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Abstract—Revisiting time constitutes a key constraint for con-
tinuous monitoring activities based on space- and airborne
synthetic aperture radar (SAR) acquisitions. Conversely, the
employment of terrestrial platforms overcomes this limitation and
makes it possible to perform time-continuous observations of small
space-scale phenomena. New research lines of SAR dealing with
the backscattering evolution of different types of scenarios become
hence possible through the analysis of ground-based SAR (gbSAR)
data collections. The Remote Sensing Laboratory of the Univer-
sitat Politecnica de Catalunya drove a one-year measurements
campaign in the village of Sallent, northeastern Spain, using its
X-Band gbSAR sensor. The field experiment aimed at studying
the subsidence phenomenon induced by the salt mining activity
carried out in this area during the past decades. In this paper,
the polarimetric behavior of an urban environment is investigated
at different time scales. After a brief description of the test site
and the measurement campaign, the analysis is focused on the
stability on man-made structures at different time scales. POISAR
data monthly acquired from June 2006 to July 2007 are employed
to stress the presence of nonstationary backscattering processes
within the urban scene and the effect they have on differential
phase information. Then, a filtering procedure aiming at reduc-
ing backscattering randomness in one-day and long-term data
collections is then put forward. The improvements provided by
the proposed technique are assessed using a new polarimetric
descriptor, the time entropy. In the end, the importance of pre-
serving the interferometric phase information from nonstationary
backscattering contaminations using fully polarimetric data is
discussed.

Index Terms—Ground-based synthetic aperture radar (gbSAR)
systems, polarimetric entropy, radar polarimetry.

I. INTRODUCTION

HE USE of spaceborne synthetic aperture radar (SAR)

systems is extremely successful for the study of the evolu-
tion of slow processes over wide areas. Yet, it may be unsuitable
when high flexibility in terms of revisiting time is needed, as to
foresee possible hazard conditions. In an attempt to overcome
this limitation, during the last years, the research activity of
several remote sensing groups was devoted to the develop-
ment of terrestrial SAR systems. Easy to deploy, extremely
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cheaper if compared to spaceborne solutions, ground-based
SAR (gbSAR) sensors represent a cost-effective solution for the
continuous monitoring of small-scale phenomena. Briefly, these
systems consist of a continuous-wave radar [1], [2] mounted
on a sliding support and synthesizing in time an aperture
longer than the physical dimension of their real antennas. They
merge the SAR capability to obtain 2-D reflectivity images and
the advantages offered by a terrestrial platform, namely high
stability, perfect knowledge of sensor’s track, and absence of
any revisiting time constrain.

The Remote Sensing Laboratory (RSLab), at the Univer-
sitat Politecnica de Catalunya (UPC), operates a polarimetric
gbSAR sensor [3]. Instead of using a vector network analyzer
(VNA) to synthesize a stepped-frequency bandpass signal at
each position of the rail, the RSLab devised a specific hardware
based on a direct digital synthesizer that optimizes, in terms
of time, the processes of signal generation and transmission.
It follows that the time required for the scanning process
shortens significantly with respect to any VNA-based solutions.
Owing to its performances, the RSLab sensor was contacted
by the Institut Geologic de Catalunya for a one-year measuring
campaign in the village of Sallent, in northeastern Spain.

The village of Sallent is located within the Llobregat River
Depression, a basin made of a great saline unit composed by
potash salts alternating layers. The potash salts were tradition-
ally exploited since ancient times and are still an important
mining activity in the region. The Enrique mine of Sallent
was under exploitation until 1974. In 1954, a natural cavity
of about 120 m high and 40 m wide was found during mining
works under the southeast district of the village, known as the
Station district or Barri de I’Estacio, close to the Llobregat
River. Water floods in 1957 and 1962 forced to abandon this
part of the mine, filling up the cavity with saturated salty water.
During the 1990s, heavy damages appeared in man-made
structures built within the district. As a response, the Catalan
Administration started a research program to identify, quantify,
and model the subsidence phenomena in this area [4]. In
the framework of that program, a multiple set of techniques,
such as topographic leveling, geological mapping, geophysic
prospection, extensometric measurements, drilling, and orbital
DInSAR, were employed to evaluate the risk of structure
collapse [4]. In 2003, the SAR group of the UPC, jointly with
the Institut Cartografic de Catalunya, studied the geological
behavior of the district applying DInSAR techniques to
ERS-1/2 acquisitions [5]. A new collaboration between the
two institutions started at the end of June 2006 as an attempt
to improve both the spatial accuracy and temporal sampling of
the deformation process using the UPC gbSAR sensor.
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Fig. 1.

