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1. Introduction

Temporal decorrelation is a major limitation for the application
of interferometric synthetic aperture radar (SAR) (InSAR) (e.g. Ze-
bker and Villasenor, 1992; Lu et al., 2005). Persistent Scatterer (PS)
Interferometry (PSI), an extension to the conventional InSAR, is a
proven effective technique for measuring the displacement in ar-
eas of low correlation. Since Ferretti et al. (1999) first suggested
an algorithm to exploit PS pixels, similar algorithms have been de-
veloped by various groups. These methods identify PS from an in-
terferogram time-series either using a functional temporal model
(Ferretti et al., 2000; Colesanti et al., 2003; Werner et al., 2003)
or the spatial correlation of phase measurements (Hooper et al.,
2004). However all these methods can only obtain reliable defor-
mation measurements in regions with enough SAR acquisitions. In
areas where the number of interferograms does not meet the mini-
mum requirement, the methods usually fail to identify a dense net-
work of PS pixels. The Signal-to-Clutter Ratio (SCR) (Adam et al.,
2004) is another type of method for PS identification that requires
a spatial estimation window around a point scatterer. The method
does not need to calibrate the amplitude data to estimate the SCR
and it does not require many SAR images.

Although the accurate coregistration of PS is critical in PSI, there
is usually no special consideration for PS precise coregistration
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in current PSI methods. All the slave SAR images are typically
coregistered to a single master SAR image based on the range and
azimuth offsets of distributed windows over the images. However,
since the majority (typically 90% or more) of the pixels in the
images are distributed scatterers (non-PS pixels) (Kampes, 2006)
and the errors in their estimated offsets are in general larger than
those in the estimated offsets of PS, the coregistration accuracy
of PS has a potential risk of being affected by the unoptimizable
coregistration methods.

In this paper an InSAR analysis approach is presented. It
includes algorithms for identifying and coregistering the coherent
points between two SAR acquisitions, named as temporarily
coherent points (TCP), and for determining motions of TCP
for applications such as ground settlement monitoring. The
identification of TCP is based on the standard deviation of the
estimated offsets derived by Bamler (2000) and the fact that
the offsets estimated from strong scatterers are less sensitive to
the window size and oversampling factor used than those from
distributed scatterers. The approach is validated using a test site
located in Hong Kong.

2. Methodology
2.1. Offsets estimation
Estimation of the offsets between two SAR images with an

accuracy of better than about 1/10 of a pixel is critical in
interferogram generation to avoid significant loss of phase
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coherence (Hanssen, 2001). Several factors contribute to image
offsets, including different timing along the satellite orbit, baseline
variation, pulse repetition frequency (PRF) variation, ground
deformation and varying satellite velocity (Ferretti et al., 2007).
Offsets between a pair of SAR images can be typically described
by such geometric changes between the two images as range
and azimuth shifts, range and azimuth stretches, and range and
azimuth skews. The effects of stretch and skew are limited for ERS
and Envisat data (Gatelli et al., 1994). In theory the offsets are also
related to local ground elevation although the offsets from this
effect are insignificant for ERS and Envisat data due to the limited
bandwidth of the data (Arikan et al., 2007).

The commonly used methods for estimating offsets between
two SAR images are based either on cross-correlation between
the two amplitude images (Gray et al., 1998; Rott et al., 1998;
Michel and Rignot, 1999) or on a fringe visibility (also referred to as
coherence optimization) algorithm (Derauw, 1999) that is mainly
suitable for images of high coherence. For image pairs with long
baselines the geometrical approach aided by reference DEM and
orbit information (Fornaro et al., 2005) can also be considered.
In the amplitude correlation method, the estimation of the local
image offsets is reliable only when the features in the two SAR
image patches are nearly identical (Strozzi et al., 2002). Therefore
unstable features usually make the offsets vary randomly. This
property will be used in the algorithm for TCP identification to be
presented below.

