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We present a simple and effective filtering algorithm to mitigate noise effects in a
time-redundant sequence of multi-look small baseline (SB) differential synthetic
aperture radar (SAR) interferograms by exploiting the temporal relationships
among the selected interferometric data pairs. The proposed method relies on the
estimation of the (wrapped) filtered phase terms associated to each SAR acqui-
sition; this result is achieved via a non-linear minimization procedure which is
applied to the phase signal of conventional multi-look interferograms without
any pixel selection process, and with no a-priori information on the statistics of
the involved complex-valued SAR images. Following their estimation, the phase
images are paired to reconstruct a new sequence of filtered SB differential inter-
ferograms, which are used to generate surface deformation products, such as
deformation velocity maps and displacement time-series. The filtering algorithm
effectiveness is demonstrated by analysing a set of SAR images acquired by the
ENVISAT sensor from 2003 to 2010 over the city of Shanghai, China.

1. Introduction

Differential synthetic aperture radar (SAR) interferometry (DInSAR) represents
nowadays a well-established remote sensing technique that allows detecting and mon-
itoring, on large areas, earth surface deformation phenomena with centimetre to
millimetre accuracy (Gabriel et al. 1989). This is done by exploiting the phase differ-
ence of SAR data pairs collected at different epochs and with slightly different looking
angles. DInSAR measurements are usually corrupted by noise (decorrelation) due
to thermal effects, baseline geometry and temporal changes (Zebker and Villasenor
1992), which can limit the use of the DInSAR technique for the analysis of geophysical
phenomena. When dealing with sequences of SAR images, the decorrelation effects
can be mitigated by selecting, among all the possible interferometric data pairs, only
those characterized by small spatial and temporal separations (baselines). In addition,
to mitigate decorrelation in the computed interferograms and to reduce the amount
of data to be processed, complex multi-look (Rosen et al. 2000) and additional noise-
filtering (Goldstein and Werner 1998, Baran et al. 2003) operations are also typically
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carried out for each SAR interferogram. Notwithstanding, the differential interfero-
grams that can be generated by applying these steps can still exhibit a high degree of
phase noise.

To further improve the phase quality of the computed DInSAR interferograms,
we propose in this work a simple filtering strategy that significantly lowers the phase
noise affecting a sequence of time-redundant multi-look small baseline (SB) differ-
ential SAR interferograms, by exploiting their temporal relationships. The presented
approach allows the retrieval of the (wrapped) filtered phases associated to each
SAR acquisition that are then used to reconstruct a set of corresponding noise-
filtered differential interferograms. Note that, at variance with other multi-temporal
interferogram filtering techniques (Ferretti et al. 2011, Parizzi and Brcic 2011), the
proposed approach is applied to conventional multi-look interferograms with no
need to implement a pixel-by-pixel adaptive procedure carried out at the full spa-
tial resolution grid, and aimed at preliminarily identifying distributed scatterers (DS).
Moreover, it is straightforwardly carried out by solving a non-linear minimization
problem relying on phase information only, without any a-priori assumption on
the statistics of the exploited complex-valued SAR images (Monti Guarnieri and
Tebaldini 2008). The performance of the proposed approach is investigated by using
an ENVISAT SAR dataset acquired over the Chinese Yangtze Delta region, including
the city of Shanghai, China, from 2003 to 2010. The achieved results demonstrate the
effectiveness of the algorithm which may be used in various application contexts.

2. Interferogram noise-filtering algorithm

Let us consider a set of N + 1 SAR images collected at ordered epochs (t0, t1, ..., tN),
properly co-registered to a reference image, say the one acquired at tm, with respect
to which we also refer the temporal T ≡ [t0 − tm, . . . , tN − tm]T and spatial B⊥ ≡
[b⊥0, b⊥1, . . . , b⊥N ]T baseline vectors, the latter relevant to the perpendicular baseline
component with respect to the radar line of sight (referred to as perpendicular
baseline). From these SAR data, in order to limit the decorrelation noise artefacts,
we compute a set of M small baseline multi-look DInSAR interferograms, namely
�Φ = [�Φ1, �Φ2, ..., �ΦM ]T, simply selected by imposing thresholds on the max-
imum allowed temporal and perpendicular baseline values of the SAR data pairs
(Berardino et al. 2002, Lanari et al. 2007). Furthermore, the computed interfero-
grams can be profitably filtered by using one of the currently available noise-filtering
approaches based on space and/or frequency analyses (Goldstein and Werner 1998,
Baran et al. 2003). Note that this filtering step applied to the single interferograms is
beneficial but not essential for the implementation of the technique discussed in the
following, which could also directly start from the multi-look interferograms.

