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ABSTRACT

In this work, an efficient implementation of the topo-
graphy adaptive filter based on local frequency estimation
is proposed, where chirp-z transform is applied to enhance
the accuracy of the frequency estimation. As a by-product
of this adaptive filter, the linear approximated phase
model of the interferogram is employed to improve the
coherence estimation. The impacts of the adaptive filter on
global and local phase unwrapping algorithms are dis-
cussed. Finally, aiming at the negative effect that the
adaptive filter can bring to local phase unwrapping algo-
rithms, a fusion scheme that takes advantage of least
square and several local phase unwrapping algorithms is
presented.

1 INTRODUCTION

Interferometric SAR (InSAR) is powerful in digital to-

graphy modeling, even though, the thermal noise, spa-
tial and temporal decorrelation noise, which make the in-
terferogram quite noisy, always encumber us from deriv-
ing as much as possible the terrain characteristic from the
two complex SAR images acquired from different orbits.
To filter the interferogram is one of the crucial steps in the
InSAR signal prccessing routine, without which 1t is al-
most impossible to unwrap the phase correctly, and hence
to reconstruct the topography. The purpose of the filtering
of the interferogram is to reduce the phase noise and “re-
pair” phase fringes. The interferometric phase that has

been wrapped into the interval of [— T+ ) should be

considered as a random process, and is supposed to be
Stationary in a small area although it is not true in the large
extent of the interferogram. To filter the interferogram
Wwith a moving box is called “multilook”, it is the maxi-
mum likelihood estimator of the interferometric phase
Qﬁginating from constant terrain after the flat earth phase
Is removed. Wjith an appropriate number of “looks”, we
can reduce the phase noise, and improve the contrast of
the interferometric phase map as well. The so-called
“multilook filter” is essentially a 2-D low pass filter, it
eliminates the signal in case of steep topography as well as
Suppresses noise in the stop band. So, the multilook filter
Will smear the tight fringes of the interferometric phase
Map, and also cause underestimation at the precipitous
terrain. We try to overcome this defect of the multilook
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filter by a local frequency estimation technique, which will
center the pass band of the 2-D filter on the maximum
magnitude of the 2-D local Fourier spectrum of the inter-
ferogram. Local frequency estimation makes the pass-band
of the filter track the variation of the topography, in other
words, it introduces a topography adaptive filter.

In the recent literature, there are diverse schemes to
implement the filtering of the interferogram by local fre-
quency estimation techniques. For example, the schemes
in [1], [2], [3] are based on the MUSIC algorithm, 2-D
FFT, and Energy Separation Algorithm, respectively. In
this paper, we propose a scheme- based on the chirp-z
transform in section 2. During the implementation of the
filtering scheme the linear approximated phase model of
the interferogram is extracted as a by-product, which can
help to improve the coherence estimation, and hence pro-
vides a more reasonable quality map for phase unwrap-
ping. In section 3 and 4, the impacts brought by this to-
pography adaptive filter on coherence estimation and
phase unwrapping algorithms are analyzed respectively.
To remove the negative effect caused by this adaptive fil-
ter on the local phase unwrapping algorithms, in section 5,
a phase unwrapping scheme based on the fusion of the
least square and several local phase unwrapping algo-
rithms is proposed. We use X-SAR data of the Mt. Etna
and ERS data taken from the vicinity of Vienna as exam-
ples to study the performance of the filter. ’

2 THE TOPOGRAPHY ADAPTIVE
FILTER

Two complex SAR images used for interferometry can
be modeled as,
5, =c+n,
o )
s, =c-e”’" +n,

Here, ¢ is the common part in the two SAR images, 7,
and n, are the decorrelation noise, ¢,n, and 71, are
assumed to be uncorrelated circular Gaussian random pro-

cesses, and @, is the phase caused by the topography. We
use the conjugate multiplication to form the interferogram,

2 - = i -
F=ld we® +e py +6" 0™ 1m0, B
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I is non-stationary because of the term ICI -e”’,

whereas the remaining three terms are stationary in a wide
sense. Strictly speaking, it is not reasonable to do moving
average over the interferogram because of its non-
stationarity, especially in conditions that the terrain is very
precipitous. In such areas, even the rough assumption, that
I s stationary in a small window is no longer correct,
and the moving average that ignores this point will smear
the fringes. The first term of (2) can be decomposed as:

e’* -|c|2 .g/#r9.) 3)

where ¢, is the coarse topography phase, and

-

= _e/(¢r-¢,)

e stands for the detail of the topography. If

we are able to extract the coarse topography phase from
the interferogram, then (2) is rewritten as,

2 - * =
[ =e’* [|C! ,eJ(e‘r ¢’)+c-n2 el

. (4)
G n, .eJ(W-d‘,) +n,-n, el ]
The detail of the topography, i.e. the term
2 =
lc| -’ %) s the mean of the stationary process in the

brackets of (4). We can achieve the maximum likelihood
estimation (MLE) of it by moving average under the as-
sumption of ergodicity. The extraction of the coarse to-
pography can be accomplished by fringe detection. In our
filtering scheme, this goal is achieved by generating a lin-
ear approximated interferometric phase model.