In this paper, PoISAR data acquired during approximately
one year are employed to perform an in-depth analysis of the
polarimetric behavior of urban environments at different time
scales. After a brief description of the test site and the mea-
suring campaign, the temporal stability of urban targets during
one-day monitoring activity is analyzed. Single-polarization-
and polarimetric-based descriptors are employed to demon-
strate that misleading phase information may be extracted
from PolSAR data unless the temporal consistency of target
polarimetric properties is previously assessed. After consider-
ing the daily measurements in a separate way, the analysis is
then extended to long-term PolSAR series. The presence of
polarimetric time patterns, which repeat in time, are employed
to propose a filtering procedure selecting reliable, long-term,
sample subsets guaranteeing backscattering stability at pixel
level. A novel polarimetric descriptor, the time Entropy, is
put forward as a trustworthy tool for the assessment of the
filtering technique. First demonstrations of the high potential of
polarimetry for deformation map retrieval with respect to single
polarization approaches have been provided in [6] and [7]. In
the conclusions, the importance of checking the stability of
scatterers’ polarimetric response in order to achieve further im-
provements in the accuracy of the differential phase estimation
and, hence, in long-term differential applications is discussed.

II. SENSOR PLACEMENT AND URBAN ENVIRONMENT
POLARIMETRIC MAIN FEATURES

When a terrestrial radar solution is adopted for monitoring
purposes, its location becomes a critical issue: the steeper the
incidence angle, the higher the reduction of the shadowing
effects, and the higher the sensitivity to subsidence. After a
careful analysis of Sallent surroundings, the top of the cliff at
the east side of the Station district was identified as the gbSAR
best position. The observation angle of the area of interest
varied from 72° up to 82°, and no radar front-end saturation
was experienced due to the absence of close targets, as it can
be observed in Fig. 1(a) and (b). The measurement campaign
started in June 2006 and finished in July 2007. Table I describes
the sensor setting parameters during the campaign, whereas
Table II sums up the days chosen for the acquisition process, the
amount of data sets daily gathered by the sensor, and the time
span of consecutive data. Red color denotes diurnal monitoring
activities whereas the nocturnal ones are indicated by the blue
color. An example of the district reflectivity response in the
horizontal transmit horizontal receive polarization combination
(hh) is displayed in Fig. 2. Data calibration was carried out
using a corner reflector located in a near-range bare area and
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(b)

(a) UPC ground-based SAR sensor and (b) wide-angle view of the test-site from the its location in Sallent.

TABLE 1
UPC gbSAR MEASUREMENT PARAMETERS
DURING THE CAMPAIGN IN SALLENT

UPC gbSAR System
Frequency Carrier fO 9.65 GHz
Chirp duration 50e-6 sec
Chirp Sampling Frequency 81.92 MHz
Chirp PRF 20 Khz
Chirp Bandwidth [60:120] MHz
Deramped Signal Bandwidth 40 MHz
Transmitted Power 27 dBm
3dB Antenna Beamwidth 27°
Range Time-Average Factor 128
Synthetic Aperture Length 2m
Cross-Range Samples 1cm
Acquisition Duration: 1 min/2 min 40
Single-Pol / PoISAR / PolinSAR | sec/4 min 30 sec

TABLE 1II
TIMETABLE OF THE MEASUREMENT CAMPAIGN. RED
AND BLUE COLORS DENOTE THE DIURNAL AND
NOCTURNAL MEASUREMENTS, RESPECTIVELY

Date Time # of Scans | Time-Delay
DAY 1 29/06/06 11:00-15:50 27 10 min
DAY 2 26/07/06 7:11-11:24 30 13 min
DAY 3 19/09/06 10:17-16:26 39 8 min
DAY 4 20/10/06 9:11-14:04 31 7 min
DAY § 14/11/06 11:29-15:17 41 8 min
DAY 6 | 28-29/11/06 | 17:42-8:43 44 20 min
DAY 7 | 18-19/12/06 | 16:45-8:50 99 10 min
DAY 8 | 13-14/02/07 |18:14-10:44 37 25 min
DAY 9 | 14-15/03/07 | 17:19-9:48 41 25 min
DAY 10| 4-5/07/07 19:33-10:51 45 20 min

a strong cross-polar urban target [8], [9]. A brief description
of the main scattering mechanisms characterizing the urban en-
vironment is given by Pauli’s decomposition. Accordingly, the
scattering matrix [S] measured by the gbSAR in the horizontal
(h) vertical (v) linear polarization basis is decomposed into a
trihedral-like, a dihedral-like, and 45°-tilted dihedral-like (or
volumetric scattering in case of distributed target) components,
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[dBsm]

Fig. 2. Reflectivity image of the Station district of Sallent in the hh polariza-
tion in dBsm.
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Fig. 3. RGB composition of Pauli’s components within the Station district of
Sallent weighted by span.

here denoted with ar, ap, and ay. An example of an RGB
composition of these three quantities (red for ap, green for
ap, blue for ay ), after normalization by the span is shown in
Fig. 3. The main advantage of the normalized Pauli components
(NPCs) is their being insensitive to amplitude and phase global
offsets. Observing Fig. 3, it can be noticed that one dominant
mechanism characterizes most of the pixels. Red and green
pixels are mainly detectable. Few yellow points, describing the
concurrent presence of both single and double bounces, are ob-
servable too. Blue points, which are quite rare, are generated by
multiple-reflections phenomena. The polarimetric features of
the monitored scenario agree perfectly with the results obtained
with other SAR platforms: man-made structures are mainly
characterized by strong dihedral-like scattering generated by
the interaction between vertical elements, i.e., walls, and the
ground [10], [11]. Even if these studies were based on the
analysis of L-band and X-band airborne SAR acquisitions,
the analogies shown by gbSAR observations make it possible

to extend these general considerations to terrestrial platforms.
Yet, the weight that the dielectric constant might assume at
high incidence (> 70°) in terms of geometrical interpretation
of the Pauli’s components will be carefully looked into in
Appendix A.