The proposed algorithm arises from the observation (Pepe and Lanari 2006, Pepe
2009, Ferretti et al. 2011) that the generated (wrapped) multi-look interferograms
are not fully time-consistent because the multi-look operations (and, if implemented,
also the additional noise-filtering steps) are independently carried out on each sin-
gle interferometric data pair. Indeed, the sum of three multi-look interferograms
computed from the SAR images acquired at the generic epochs, tA, tB and tC,
namely �ΦBA = 〈Φ (tB) − Φ (tA)〉−π ,π , �ΦCB = 〈Φ (tC) − Φ (tB)〉−π ,π and �ΦAC =
〈Φ (tA) − Φ (tC)〉−π ,π , is different from zero:

〈�ΦBA + �ΦCB + �ΦAC〉−π ,π �= 0, (1)
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wherein the symbol 〈·〉−π ,π stands for the wrapping operator and Φ =
[Φ0, Φ1, ..., ΦN ]T is the vector of the unknown (wrapped) phase values related to
each SAR acquisition. Our method allows the compensation of such temporal
inconsistencies by computing the (unknown) phase vector Φ (associated with the
SAR acquisitions) that is then used to reconstruct a new sequence of filtered, time-
consistent interferograms. This result is achieved starting from multi-look DInSAR
interferograms, which allow us reducing the amount of data to be processed and
represent nowadays conventional products, routinely generated through the available
scientific and commercial DInSAR software packages. It is worth remarking that
the use of conventional multi-look interferograms is a distinctive characteristic
of the proposed approach with respect to previous solutions, which are based on
constraining the analysis to distributed scatterers, identified through a pixel-by-pixel
selection procedure performed on the full resolution complex SAR image spatial grid
(Ferretti et al. 2011, Parizzi and Brcic 2011). This selection permits to rely on the
distributed scattering hypothesis (which is met when no dominant scatterers, such as
artificial objects, are present in the resolution cell, Bamler and Hartl (1998)) under
which the probability density function of the complex-valued SAR image may be
regarded as being a zero-mean multivariate circular normal distribution. Under this
assumption, an appropriate maximum likelihood estimation step of the filtered phase
values associated with each SAR acquisition can be implemented (Ferretti et al.
2011). Because in our approach we focus on conventional multi-look interferograms,
with no need of a pixel selection step, we cannot rely on the validity of the above
mentioned distributed scattering hypothesis. Accordingly, we here propose a different
solution that, for each pixel of the multi-look grid, searches for the phase vector
�

Φ that minimizes the weighted circular variance, say ξ (·), of the residual phases,
representing the differences between the original and reconstructed interferograms
(Mardia and Jupp 2000, Brunsdon and Charlton 2006):

ξ
(

�

Φ
)

= 1 −
∣∣∣∣∣

M∑
k=1

wk exp (jδk)

∣∣∣∣∣
/

M∑
k=1

wk, (2)

where j = √−1,
�

Φ = [
�

Φ0,
�

Φ1, ...,
�

ΦN ]T is the vector of the estimated (wrapped) phase

values related to each SAR acquisition, and δk = 〈�Φk − �

ΦEk + �

ΦSk〉−π ,π , ∀k =
1, ..., M are the residual phases, being E = [E1, E2, ..., EM ]T and S = [S1, S2, ..., SM ]T

the two index vectors related to the master and slave time acquisitions of the selected
SAR data pairs, respectively. Moreover, the weights wk, ∀k = 1, ..., M represent the
estimates of the spatial coherences computed from the phase of the original multi-look
interferograms, as follows (Bamler and Hartl 1998):

wk (x, r) = 1
(NA + 1) (NR + 1)

∣∣∣∣∣∣
NA/2∑

h=−NA/2

NR/2∑
p=−NR/2

exp [j�Φk (x + h, r + p)]

∣∣∣∣∣∣∀k = 1, ..., M,

(3)

where NA + 1 and NR + 1 are the number of azimuth and range pixels within the
used boxcar averaging window, centred around the generic pixel of coordinates (x, r).
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Additional considerations are now in order. First, we remark that in our analy-
sis we use only small perpendicular and temporal baseline interferograms because
the large baseline ones do not contribute with relevant information in equation (2),
since the corresponding wk (·) values are very small (Zebker and Villasenor 1992).
Second, we underline that the minimization of the non-linear functional in (2) can
be performed by using one of the several non-linear optimization routines avail-
able in literature (Kirkpatrick et al. 1983, Zhu et al. 1997, Waltz et al. 2006).
In particular, in this work we use the solver developed by Zhu et al. (1997), which
implements a limited memory quasi-Newton approach that is particularly suitable
to solve constrained/unconstrained large non-linear optimization problems, by guar-
anteeing stable results and high computational efficiency. Third, we observe that the

factor Λ(·) =
∣∣∣∣ M∑
k=1

wk exp (jδk)

∣∣∣∣
/

M∑
k=1

wk in equation (2) also represents a weighted ver-

sion of the temporal coherence factor originally proposed in Pepe and Lanari (2006),
and widely used in Small BAseline Subset (SBAS) (Berardino et al. 2002) analyses
(Lanari et al. 2007, Manzo et al. 2012) as a quality index for the retrieved deformation
time-series. Note also that the optimal values of Λ(·) in equation (2) can be adopted as
a reliability measure of the phase reconstruction. In particular, for pixels where Λ(·)→
1, we expect that reconstructed phases are almost identical to the original ones; on the
other hand, very low values of Λ(·) correspond to a poor fit among the reconstructed
and observed phase values.