2.1 STRUCTURE OF THE TOPOGRAPHY
ADAPTIVE FILTER
The topography adaptive filter is a linear system, and it
should be expressed in the spatial domain as,

UG 8) (ot e ) [ B 5.8}
. he.mmaled fringe (.] ’ k)

WhETe Amovimg box (7,k) is the impulse response function of a
moving boxcar filter, and A.;umared fringe (7. k) 15 the estimated
linear phase model, which stands for the coarse topogra-
phy phase. & denotes the two dimensional convolution.
The term Aesumaied fringe (k) plays the key role in the above
filter, and is determined by the input interferogram
through local fringe detection. If interpreted from the
viewpoint of a band pass filter, it is the linear approxi-
mated phase model that provides information on the loca-
tion of the center of the local interferogram spectrum, and
hence guides us to design the band pass filter.

2.2 IMPLEMENTATION OF THE FILTER

The most noticeable feature of the interferometric
phase map is its fringe pattern. If we separate a fairly small
part of this interferogram, it should be possible to ap-
proximate its phase map with a plane. The spatial fre-
quency of this two-dimensional linear phase can be esti-
mated from the small separated interferogram by several
methods. While estimating the frequency with 2-D FFT,

the spectrum must be interpolated to improve the accy.
of the estimation. Computational complexity will pe
duced if we only make interpolation in the main lobe of
the spectrum. A 2-D FFT of the original size on the Sepa,
rated interferogram will bring us a coarse spectrum, . -
after its main lobe is located, only interpolation within y; -
main lobe is needed to get a precise estimation of the |
frequency. Chirp-z transform, which allows us to only 4
achieve very high frequency sampling rate in a sma]) in-
terval on the unit circle, is employed to compute the dis.
crete Fourier Transform within a small frequency interyy)
[4].

The estimated phase plane is described,as:

o7, 1, )= U i) g (6)
4 1
where f 5 J; are the maximum likelihood estimates of |

the 2-D spatial frequency components, and @, is the initia]

phase. e’ ® s computed as the normalized complex aver.

age of the separated interferogram after the linear phase s
removed from it.

(a) (b)
Figure 1: Interferometric phase (a) and linear approxi-
mated phase model (b) of X-SAR Mt. Etna data

At the same time that we get the coarse 2-D Fourier i
spectrum of a separated interferogram, the local SNR can -
be evaluated by the ratio between the magnitudes of lh_e
main lobe and side lobe of the spectrum. The local SNR 15
also a scale of the confidence of the frequency estimation-
If the local SNR is smaller than a given threshold, we en
large the estimation window to twice of its original size for
more reliable estimation results and calculate the local
SNR again. If the new SNR is still lower than the thresh-
old, a mandatory spatial frequency of 0 is set. The man
datory frequency is usually assigned to areas that are 1
tally decorrelated (e.g. water. high vegetation in repeal”
pass InSAR).

We go through the whole interferogram by 50 perc
overlapping the estimation window, then taper weighl}“g
the estimated 2-D linear phasor, after that reassembling
them by superposition [5] t0 get Aeyumaied fringe (- K)- i.e. the
linear approximated phase model. Because the compum'
tional efficiency of making maximum likelihood estima”
tion on the phase of each pixel is not acceptable. the
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. overlapping can also be considered as an interpolation
scheme, which avoids estimating the dominant 2-D fre-
quency point by point over the whole map. An example of
the performance of this filtering scheme is presented in
b fig. 1. The input interferometric phase and the linear ap-
proximated phase model extracted from X-SAR Mt. Etna
gata are shown in (a) and (b) respectively..

The local SNRs will also be combined after taper
weighting to get an SNR map of the interferogram, which
can also be used as an additional quality map for phase
unwrapping.

3 IMPACTS OF THE LINEAR PHASE
MODEL ON COHERENCE ESTIMATION

We improve the coherence estimation by identifying
the topography term with the linear approximated phase
model Aesimared fringe- It should be removed from the inter-
ferogram prior to the estimation of the coherence over a
large window. Thus the product of thermal and temporal

decorrelation ¥,y * ¥Yiemporar ShOUld be estimated as,

- h‘
zsl i SZ *Mestimated fringe
J.kew

s Xl

71herma1 : y!emporal = 0)
\/j,kew J.kew
Additionally, the linear approximated phase model can
“also be used for the spatially adaptive implementation of
the spectral shift filter as proposed in [6].

4 IMPACTS OF THE ADAPTIVE FILTER
ON PHASE UNWRAPPING

The performance of the filtering scheme should be inves-
tigated with respect to its impacts on phase unwrapping. In
general the adaptive filter should facilitate phase unwrap-
ping, but sometimes it also has negative effects because of
the artificial fringes caused by the noise corrupted fre-
quency estimation. In this section, we will study the im-
pacts of the adaptive filter on the global and local phase
unwrapping algorithms and put emphasis on the negative
effect in the case of local methods from the perspective of
residue distribution.