III. URBAN ENVIRONMENT DAILY STABILITY

The scattering matrix measured by the UPC sensor, under the
hypothesis of propagation through a homogenous medium, may
be defined as [12]

Shh
S =
[ ] |: Shv

being r the target range position, n; the troposphere refractive
index, k the wavenumber, and [N7] a 2 x 2 complex matrix
accounting for the additive noise contribution. Note that the
main assumption in (1) is that n; is constant during the time
required for the aperture synthesis, i.e., gbSAR acquisitions are
considered instantaneous.

Let w define one of the measurement dates reported in
Table II and N,, the corresponding number of zero-baseline
data sets gathered by the gbSAR system in that day. The
expression describing the ith scattering matrix of the collection
may be rewritten as

Shv

gr|emne i)

[S]Y = {Sé’,z S;L’;ﬂ] o I2ko(n1,w+An; )T
h"u S IZJ,;LU
+ [Nr), i=1,...,N, (2
where n;,, is the refractive index of the first acquisition
(master) and An; ,, describes the variation of the propagation
properties due to changes of the troposphere in data set @
with respect to the master image. It is worth recalling that
changes of the refractive index generate interferometric phase
variations among zero-baseline data sets that are proportional
to the target-to-sensor range distance, as it was demonstrated
in [12]. If no deformation process has taken place between
the two acquisitions, high-coherence pixels may be used for
the estimation of this undesired contribution by fitting their
interferometric phase information to a range linear model [12].
After compensating for the corresponding atmospheric-
induced phase ramps, the ¢th scattering matrix of the gbSAR
daily collection becomes

T, 7,

[/ST]“’ _ Shh Siio e—J2kona wr
i S%w Si,w

hv VU [ ]w

+ NTi )

i=1,...,Ny. 3

In the case of time-invariant deterministic scatterers, [/ST}zU is
constant over time and depends only on their position with
respect to the sensor. This behavior is typical of speckle-free
scatterers and generally associated with pixels belonging to ur-
ban structures [13]. Despite this assumption is widely shared in
the SAR remote sensing community, the analysis of real X-band
gbSAR data reveals that this hypothesis might be unfulfilled.
That is, the evolution of the amplitude A and absolute phase ¢
of the different polarimetric channels within the Sallent urban
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Fig. 4. Time evolution of the amplitude A [dB] and absolute phase ¢ [deg]
(a) concerning the target P; and (b) the corner reflector Cy from 5 P.M. on
December 18th, 2006 to 9 A.M. next day. The time sampling step is 10 min.

environment turns out to depend on the part of the day where
data were acquired.

In order to stress this unexpected behavior, the collection of
December 18th is first taken into consideration. The scanning
process was carried out every 10 min, giving the opportunity
to look into the targets temporal evolution in great detail. The
plots of Fig. 4(a) describe the polarimetric behavior of a high
reflectivity pixel, hereon denoted with P, at 400 m from the
sensor. After a very stable initial interval (nine acquisitions), a
discontinuity leads to a new stable polarimetric behavior that
keeps constant for the next 17 acquisitions; finally, a new dis-
continuity seems to restore the initial backscattering properties.
In the last part of the profiles, significant fluctuations are also
observable. Any system failure is excluded by the stable answer
of the corner reflector C'; meant for long-term phase calibration,
which was mounted on a concrete pillar at about 650 m from
the sensor [Fig. 4(b)]. The slightly difference between C co-
polar channels is due to the polarimetric signature of the pillar
that sums up to C;. When a diurnal collection is analyzed, P;
fluctuations generally increase [Fig. 5(a)] whereas C keeps
stable [Fig. 5(b)]. The absolute phase difference of the co-polar
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Fig. 5. Time evolution of the amplitude A [dB] and absolute phase ¢ [deg]

(a) concerning the target P; and (b) the corner reflector C from 9:30 A.M. to
2:04 P.M. on October 20th, 2006. The time sampling step is 20 min.

channels in the two days is due to the different location of the
corner reflector employed for the polarimetric calibration of
each set of daily acquisitions [8], [9].

It is worth reminding that the discontinuities observed can
be tagged neither as residual atmospheric artifacts nor as
coregistration uncertainties. The high spatial correlation length
characterizing these error sources should make close pixels
present similar trends, but careful analyses revealed it is not the
case. This can be observed in Fig. 6(a) and (b), which show the
evolution of two pixels P, and P; belonging to two different
buildings located at about 30 m from P;. A final remark is
in order: working out a relation between polarization temporal
changes and backscattering mechanism modifications is not
straightforward. The nocturnal evolution of the normalized-to-
span Pauli’s components of P, [Fig. 7(a)] and Ps [Fig. 7(b)]
shows that the stability of one polarimetric channel is not
sufficient to state that the scattering mechanism within the
observed pixel maintains constant in time.

