], or by
considering the spectral shift [25] and consequently filtering the
common band. For the scope of this paper (it is not our aim to
propose a new filtering approach), let us simply take the phase
of the spatial coherence previously estimated (10) by averaging
neighboring pixels and substitute it in our model (14). In this
way, the index to be maximized for the height estimate and the
deformation trend can be simply rewritten as

ξp =

∑
(i,k)

γi,k
p e−j(Δφi,k

H,p
+Δφi,k

D,p)

∑
(i,k)

∣∣∣γi,k
p

∣∣∣ . (17)

Equation (17) sums up in a very simple form the innovations
proposed in this paper. By maximizing the index ξp in (17),
topography and movement are jointly estimated from a set of
filtered interferograms, taking into account only the informative
pairs.

It should be noted that the filtering operation applied here
has the disadvantage of reducing the resolution of the whole
system, proportionally to the chosen window size. An optimal
solution for this drawback would be to employ an adaptive
filtering based on local phase statistics, which is able to preserve
spatial details.

The algorithm that we have described modifies the central
processing step of the PS technique, and it can be easily
inserted in the procedural steps found in the current literature
[6] without causing remarkable changes. This is the reason why
we set aside giving, from anew, descriptions of the PS candidate
selection (PSC), the generation of a spatial graph among PSCs,
and the estimate of the atmospheric phase screen (APS). In
the paragraphs which follow, we present some of the results
obtained with the QPS technique.
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Fig. 2. Estimated residual height (with respect to SRTM data) in a color scale
ranging 40 m, for original (a) PSs and (b) for partially coherent targets.

III. RESULTS

The QPS technique has been applied in different test
sites, and we report here three foremost significant instances:
Dossena [19], Badong [20], and Zhangbei. The first two test
sites are small towns in mountainous areas, including both
pointlike and distributed targets. In the third test site, we illus-
trate the QPS technique’s potential for topography mapping.

A. Dossena Test Site

Dossena is a small municipality in the Italian Alps located
in the province of Bergamo in the north of Italy. The orig-
inal settlement of Dossena was built on stable terrain, but
by the end of the 20th century, the progressive expansion of
the original urbanized historical center had reached, without
better knowledge, slow-moving mountain slope terrains. The
processed area is partially visible as background in Fig. 2 at
the top. It corresponds to an area of approximately 100 km2

on the ground. The data were gathered by the ESA satellites

ERS-1 and ERS-2 from the descending Track 208 Frame 2673.
The analyzed 84 images extend over the time period from 1992
to 2003 (as shown in Fig. 1).

For the height analysis and the velocity field in the area of
Dossena, we processed the MST-corresponding interferograms’
subset which maximizes the at-hand data set’s spatial coher-
ence. Fig. 2 shows the more significant results. The estimated
residual height (with respect to Shuttle Radar Topography Mis-
sion (SRTM) data) is plotted in a color scale ranging 40 m. At
the top, unmodified PSs are shown, while at the bottom, QPSs
are visible. About 1500 PSs have been detected with temporal
coherence > 0.7, whereas the QPSs are about 160.000, posing
the same threshold. The density of points is high even in
vegetated areas, and good-quality height details can be seen
with respect to the SRTM data. It is to be noted here that
most of the topographic features are in correspondence to slope
changes, and the explanation for this lies in the different resolu-
tions between InSAR (about 30 m in this example) and SRTM
(90 m). Different resolutions can cause also a misregistration
between the two maps, which magnifies the height differences.
We did not search for a better registration to show the QPS
potential to correct the height bias in vegetated areas.

As described in Section II-B, in the QPS technique, the
temporal coherence (17) is not enough to completely eval-
uate the reliability of the estimate of the height and of the
deformation trend of a target. In reality, we could have a
coherent target in only one interferogram, and nevertheless,
the estimate of its parameters [through (17)] would yield a
high value, despite the fact that the estimate’s reliability would
be very low. Thus, necessarily, we also have to evaluate the
effective number of interferograms used in the estimate (15)
and the effective baseline lever arms (16). In the Dossena test
site, several tandem acquisitions (one-day temporal baseline)
guarantee reliability in the height estimation but not in the
estimation of the deformation. Only targets that show coherence
in intervals longer than one day can lead to a reliable estimate
of the linear movement. In Dossena, about 15.500 QPS targets
with effective temporal baseline longer than one day have been
detected.

In Fig. 3(a), the estimated deformation trends are shown
in a scale −10/10 mm/year. A detailed comparison over the
municipality of Dossena is shown in Fig. 3(b) and (c), where, at
the left, the PS and, at the right, the QPS velocities are shown.
The deformation values of the two images are in good agree-
ment (except a slight bias due to different reference points).
The main contribution of the proposed QPS technique resides
in the possibility to locate precisely the moving area within
the scene. This is the most important purpose why geologists
decided to commission the deformation analysis to spaceborne
radar techniques. In fact, even though the area in Dossena was
classified as a risk zone since 1998, due to an active landslide,
the boundaries of the so-called risk zone had never been estab-
lished with precision until the QPS technique was employed.

B. Badong Test Site

Badong County is constructed on the riversides of the
Yangtze River, located in the extreme west of central China’s
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Fig. 3. (a) Average deformation trend estimated over partially coherent targets. The red frame indicates the area around the municipality of Dossena. Images (b)
and (c) show in a close-up over Dossena the results obtained with the PS and QPS techniques, respectively. The orange red colors identify the active landslide. A
slight bias between (b) and (c) can be observed due to different reference targets.