2.2. Identification of TCP

As discussed above, the effects of stretch and skew can be
neglected for ERS and Envisat data in image offset estimation.
Therefore for areas undergoing gentle deformation the offsets
estimated from patches of images with stable ground features
should be nearly identical. For image patches with unstable ground
features, on the other hand, the location of the correlation peak
varies, leading to random changes in the estimated offsets. Fig. 1
shows the estimated offset vectors for an area over the Hong Kong
Airport. It can be seen from the results that after removing the
initial offsets estimated based on the satellite orbits the remaining
offsets in the sea and in the mountainous areas appear very random
due to errors in the estimated offsets while the offsets of the strong
scatterers are very consistent (red dots without apparent offset
vectors). It is therefore possible to distinguish stable image patches
(coherent scatterers) from the unstable ones (distributed targets)
based on the offset information.

The estimated offsets of stable image patches are less sensitive
to the size of the patches and to the oversampling factor. This
property can also be verified theoretically (Bamler, 2000). When
estimating the offsets with the cross-correlation method, the
standard deviation of an estimated offset §, 4 (in range or azimuth)
for a homogenous image patch is

3 J1—9y2 3
2N Ty X

where o is the standard deviation expressed as a fractional number
of pixels; N is the number of samples in a patch; y is the coherence
of the patch that is also related to N as
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Fig. 1. Offset vectors over the area of Hong Kong Airport as determined by the
method of cross correlation where the red circles are the sampled points and the
green arrows are the offset vectors. The window size and the oversampling factor
used are 5 x 25 and 2, respectively. The initial offsets determined based on the
satellite orbits were first removed before this estimation is carried out. The points
are sampled every 6 and 30 pixels in the range and azimuth directions for better
visualization.
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Fig. 2. Block diagram of the proposed method for coherent point identification.

N = mxn,and y is the oversampling factor. It should be noted that
although Eq. (1) was derived for image patches with distributed
scatterers, it can be taken as a higher bound for image patches
dominated by strong scatterers (Serafino, 2006).

Although Eq. (1) may be biased for images with dominating
scatterers, it can be used effectively to separate coherent scatterers
from incoherent ones. The standard deviation calculated from Eq.
(1) may vary significantly with the number of samples in areas with
low coherence while it should be relatively stable in areas with
high coherence. Therefore coherent scatterers may be identified
by calculating and examining the offsets while changing the size
of the image patches.

After calculating the initial image offsets based on satellite
orbits, first, the proposed method for identifying TCP starts by
dividing the scene into a set of large patches (e.g., 256 x 256)
and the range and the azimuth offsets of each of the patches
are estimated and used to determine the coefficients of an offset
polynomial. Second, the estimated offsets are used as initial inputs
and the method of cross-correlation is applied at every pixel using
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Fig. 3. Comparison of different Delaunay triangulation networks. (A) TCP connected by global Delaunay triangulation; (B) TCP connected by local Delaunay triangulation.
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Fig. 4. Estimated azimuth offsets of two CR and other types of scatterers. The window size varies from 5-by-5 to 125-by-125 in the offset estimation. (A) CR1; (B) CR2; (C)
Building point 1; (D) Building point 2; (E) Hill point; (E) Sea point.

smaller patches (e.g., 5 x 5). An offset matrix can be obtained from
the estimated offset values,

01,1

02,1
lem =

01,1

012 -+ O1m
022 -+ O2m

02 -+ Oim

where 0;j, i = 1,2,...,1; j = 1,2,...,mis the offset of pixel
(i, ), which contains the offset components in both the azimuth
and the range directions.

The pixels with identical offsets are selected as TCP candidates
using a 2-D histogram,

0, = peak{hiStzD(olxm)}
[0ik — 0] <A

(4)
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Fig.5. 2D histogram of offsets at all pixels estimated using a window size of 3 x 15.
The colour indicates the number of pixels whose offsets in range and azimuth
direction locate in the corresponding intervals.

where A is the tolerance interval. To ensure most of the strong
scatterers to be selected as TCP candidates, A can be set to
1. The 2-D histogram gives statistics on the consistency of the
offsets with a tolerance threshold value determined based on
the quickhull algorithm (Barber et al., 1996) that improves the
computational efficiency significantly compared with the iterative
search method. Third, the TCP candidates are further evaluated
by changing the size of the image patches in cross-correlation
estimation (e.g., from 5 x 5 to 125 x 125) and the oversampling
factor to find the sub-pixel offsets. A fixed oversampling factor
can be used for simplicity. A set of offsets can be obtained
accordingly for any given TCP candidate (j). The TCP candidates
whose offset standard deviations are smaller than 0.1 pixels are
selected,

OT; = [otj; ot - - - otjy] (5)
std(0T;) < 0.1.