In all these evidences, discontinuous polarimetric temporal
profiles are not due to processing-chain overall errors but must
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Fig. 6. Time evolution of the amplitude A [dB] and absolute phase ¢ [deg] concerning two targets (a) P and (b) Ps located at less than 30 m from P; in Fig. 4

during the monitoring activity carried out on December 18th, 2006.
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Fig. 7. Time evolution of normalized-to-span Pauli’s components concerning the targets (a) P; in Fig. 5 and (b) P3 in Fig. 6 during the monitoring activity

carried out on December 18th, 2006.

be explained at the scene level. For this purpose, alternative ap-
proaches based on coherent and incoherent analyses of gbSAR
daily collections have been considered.

IV. CLASSICAL PERMANENT SCATTERERS APPROACH

In Section III, the stability of urban target backscattering
at X-band in time was shown to depend on the polarization
chosen. For this reason, the first step of the study dealt with
the analysis of the temporal evolution of each polarization
channel separately. To do this, it was mandatory to employ
a procedure that agreed with the main properties of gbSAR
acquisition geometry. An assessed method for the detection of
stable pixels within urban scenarios in long-term collections of
single-polarization satellite data is permanent scatterers (PSs)
[14]. This technique is based on the estimation of the dispersion
index D 4 defined as
OA
ma

Dy = “)
being m4 and o4 the mean value and the standard deviation
of the amplitude samples of the pixel along the image set,
respectively. Precise statistical hypotheses allow one to relate
D 4 to phase dispersion. Essentially, the resolution cell is mod-
eled as a Swerling target of type 1 [1]. When a point target
is illuminated at different times (and even from a wide set of
incidence angles), the amplitude of the signal backscattered
from a PS and affected by additive noise is Rice distributed [15].

For high signal-to-noise ratio (SNR), namely higher than 15 dB,
the Rice distribution approaches a Gaussian, and the pixel phase
stability o, is related to amplitude dispersion as follows:

on
Dy~ —>~0 5

A, ® ()

where o2 is the variance of the circular Gaussian additive

complex noise of the signal, and Ag is the PS complex re-
flectivity. The larger the number of images, the more reliable
the statistical analysis, being the desirable minimum number of
scenes around 30. According to simulations described in [14],
(5) is valid for D 4 lower than 0.25, and it implies a maximum
o, of about 14°. Although time scales longer than one day
are generally considered, this parameter might be useful for
the detection of reliable pixels also in gbSAR acquisitions.
Note that the different observation geometry of terrestrial and
satellite platforms, which are compared in Fig. 8, does not
represent an issue as the statistical hypotheses are exactly
the same.

Concerning the area of the Station district in Sallent, a
minimum SNR of 25 dB is achieved for pixels belonging to
man-made targets. Then, a theoretical D 4 in the order of 0.05 is
expected. If atmospheric residual errors which may also affect
o, are taken into account, the absolute phase dispersion may be

rewritten as
0y =\/On + 04 () (6)
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Fig. 8. Multitemporal SAR observations of a PS using (a) satellite and
(b) terrestrial platforms. For the sake of clarity, the illuminated target has been
modeled as a Swerling target of type 1. Yet, the emphasis is given to variable
versus constant observation geometry entailed by the two platforms more than
to the hypotheses concerning the statistical distribution of scatterers inside the
resolution cell.

TABLE III
CoO-POLAR ESTIMATE OF D 4 AND o, [RAD] CONCERNING
THE TARGET C'1 IN THE CASE OF DIURNAL AND
NOCTURNAL MONITORING ACTIVITY

o | A

Day |0.056/0.038 | 0.055/0.054

Night | 0.031/0.024 | 0.046/0.031
TABLE 1V

POLARIMETRIC ESTIMATE OF D 4 AND 0, [RAD] IN THE CASE OF
NOCTURNAL MONITORING ACTIVITY CONCERNING THE TARGETS P,
P2, AND P3. RED NUMBERS INDICATE THE ANOMALOUS CASES

prioyiDy | eley oy
R 1035/0.09/0.05 | 025/0.28/0.05
P, | 0.18/025/0.28 |0.06/0.23/130
P, | 0.52/0.53/0.65 | 0.17/0.09/0.56

where the subscript atm denotes the artifacts residual errors
contribution, here modeled as a range-dependent parameter
[12]. The farther is the target, the higher is the atmospheric
phase uncertainty. The estimations of D4 and o4 over the
co-polar responses of C in the diurnal and nocturnal cases
(Table III) show that PSs monitored by gbSAR fulfill (5).
It is worth recalling the main assumption of PS is that the
time samples employed for estimating D 4 belong to the same
statistical process, i.e., the backscattering process is stationary
in time. If now the sudden transitions described in Section I
are considered, an explanation in terms of additive noise effects
is not possible. The reason is twofold. On the one hand, very
low values of SNR should be assumed. On the other hand, the
statistical properties of the additive white Gaussian noise [15],
[16] make the probability to obtain such regular discontinuities
practically null.