4.1 IMPACTS ON THE LEAST SQUARE PHASE
UNWRAPPING METHOD

As is well known [7], phase noise induces slope under
estimation for least square phase unwrapping algorithms.
Therefore filtering must be proceeded prior to least square
Phase unwrapping methods. It is well known [1-3] that a
topography adaptive filter performs better than the con-
Ventional multilook filter. Nevertheless, the need for
Weighting/masking particular areas cannot be overcome in
8eneral. The generation of the adequate weights is not
Necessarily solved by the proposed topography adaptive
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filter, but the performance of least square methods is gen-
erally improved.

4.2 IMPACTS ON THE LOCAL PHASE
UNWRAPPING METHODS

If the phase unwrapping problem is not singular, there
is definitely a reasonable or correct way to define the inte-
gral path for local phase unwrapping methods, along
which unwrapping errors will be localized. Nevertheless,
our capability of defining it is problematic; in case of high
residue density the correct way is usually unavailable and
the robustness of any of the local algorithms will be de-
stroyed due to the high level of phase noise.

To compensate the shortness of our ability to find the
right integral path in noisy phase maps, filtering of the
interferogram is still necessary as a preprocessing step of
local algorithms. Despite that the topography adaptive
filter can greatly reduce the residue density, sometimes it
also has negative effect on the local algorithms. This is
caused by the artificial fringes generated by the filter in
the situation of low coherence. The artificial fringes that
make difficulties for phase unwrapping do not come from
topography, but from noise.

For some certain residue distributions like dipoles and
near distance residue pairs it is very easy to define a rea-
sonable integral path, while for isolated residues it be-
comes quite difficult. From the perspective of residue dis-
tribution, the artificial fringes generated by the local fre-
quency estimator in low coherence areas often bring us
residue pairs with farther distance and even isolated resi-
dues. Artificial fringes do not tend to make the phase un-
wrapping problem singular, but as the distance between
residues is enlarged, to connect residues with opposite
charges sometimes does become more difficult.

The linear approximated phase model A.sumated fringe (. %)
in the filtering scheme is normally not rotation free. After
it has been subtracted from the input interferogram, the
residue map of the residual phase, which is expressed as
the principal phase value of the term in the brackets of
Equation (4) must be different from that of the input inter-
ferogram. The residue pairs with farther distance and iso-
lated residues caused by artificial fringes will also appear
in the residue map of the residual phase. The residual
phase will be multilooked afterwards, but the adverse resi-
due distribution can still remain even after being
smoothed. Next, to finish the filtering process, the
smoothed residual phase has to be added back to the linear
approximated phase model. In this step, two phase maps
both with artificial residues, will be superimposed to each
other and there is no guarantee that these artificial residues
will cancel out or form near distance residue pairs. To
overcome these problems we propose the following fusion
scheme.

5 A FUSION SCHEME FOR PHASE
UNWRAPPING

In order to adapt the filtering scheme to path following
methods, we propose a modified version of the adaptive



filter. As is well known, least square methods can give a
smooth result, so our intention is t0 MOAify Aesumared fringe
through unwrapping it with the unweighted least square
estimator. In this way, usually a residue free phase field
can be obtained. After subtracting it from the input inter-
ferogram we get a residual phase map, which has nearly
the same residue distribution as the input interferogram.
To unwrap the residual phase map by any path following
miethod is as difficult or as easy as to directly unwrap the
phase map of the input interferogram because of the same
residue map they have. Before smoothing the residual
phase to reduce the phase noise, the artificial residues do
not occur and after the smoothed residual phase is added
back to the unwrapped linear approximated phase model,
still no artificial residues are introduced.

Our fusion scheme for phase unwrapping is described
next: First the modified adaptive filtering scheme is pro-
ceeded; Then for phase unwrapping, we first generate the
mask cuts with the mask cut algorithm [8], and then un-
wrap the smoothed residual phase. During the unwrapping
process a binary map is generated, which is a flag on each
pixel and indicates if it has been unwrapped or not. Then
the areas marked as wrapped are unwrapped with a region
growing algorithm. For the region growing algorithm,
pseudo-correlation is utilized as a quality map. Pseudo-
correlation can point out the position of residues very pre-
cisely, and the integral path of region growing will be
guided in a more appropriate manner. Besides the pseudo-
correlation, the SNR map is also used to set a lower limit
to stop the region growing. The reason why two different
quality maps are used here is just for the improvement of
the robustness. An example of phase unwrapping using the
fusion scheme is presented in Fig 2.

6 SUMMARY

An efficient implementation of the topography adap-
tive filter based on the chirp-z transform has been pre-
sented and its benefits for coherence estimation have been
explained. With respect to phase unwrapping its potential
to repair fringes was shown, but sometimes it also induces
broken or lost fringes because of the artificial fringes
caused by the corrupted frequency estimation. Therefore
the adaptive filter incorporated with the least square esti-
mator is suggested prior to using the local phase unwrap-
ping algorithms.
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(b)
Figure 2: Result of phase unwrapping using the fusion
scheme, (a) wrapped phase map, (b) unwrapped phase
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