Fourth, the offsets of the TCP candidates are fit to a smooth
polynomial and the TCP candidates whose offsets do not fit the
polynomial well are discarded. The remaining candidates are
finally selected as TCP. A 6-point truncated sinc interpolator kernel
(Hanssen, 2001) is employed to resample TCP in the slave image
based on the polynomial determined. A block diagram showing the
procedure of selecting TCP is given in Fig. 2.

It is important to note that in the above process, since the cross-
correlation is estimated each time from an image patch and a
strong scatterer within a patch may dominate the cross-correlation
estimation in several neighbouring patches, pixels near a stable
scatterer may be mistakenly identified as TCP candidates. Although
such errors should have been considerably reduced at the stage of
sub-pixel offset estimation using very small image patches, pixels
seriously affected by side lobes of strong scatterers may still be
wrongly identified. The phase components of these points should
mainly be from the neighbouring stable pixels so that they can
be considered as one pixel. In addition, for the time series data
analysis these points can be further removed based on the least
squares residuals during the parameter estimation (i.e., DEM error
and deformation rates) if the phases contain a large bias (Zhang
et al., in press).

2.3. TCP phase unwrapping based on local Delaunay triangulation

The phase values of TCP, which are irregularly distributed, can
be unwrapped after subtracting the topography phase. Delaunay
triangulation has been widely used to connect such coherent
scatterers to form a triangular network (Fig. 3(A)) (Costantini
and Rosen, 1999). Delaunay triangulation defines a triangular
network under the condition that all the circumcircles of all the
triangles in the network are empty. The lengths of arcs in a
Delaunay triangulation network are important as when an arc is
long, the unwrapped phase difference between the two points
concerned can easily exceed 7, making phase unwrapping difficult.
In addition, the atmospheric artefacts are strongly correlated in
space (Zebker et al., 1997; Li et al., 2005, 2006). The differential
atmospheric contributions between two nearby points are usually
insignificant (e.g., usually lower than 0.1 rad for points less than
1 km apart) (Williams et al., 1998). The differential orbital errors
also have similar properties. In order to reduce these errors, the
TCP arcs should be limited, e.g., within 2 km. To this end we
used a strategy of placing overlapping small regular patches over
the image and connecting the TCP in each patch with Delaunay
triangulation if the number of the TCP in the patch is no less than
3. One example of the proposed Delaunay triangulation network
is shown in Fig. 3(B), where long arcs were effectively avoided.
The patches are then unwrapped separately with the minimum
cost flow (MCF) algorithm that solves for the flow along the arcs
in each patch to minimize the network cost (Costantini, 1998;
Chen and Zebker, 2001). The unwrapped patches are combined by
comparing the phase values in the overlapping areas.

3. Experiments

3.1. Validation of the method for TCP identification

The proposed TCP selection method is validated with two
corner reflectors (CRs), two buildings, and two distributed
scatterers in Hong Kong. The locations of the objects in the radar
coordinate system are carefully determined and the proposed
method is then applied. For simplicity, when calculating the offsets
of the points a fixed oversampling factor of 2 is used and the
window size is changed from 5 x 5 to 125 x 125. The offsets
of the points in the azimuth direction are shown in Fig. 4, where
the offsets of the CRs as well as the two buildings appear to
be consistent on a pixel level but considerable dispersion within
one pixel can also be observed, indicating that the quality of the
coherent points are different. On the other hand, due to the change
in the surface features between the two SAR acquisitions, offsets
estimated for the point in the sea and that on the hill fluctuate
randomly for up to 60 pixels. The results from these typical
scatterers have shown that the proposed method can identify
coherent points successfully.

3.2. Settlement determination

Since most of the land occupied by the Hong Kong Airport was
reclaimed from the sea, ground settlement in the area has been
expected. A pair of Envisat ASAR images acquired in April 2006
and March 2007 with a perpendicular baseline of 44 m and time
baseline of 315 days is used to determine the settlement in the area.