The hypothesis put forward here is that these effects are
instead caused by nonstationary behaviors of urban targets. If
Dy and o, from P, P> and Ps are estimated over the whole
time-sample set, it can be observed that the two quantities do
not satisfy (5) (see values in red in Table I'V). The reason is that
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the term Aq cannot be assumed constant along the observation
period. It follows that using the P.S technique for detecting
stable targets might lead to select unreliable pixels, as for P; in
the hv polarization, or to cast out pixels carrying stable phase
information, as for Ps in hh and hv polarizations. In conclu-
sion, the statistical model proposed in [14] cannot be directly
employed to deal with the urban pixels nonstationary behaviors
shown up by gbSAR data sets. A modified approach tailored to
the properties of the terrestrial continuous monitoring must be
hence worked out.

V. MODIFIED PSS APPROACH

The response of a time-invariant deterministic target in an
atmosphere-compensated collection of gbSAR daily acquisi-
tions is mainly affected by additive noise. Despite urban scat-
terers are generally included in this category, the Section III
showed that sudden changes may affect the polarimetric stabil-
ity of man-made environments. The backscattering stationarity
hypothesis fails when anomalous transitions are observed, so
that any statistical analysis based on this assumption turns out to
be unsuitable. For this reason, an alternative single-polarization
technique is here proposed.

The rationale is to split the sequence of daily samples into
non-overlapping subsets where the variations of amplitude and
phase quantities keep lower than fixed thresholds, i.e., where
the scattering process may be assumed stationary in time. The
final result is a set of disjoint subsets ordered by cardinality
that describe the different time-stationary behaviors that the
target showed during the observation period. The subset with
the highest cardinality is assumed to provide the most reliable
description of the target. Equation (5) does not hold anymore so
that amplitude and absolute phase stability must be studied sep-
arately. Being the amplitude more robust to target modifications
[14], its information is analyzed first.

Let aj!, denote the ith amplitude sample in dB of the %
polarization channel of [TS”\]?) measured by the gbSAR sensor
during the day w. In addition, let T'h 4 define a generic maxi-
mum amplitude discontinuity threshold. The daily information
of each pixel of the image may be expressed as

Ny
Ap =A{ay .. af N} =AY, @)
=1

where A}, = {a}’,, € AY/|a}; —ay,,| <Tha} and {J de-
notes the set union operator. Note that the term A}7; contains
essentially the elements of A}’ whose absolute distance from
the reference sample a;’; is lower than T'h 4. It follows that
the subsets A}, are norf-disjoint subsets of A}’ and some of
them might be even equivalent. Denoting with # the cardinality
set operation and with I, ; = {1,..., N, } the set contain-
ing the indices of day w samples, subset useless repetitions
are eliminated by defining the first stationary subset By, of
A} as

BY, = A" ®)

k,min{ielwyl/#Agi— ‘max #A}‘f,,- }

J€ly 1
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g
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Sketch of the selection procedure splitting the pixel’s collection of gbSAR amplitude samples A}:J acquired on day w in the polarization channel k into

regular disjoint subsets B;” . fulfilling the time-stationary condition derived from the PS formulation.

where “max” operator makes it possible to detect the subset A},
with the highest number of elements, while “min” operator is
introduced to solve possible equal-cardinality cases. Denoting
with “\” the set difference operator, the complementary set of
Bj?; in A} is given by

Flgjl :A}:\B}:,r )

The other disjoint subsets B}’

km Of A} are iteratively pro-
vided by

Lo = Toin1\ {J € Lum-1 /o, € B2, }
B = Film-1 VAR,

w J— w w
Fk‘,m - Fk,m—l \ Bk,m

J€lw,m

p_min{iEIme/#(Az’7iﬂF,;‘j7n_l)_ max #(A};’)ij;‘jm_l)},

(10)

The iterative procedure continues until it fulfilled the condition

(1)

where M, j is the number of disjoint subsets that reconstruct
A} when the disjoint union set operator U is applied. Es-
sentially, this formulation joins all the consecutive and non-
consecutive samples describing a specific amplitude behavior
of a target within the whole observation period. The sub-
segment Al}é)@ containing the highest number of samples is
assumed to represent the pixel more likely behavior. A simple
example resuming the basic steps carried out by the iterative
selection technique is shown in Fig. 9 for a group of seven
acquisitions.

After selecting the k-polarization samples satisfying ampli-
tude stability criterion, the phase information is considered. In
order to filter out significant phase discontinuities, a threshold

Thg is defined. The set @}’ containing the phase information
of the samples defined by B,, 1 can be expressed as

#Bw,1

vi= U o, (12)
n=1

where q)qléil,n = {(p;cu,l,m € (D;qv,l/kp}cu,Lm - ‘P%),17n| S Th<P}
The idea described for the amplitude parameter is now applied
to the absolute phase, yielding

My k1

U™ Oy =@y (13)

K2

where CyY, ; define the M, j 1 disjoint subsets that recon-
struct ®}7, ordered by cardinality. Similarly, the phase stability
procedure can be applied to the rest of I, ,, index subsets.
The process finishes when the whole set of phase samples is
obtained as union of disjoint subsets. The existence of a subset
of amplitude and phase samples with cardinality higher than
N,,/2 labels the pixel as useful for the subsequent analysis.