Finally, once the N + 1 (wrapped) phase values are estimated, they are paired to
retrieve the sequence of noise-filtered DInSAR interferograms, which can be subse-
quently used to generate surface deformation products through advanced DInSAR
approaches (Sandwell and Price 1998, Berardino et al. 2002, Mora et al. 2003). We also
underline that, even though the proposed algorithm is intrinsically small baseline-
oriented, at this stage, not only SB interferograms but, in principle, any interferogram
can be reconstructed.

3. Experimental results

We investigate the effectiveness of the proposed filtering algorithm by using a SAR
dataset composed by 49 radar images acquired over ascending orbits (track 497, frame
616) by the ENVISAT satellite from 2003 to 2010, which can be represented in the
temporal/perpendicular baseline plane as shown in figure 1.

The test-site area, extending for about 100 km × 100 km, encompasses the Yangtze
Delta region (China) and includes Shanghai, one of the largest world’s megacities,
which has been affected by severe land subsidence phenomena, mainly due to anthro-
pogenic factors such as the withdrawal of water from underground and the massive
construction of high-rise buildings (Shi and Bao 1984, Liu et al. 2008). The presented
DInSAR analysis exploits a sequence of SB time-redundant differential interfero-
grams, selected by limiting the maximum perpendicular baseline and the relevant time
span of the SAR data pairs to 400 m and 2000 days, respectively. Note that these
threshold values have been derived through extensive experimental analyses carried
out in several geophysical contexts by exploiting the SBAS approach (Lanari et al.
2007 and references therein, Manzo et al. 2012 and references therein). As a result,
we retrieved a network of 664 differential SAR interferograms (see figure 1), which
were computed by performing a complex multi-look operation with 4 looks in the
range direction and 20 looks in the azimuth one (Bamler and Hartl 1998, Rosen et al.
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Figure 1. SAR data distribution in the temporal/perpendicular baseline plane. Red diamonds:
SAR acquisition dates; black lines: interferograms used within the proposed noise-filtering
approach.

2000, Lanari et al. 2007), leading to a resulting pixel dimension of about 100 m ×
100 m. For the interferogram generation (Gabriel et al. 1989), the topographic phase
contributions were removed by using precise satellite orbit information and a three-
arcsecond shuttle radar topography mission (SRTM) digital elevation model (DEM)
of the region. The multi-look interferograms were also pre-filtered by applying the
well-known approach described in Goldstein and Werner (1998), and subsequently
processed by following the lines of the filtering approach described in the previous
section.

To investigate the algorithm performance in different spatial coherence conditions,
we show in figure 2 some examples relevant to SAR data pairs belonging to three
distinctive groups of DInSAR interferograms, selected according to their perpen-
dicular and temporal baselines. In particular, the fringes depicted on the left side
of figure 2 represent a selection of original interferograms after multi-look opera-
tion and additional noise-filtering based on Goldstein and Werner (1998), whereas
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Figure 2. Comparison between original (left column) and noise-filtered (right column) multi-
look interferograms. (a), (b), (c) 11 June 2007–20 August 2007, 26 February 2007–09 August
2010 and 11 June 2007–13 September 2010 SAR interferograms, with perpendicular baseline
values of 378 m, 24 m, and 363 m, respectively. Note that the original interferograms were pre-
filtered by using the Goldstein and Werner (1998) approach with a power coefficient equal to
0.5. (d), (e), (f ). Reconstructed multi-look interferograms corresponding to the ones in (a), (b),
(c), respectively.

on the right side we portray the corresponding reconstructed fringes. By compar-
ing the homologous interferograms of figure 2, it is evident the effectiveness of
the proposed algorithm. Moreover, we observe that the decorrelation effects, clearly
visible in the interferograms shown in figures 2(b) and (c), characterized by large
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temporal baselines, are particularly relevant. To further confirm the validity of the pro-
posed method, we also compute the spatial coherence related to both the original �Φ

and reconstructed �
�

Φ = �

ΦE− �

ΦS interferograms, being
�

ΦE = [
�

ΦE1 ,
�

ΦE2 , ...,
�

ΦEM ]T

and
�

ΦS = [
�

ΦS1 ,
�

ΦS2 , ...,
�

ΦSM ]T the retrieved phase vectors corresponding to the mas-
ter and slave SAR acquisitions of the selected SAR data pairs, the latter obtained

from equation (3) where �Φ is now replaced by �
�

Φ. In figures 3(a) and (b) we show
the coherence maps relevant to the original and the reconstructed interferograms,
respectively.