Fig. 4. Deformation trends extracted from (a) QPS and (b) StaMPS; the red rectangle indicates the town of Badong. (c) is the cross scatterplot of the deformation
trends measured with (x-axis) StaMPS and (y-axis) QPS. (d) and (e) show two StaMPS time-series deformation examples on two subsiding areas in Badong.

Hubei Province (Enshi Prefecture). Due to the construction
of the Three Gorges Project, the old town of Badong was
flooded, and a new town was built to the west about 5 km
apart from the old one. Because this new city was built on
the steep riverbanks, where potential landslides were likely

to occur, many consolidation instruments were installed for
protection against landslides and early detection. Monitoring-
landslide task forces were instituted and were charged with this
major concern, particularly after the filling of the dam reservoir.
To study the terrain motion by means of InSAR, 45 images from
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Fig. 5. APS maps interpolated from the measured QPS points for the dates of May 23, 2004, and June 12, 2005. The color shows the wrapped phase in radians.
The black-and-white image is the reflectivity map of the test site. The APS reveals a good correlation with the topography and the river path.

ESA ERS-1/2 and Envisat descending Track 75 Frame 2979
were collected in the area. However, since a coherent analysis
between ERS and Envisat requires long-life pointwise targets
[10], only the 34 Envisat scenes were used in the analysis.

Two algorithms have been used to extract deformation
trends, StaMPS (Version 3.1) and QPS. As shown in Fig. 4(a)
and (b), the densities of measured targets are significantly dif-
ferent (74 618 points from QPS and 1618 points from StaMPS).
Two subsidence regions in the south riverbank of Badong are
identified by each of the techniques. One is in the west (left)
part of the town, which is about 400 m above the Yangtze
River. The other one is in the east (right) part of the town
near the river. Due to the higher number of targets, the borders
of the two subsidence areas are clearly identified by the QPS
result. In addition, outside of urbanized areas, more subsidence
regions can be observed, for instance, the area in the southeast
of the town. StaMPS offers a set of choices for its processing
parameters, and results may be improved by tuning them up.
However, StaMPS exploits a single-master configuration; as a
consequence, decorrelating targets cannot be identified, and no
reliable deformation measurements can be detected outside the
perimeter of the urbanized areas in this test site.

The results have been obtained from the same coregistered
data set, and common targets are easily identified. More than
500 common targets have been compared, and the scatterplot
between the linear deformation trends estimated with QPS (or-
dinates) and StaMPS (abscissa) is shown in Fig. 4(c). The stan-
dard deviation between the two measurements is 1.52 mm/year,
showing a quite good agreement. StaMPS is able to detect
also nonlinear motions, while the presented QPS technique
has the disadvantage to estimate only an average deformation
trend. Then, we analyzed StaMPS time series to check whether
the QPS technique is underestimating the actual deforma-
tion. Two StaMPS displacement series are shown in Fig. 4(d)
and (e), showing that, in this area, no evident nonlinear motion
is affecting the terrain. We concluded that this test site offered
excellent conditions in order to evaluate the performances of the

QPS technique because, by exploiting partially coherent targets,
it was able to estimate the linear deformation trend in decorre-
lating areas. Without doubt, in other test sites, StaMPS is able to
show its advantages when estimating nonlinear deformations.

It is interesting to report the APS generated by the QPS
technique. Fig. 5(a) and (b) shows two maps of the atmospheric
delay (measured in radians and wrapped) for the dates May 23,
2004, and June 12, 2005. The two maps (that have been interpo-
lated to fill the whole test area) show a proper correlation with
the topography and a clear separation between the river path
and the surrounding banks. The Yangtze River and the Three
Gorges are areas famous for the beautiful clouds generated by
the humidity and the local orography.

C. Zhangbei Test Site

In the third test site, we present the DEM estimated by a
QPS analysis of a mountainous area near the city of Zhangbei,
Hebei Province, China. Twelve Envisat SAR images, acquired
between 2003 and 2009, are processed to extract the elevation
of partially coherent targets. The reflectivity map of the area
is shown on a Google Earth image in Fig. 6, in which the
vegetated and mountainous characteristics of the region can
clearly be recognized. The spatial coherence map averaged
from all the MST derived interferometric pairs is shown in
Fig. 7. From Fig. 7, only a few small areas have an average
spatial coherence higher than 0.6, revealing a total absence of
“permanent” targets. The result confirms the high potential of
the QPS technique in estimating DEM outside the perimeter
of urbanized areas. In Fig. 8(a), the residual height with respect
to SRTM DEM is shown in SAR coordinates, and in Fig. 8(b),
the absolute value is reported after interpolation and resampling
in the Universal Transverse Mercator (UTM) system. Again,
the different resolutions between the QPS analysis and SRTM
data, emphasized by a consequent misregistration, are evident.
We are firmly convinced, as the coverage of the QPS results and
the obtained details show, that this new approach is to be a quite
promising one.
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Fig. 6. Reflectivity map of the Zhangbei test site, plotted on a Google Earth
image.

Fig. 7. Spatial coherence map averaged from the MST derived interferometric
pairs of the Zhangbei test site.

IV. CONCLUSION

In this paper, we have developed a new processing algo-
rithm that allows to extract information from partially coherent
targets using spaceborne SAR data. The proposed QPS tech-
nique maximizes the temporal coherence by estimating eleva-
tion and deformation trend from a pixel-dependent subset of
interferograms. Very high densities of measurement points can
be reached outside of urbanized areas to monitor surface linear
deformation phenomena (with about ten times more coverage
with respect to PSs) and to retrieve DEMs (100 times more
w.r.t. PSs). The three analyzed test sites, Dossena, Badong, and
Zhangbei, prove the potential of the presented approach.
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