In order to interpret the selected subset as representative of a
backscattering stationary process, T'h 4 and T'h are fixed to

Tha =2dB

Thg =10°. (14)
Note that the values chosen for the two thresholds are more
constraining than the condition suggested in [14], as Dy =
0.25 would mean T'h 4 ~ 8 dB and T'hy ~ 14° for SN Rin =
30 dB. It is worth pointing out that the selection criterion is
polarization independent, so that it can be applied to all the
elements of [S] separately. The results obtained for P; and P»
are shown for day 7 (w = 7) in Fig. 10. Regarding P}, it is pos-
sible to select a useful subset from each polarimetric channel.
However, since the profile regularity is polarization dependent,
the samples corresponding to each stationary subset might be
different. For instance, the whole vv profile gets through the
amplitude and phase stability criteria, meaning that the projec-
tion of the dominant scattering behavior within the pixel on this
polarization is time-stationary (#C7, | | = Nr). Contrarily, its
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Polarimetric analysis of pixels fulfilling the condition #C’;c”l 12 Ny, /2 in the (a) diurnal and (b) nocturnal monitoring activities carried out on

20/10/06 and 18/12/06, respectively. Gray color indicates the pixels fulfilling only the amplitude stability criterion at least in one channel, blue color the pixels
fulfilling both amplitude and phase criteria in the two co-polar channels, red, green, and yellow colors denote the pixels getting though the two criteria just in the
hh, v, or hv channel, respectively. The selection thresholds are Th 4 = 2 dB, T'h, = 10°. Minimum amplitude thresholds of 5 dB for hh and vv and —2 dB

for hv have been also used to stress the man-made structures.

projection on the other two channels is less stabile, leading to
a lower number of useful samples (#C7, ; 1, #CY, ;1 ; < Nr).
Concerning P, just the vv channel is labeled as stable. In fact,
despite #th,l’ #BZ%1 > 0, it results #Cgh,Ll’ #CZU,L1 =
0. As a matter of fact, P, hv profile presents an important
absolute phase discontinuity that cannot be detected by an
amplitude-based criterion.

The study can be now extended to the whole area of interest.
The result obtained for the three polarimetric channels within
the Station district during diurnal and nocturnal monitoring
activities are displayed in Fig. 11(a) and (b), respectively. As
already pointed out by Pauli’s decomposition (Fig. 3), the
backscattered power is mainly distributed along the diagonal of
[S]. This is mainly due to the building orientation with respect
to the synthetic aperture alignment. For this reason, a specific

category, the blue one, has been used for describing the pixels
meeting the amplitude and phase regularity conditions in both
co-polar channels. The red, green, and yellow colors indicate
the case the stability conditions are fulfilled just by hh, hv, or
vv channel, respectively. Gray points fulfill only the amplitude
criterion at least in one channel. Finally, the white background
is made up of pixels that do not get through the amplitude test in
any polarimetric channel or that show a too low amplitude mean
value. As the hv generally shows a very low backscattering
power level, the minimum power requirement was fixed 7 dB
below the co-polar threshold.

A quantitative description of the same result is given in
Table V. For each co-polar channel, the number of pixels se-
lected by amplitude criterion (black) and of pixels that also got
through the phase condition (blue) is reported. The use of union
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TABLE V
PIXEL SELECTION: DIURNAL VERSUS NOCTURAL MEASUREMENTS.
THE AMPLITUDE IS THRESHOLD Th 4 = 2 dB WHEREAS THE
PHASE THRESHOLD IS Th, = 10°

hh hv v | BhNvy | khUvy | v\hBUvy
Time/Pol | 4/¢ | 4/¢p | Al | Alp | Alo Alo
pay | 6629 | 3513 | 7268 | 3812 | 10085 | 1404
3008 | 1731 | 3108 | 1552 | 4654 535
7206 | 4610 | 6478 | 3838 | 9946 1722
NIGHT | co3 | 3543 | 5322 | 3126 | 8219 1342

and intersection set operations demonstrates that combining hh
and vv channels makes the number of stable points increase
about 50% with respect to the single-polarization selection,
meaning that the information each co-polar channel carries is
complementary. Concerning the hv polarization, the number of
stable pixels is much lower. Yet, this channel might be exploited
in order to enhance the quality of the district description by
recovering pixels that turn out to be unstable in the co-polar
channels. The last conclusion drawn from both qualitative and
quantitative analyses is that the urban area behaves differently
in nocturnal and diurnal observations. The number of pixels
fulfilling the amplitude stability condition is approximately the
same in both cases. Yet, only 15% is then discarded by phase
selection during the night, while the percentage rises to 50%
when the diurnal collection is studied. This trend has been con-
firmed by the rest of day and night collections. In conclusion,
it possible to infer that the polarimetric instability shown by
urban targets is explainable in terms of dynamic configuration
that this type of scenario may assume during a whole day. Since
its scattering properties are more mutable during the day than
the night, the daily human activity represents the most plausible
cause for nonstationary urban backscattering process.