3.2.1. Comparison of point selection methods

The SCR threshold (Adam et al., 2004), the coherence threshold
(Costantini and Rosen, 1999; Berardino et al., 2002; Mora et al.,
2003; Lanari et al., 2004) and the newly proposed method (referred
to as offset method hereafter for simplicity) are used for identifying
coherent scatterers in the study area. For the offset method the
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Fig. 6. Coherent scatterers identified with three different methods: (A) 5613 TCP identified with the offset method; (B) 7355 points identified with the SCR method when
SCR > 2; and (C) 12,153 points identified with coherence method when the coherence threshold = 0.4 (coherence estimation window: 5 x 20).

22.34

22.32

Latitude

22.30

22.28

113.88 113.90 113.92 113.94 113.96 113.88 113.90 113.92 113.94 113.96
Longitude Longitude
L — 5N l — 4
-6 -3 0 3 6 -01 0.0 0.1 02 03 04 05

Fig. 7. (A) Phase differences between interferograms coregistered with different polynomials (unit: radian); and (B) Improvement in the coherence of the selected TCP

when using the proposed coregistration strategy.

range and the azimuth offsets at every pixel are estimated using
an image patch size of 3 x 15. The 2-D histogram of the estimated
offsets is shown in Fig. 5, indicating that the consistent range and
azimuth offsets are —8 pixels and —5310 pixels respectively. After
a multilooking operation with a factor of 1 x 5, 5613 TCP are finally
selected (Fig. 6(A)). When the SCR method is used, 7355 points are
selected with the threshold value set to be SCR > 2 (Fig. 6(B)).
12153 points are selected with the coherence method (Fig. 6(C)),
when the threshold is set to 0.4.

It can be seen from the results that all the three methods
work well with strong scatterers. The number of points wrongly
identified however varies considerably among the methods.
Apparently the offset method works best in such unstable areas
as in the sea as no points are wrongly selected.

3.2.2. TCP coregistration

The identified TCP are resampled according to the polynomial
determined based on the offsets of the TCP (referred to as the
TCP polynomial for simplicity). Errors in the polynomial will
introduce phase noise as the polynomial gives the location of the
TCP in the slave image where the interpolation kernel will be
applied. For comparison, we also determined a polynomial with
offsets from evenly distributed windows over the whole image and
resampled the TCP with this polynomial (referred to as the global
polynomial for simplicity). It is found that the interferometric

phases of the resampled TCP from the two polynomial approaches
are different (Fig. 7(A)). The phase differences have a mean
of 0.25 rad and a standard deviation of 2.3 rad. Since the
global polynomial was estimated from offsets on distributed
windows over the whole image where most of the pixels are
distributed scatterers, the offsets from the distributed scatterers
are unreliable and can affect the polynomial determination,
resulting in errors in the polynomial and phase noise. Fig. 7(B)
shows the improvement in coherence when the TCP polynomial is
used.

3.2.3. Settlement calculation

The TCP are connected with a local Delaunay triangulation
(limiting the arc lengths to within 2 km) and the minimum cost
flow (MCF) algorithm is applied to calculate the broken-line flow
according to the residues. The unwrapped phases of the TCP are
then determined based on the flows. The motions of the TCP
along the line of sight (LOS) direction are then computed from the
unwrapped phases of the TCP (see Fig. 8). The results show that
the largest settlement along the LOS direction over the period of
the 315 days was about 8 mm at the central part of the airport.
The average settlement of the TCP is about 2 mm. Although the
results cannot be validated with ground truth in the absence of
such data, the overall pattern of the settlement is consistent with
results reported earlier (Ding et al., 2004).
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Fig. 8. Settlement of temporarily coherent points in LOS direction over April 2006-March, 2007 (unit: millimetre). Negative values indicate motion away from the satellite

(i.e., settlement).

4. Conclusion

A method for identifying the temporarily coherent points (TCP)
that exist between two SAR acquisitions has been presented. The
method is useful in areas where the conventional differential
InSAR technique does not work properly due to the decorrelation
effects and where there are not enough SAR images to perform
PSI analysis. An improved method for coregistering TCP has been
proposed by estimating the offset polynomial based on the TCP
offsets only. To unwrap the phase of the TCP reliably, a local
triangulation strategy that limits the lengths of the arcs has been
proposed. The proposed algorithms have been validated using test
sites in Hong Kong and applied to determine the settlement of the
Hong Kong Airport area.
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