The two maps clearly show how the number of coherent pixels increases when
moving from the original interferograms to the reconstructed ones. Moreover, we
emphasize this spatial coherence improvement by comparing in figure 3(c) the his-
tograms of the two spatial coherence maps; again, the obtained enhancement is clear.
Finally, to highlight the spatial coherence improvement for each SAR data pair, we
report in figure 3(d) the difference of the coherent pixel number between filtered and
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Figure 3. Radar filtering performance assessment. (a), (b) Coherence maps of original and
reconstructed interferograms, respectively. (c) Histograms of the coherence maps, the red line
refers to results shown in figure 3(a) and the black line to the ones presented in figure 3(b).
(d) Difference between the total number of coherent pixels (coherence threshold equal to 0.6) for
the filtered and the original interferograms, plotted w.r.t. the SAR data pair temporal baseline.
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original interferograms, plotted w. r. t. the temporal baseline of the SAR data pairs.
Note that the coherent pixels are those for which the average spatial coherence values
are larger than 0.6. It is clear that the improvement of the spatial coherence is larger for
‘moderately low’ temporal baseline values while it tends to decrease as the temporal
baselines increase.

As said before, the computed noise-filtered interferograms can be used to per-
form DInSAR analyses by exploiting one of the currently available multi-temporal
DInSAR processing approaches. In particular, we apply in this work a simple strategy
to investigate the displacements affecting the study area. To this aim, after perform-
ing the phase unwrapping step on each filtered interferogram (Costantini and Rosen
1999), we estimate, for each coherent pixel, the mean deformation velocity, namely ν,
along with possible topographic artefacts, namely �z, by simply searching for the least
squares solution of the following system of equations:

�Ψk = 4π

λ

[
�b⊥k

r sin ϑ
�z + ν�tk

]
, ∀k = 1, ..., M, (4)

where �Ψk is the kth unwrapped interferogram, λ is the transmitted wavelength,
ϑ is the incidence angle, �tk = tEk − tSk and �b⊥k = b⊥Ek − b⊥Sk are the temporal
and perpendicular baseline values of the kth interferogram, respectively, and r is
the sensor-to-target distance. The computed 2003–2010 mean deformation velocity
map, superimposed on the SAR multi-look amplitude image of the area, is shown
in figure 4(a). This representation is visually effective and allows us to easily identify
the areas subject to significant displacement phenomena. A distinctive deformation
behaviour can be recognized in spotted areas, mainly disposed along the Yangtze River
and in the downtown zone where subsidence phenomena are due to the variation of
the groundwater table and/or to the action of overloads associated to the urban sprawl
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Figure 4. Mean deformation velocity maps of Chinese Yangtze Delta region, computed in
coherent pixels only and superimposed on the SAR amplitude image (grayscale representation)
of the zone, retrieved starting from (a) the noise-filtered interferograms and (b) the original ones,
respectively.
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(Liu et al. 2008). For the sake of comparison, we also show in figure 4(b) the mean
deformation velocity map retrieved starting from the original interferograms. By com-
paring figures 4(a) and (b) it is clear the improvement of the spatial coverage as well as
the possibility to deeper analyse the deformation phenomena affecting the study area
while moving from the original to the noise-filtered interferograms.

4. Conclusions

We propose in this work a simple but effective approach to mitigate decorrelation
noise effects in a sequence of time-redundant small baseline DInSAR interferograms
by using their temporal relationships. The presented technique allows the computa-
tion of a set of noise-filtered interferograms, which is straightforwardly carried out by
solving a non-linear minimization problem that only relies on the phase information
of standard multi-look interferograms. In particular, the proposed approach does not
need to implement any pixel selection procedure at the full spatial resolution scale
and does not require the knowledge of a-priori information on the statistics of the
involved complex-valued SAR images. Accordingly, it can be applied to conventional
SB multi-look interferograms, which can be also profitably pre-filtered by using one
of the available noise-filtering approaches based on space and/or frequency analy-
ses to further improve noise-filtering performance. The effectiveness of the proposed
approach has been demonstrated by analysing a set of real SAR data acquired by
the ENVISAT sensor over the city of Shanghai, China, during the 2003–2010 time
interval.

It is worth noting that the developed approach, being focused on SB multi-temporal,
multi-look interferograms, is expected to be particularly suitable when applied for the
generation of surface deformation time-series via the SBAS algorithm, which is a topic
for future discussions.
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