VI. SHORT-TERM TEMPORAL ENTROPY Hp

The daily evolution of urban scatterers studied in Section V
made it possible to stress the contrasting night/day backscatter-
ing properties of the urban environment of Sallent. Polarization
channels turned out to be affected by target changes differently
and hence to carry complementary and not redundant informa-
tion. Yet, to make out if the polarization channel instability in-
duces also a modification of the dominant scattering mechanism
within the resolution cell, fully polarimetric information must
be studied jointly. A general and assessed descriptor for the
degree of backscattering randomness is the polarimetric entropy
H [17], defined in the monostatic case as

3
H=Y —PO)logP(h) P(y) = 2 (15)
=1

3
> A
j=1

where \; are the eigenvalues of the coherency or covariance
matrices, usually indicated as [T] and [C], respectively. By
construction, [ varies from 0 to 1. The lack of temporal
sequence of satellite or airborne zero-baseline PolSAR data
limited H estimation to the spatial domain under ergodicity

and spatial-stationarity hypotheses for the scattering process. A
widely shared interpretation relates H to the spatial presence
of multiple and orthogonal scattering mechanisms. Very low
values denote the presence of a dominant mechanism. As its
value increases, it is usually inferred that more mechanisms
spatially coexist in the area the average operation is extended
to. For all these reasons, the statistical meaning of H makes
this descriptor particularly suitable to deal with natural targets.
When urban zones are observed, the deterministic nature of this
type of environment provides very low values for entropy, or at
least this is expected as far as stationarity hypothesis is fulfilled.
When low-medium H values are obtained over urban areas, it is
generally assumed that the spatial average was likely extended
to pixels belonging to different deterministic targets, and that
the information mixing made the entropy global value increase.

With respect to space- and airborne PolSAR data, gbSAR
acquisition in Sallent provides a new dimension to play with:
the time. In other terms, it becomes possible to estimate H in
the time domain without degrading the image spatial resolution.

Being N,, the number of scattering matrices describing the
behavior of a pixel during the day w and [V p| Pauli’s set of
orthogonal 2 x 2 complex matrices, it is possible to estimate a
time coherency matrix [73] as

[Tt]w = iﬁp : (z‘g’g”l‘)T
= i_: 4 ([797];}[%]) v ([/57]7[\1114)T (16)

where V' and t stand for the matrix trace and the vec-
tor transpose-conjugate operators, respectively. As [T}],, is
Hermitian semipositive by construction, it can always be de-
composed as follows:

3
T =3 Autud (17)

i
i=1

where \! and u! are the eigenvalues and unitary eigenvectors of
[T}]w, respectively. Then, the temporal entropy Hy is directly
obtained by substituting the terms A’ in (15).

Taking into account the perfect zero-baseline configuration
of the gbSAR sensor, possible spatial inhomogeneities are
excluded. It follows that under the hypotheses of ergodicity
and time-stationarity, the matrix [T3],, describing the scattering
process from an urban environment is expected to present a rank
close to 1, which means a value of Hr close to zero. In case of
nonstationary behaviors of the target, the dominant scattering
mechanism within the resolution cell varies along the time axis
and the rank of [T3],, increases. Accordingly, Hp represents
a polarimetric descriptor naturally sensitive to nonstationary
properties of the backscattering process.

In order to demonstrate this, simulations are first presented.
The maximum number of degrees of freedom of [S] associated
with a point target in the monostatic case is six, corresponding
to the three amplitude and three absolute phase quantities [18].
For the sake of clarity, a simplified case where only a sudden
discontinuity affects one phase term was examined. The phase
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Distribution of the polarimetric temporal entropy H7 within the Station district of Sallent in (a) the diurnal and (b) nocturnal monitoring activities

carried out on 20/10/06 and 18/12/06, respectively. Thirty temporal samples, acquired in about 6 h, have been employed for the estimation of the Coherency

matrix [T%] in both cases.

jump varied in the [0°:180°] range within a set of 30 scattering
matrices. The sample where the transition occurs was not fixed
in the sequence, but changed gradually from the first to last
position. The value of Hp calculated for each discontinuity is
shown in Fig. 12(a). The position of the maximum describes
the condition of power equality between the two polarimetric
behaviors. As the sudden change affects absolute phase terms,
the span of [S] keeps constant. The weight of each scattering
mechanism in [T}],, is then determined by the number of sam-
ples before and after the discontinuity. This explains the perfect
symmetry of the curves in Fig. 12(a). If the phase discontinuity
comes along with an amplitude jump A A, the curve becomes
asymmetric, and the maximum moves to a new equilibrium
position. As example, the Hp behavior in the case a fixed AA
equal to —3 dB sums to the above-described phase discontinuity
is shown in Fig. 12(b). In both images, the worst condition is
defined by the 180° phase variation. This is reasonable, since
it corresponds to the case the first scattering mechanism turns
into a new orthogonal one (Hp ~ 0.6).

When two polarizations are affected the same way, the
maximum value of Hp decreases. Finally, it becomes negligi-
ble when the same discontinuity involves all the polarimetric
elements. The reason is that Hp increases only if the transi-
tion alters the reciprocal relations among the terms of [S]. If
more complex discontinuity configurations are considered, Hr
reaches higher values.

Keeping into account the results provided by simulations, it
is now possible to interpret correctly the meaning of Hp when it
is estimated, pixel by pixel, over real gbSAR zero-baseline time
collections. The result obtained with the diurnal and nocturnal
measurements analyzed in Section V are shown in Fig. 13(a)
and (b), respectively. In order to carry out a meaningful com-
parison, a set of 30 PolSAR acquisitions selected in a period of
about 6 h have been employed. In addition, a common span
mask has been applied to focus the attention only on pixels
belonging to man-made structures.

In accordance with the results of the coherent analysis of
Section V, Hrp distribution reveals that a higher number of
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Fig. 14. Histograms of the polarimetric entropy H distribution concerning
the 10 days of measurements reported in Table II. Red and blue lines denote
the diurnal and nocturnal monitoring activities, respectively. The two bulk lines
correspond to the two days displayed in Fig. 13(a) (20/10/06) and Fig. 13(b)
(18/12/06).

low-entropy pixels are detectable during the night than the day.
This conclusion is confirmed by the time-entropy histograms
displayed in Fig. 14 corresponding to the days of measurements
reported in Table II. For the night case, about 70% of high-
reflectivity pixels show Hrp values lower than 0.1. During the
day, this percentage reduces to 18%. The deterministic nature
of scatterers within the district area makes H; maintain around
medium values, although a non-negligible number of pixels
(about 20%) show values higher than 0.6.

The results induce again to identify the human activities as
the main cause of the urban scatterers’ instability. At the same
time, the histograms in Fig. 14 confirm the capability of the
polarimetric temporal entropy Hp to detect temporal changes
in the polarimetric behavior of the deterministic targets.

VII. URBAN ENVIRONMENT LONG-TERM STUDY

The study carried out in the previous sections dealt with the
behavior of high-reflectivity deterministic scatterers at short-
term scale. The study of gbSAR daily collections showed that
nonstationary backscattering processes may take place within
urban environments. Different trends were also found between
nocturnal and diurnal collections. Accordingly, the next step of
the study is to merge all the samples at disposal and look into a
set of long-term measurements.

Nonetheless, some previous comments are in order about
polarimetric amplitude and phase. Each set of one-day ac-
quisitions was calibrated as proposed in [8]. Essentially, the
technique assumes a diagonal distortion matrix of the sensor
and leans on the usage of a calibrator located within the scene.
As the corner reflector used for this purpose was positioned
within the scenario before starting the acquisition process and
removed at the end of the day, specific phase and amplitude
offsets must be expected for each daily collection. Amplitude
offsets are due to alignment errors. Phase offsets are instead
related to the different range position of the calibration and may
be defined as

Po,w = 2krT,'lz) (18)

where 77, is the trihedral-to-sensor range distance on day w.
The corner reflector C; mentioned in Section III, which was
meant to provide a long-term stable reference, could not be used
to compensate for these differences because of an unexpected
long-term instability. The discontinuities shown in Fig. 15
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Fig. 15.  Polarimetric amplitude profiles of C; during the 10 days of measure-
ments reported in Table II. The triangles indicate the first measurement of each
day. Note that the reference point is available from day 2 (July 26th 2006).

(b)

Fig. 16. Pictures of the three high reflectivity scatterers selected for the long-
time analysis. 77 (a) is a part of a concrete wall separating the two lanes of the
highway close to the urban area. 7% and 73 (b) are two close buildings located
in the center of the Station district of Sallent.

make the one-day technique of Section V unsuitable to long-
term gbSAR data collection. The reason is that they may be
misinterpreted as target backscattering changes and, hence, lead
to filter out useful time samples. For this reason, a different
strategy is pursued.

The problem of amplitude and phase offsets is circumvented
by studying the temporal evolution of the normalized-to-span
Pauli’s components (NPCs) at pixel level. On the one hand, this
coherent decomposition is insensitive to absolute phase offsets.
On the other hand, the normalization to the span makes it possi-
ble to nicely solve any problem related to the amplitude offsets.

Following this idea, the long-term study of the urban en-
vironment stability is split into three steps. First, the high
complexity of the problem is shown through the analysis of
three representative pixels (Section VII-A). Then, the long-term
backscattering randomness is characterized by means of Hrp
(Section VII-B). Finally, a procedure which takes advantage of
the coherent and incoherent one-day analysis is put forward to
extract stable stationary patterns (Section VII-C).

A. Long-Term Stability

In order to demonstrate the complexity of the analysis to be
carried out, three high-reflectivity pixels have been selected.
The photographs in Fig. 16(a) and (b) detail the objects the
three pixels belong to. The first one is a part of a concrete
wall (T3) separating the two lanes of a highway close to the
Station district; the other two targets, 7> and 73, are close
buildings located in the center of the illuminated area. The
temporal evolution of their NCPs is plotted in Fig. 17(a)—(c).
The triangles indicate the first sample of each daily collection
reported in Table II.

T exhibits a pure single-bounce backscattering behavior that
maintained stable during the whole year. Regarding 75 and
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Fig. 17. Long temporal profiles of the normalized-to-span Pauli’s components
(NPCs) concerning the targets (a) 77, (b) 1>, and (c) T3 detailed in Fig. 16(a)
and (b). The triangles indicate the first sample of the collection gathered during
each day of measurements reported in Table II. The black arrows in (c) indicate
the time samples delimiting the repeated pattern that 73 showed during the
nocturnal acquisitions.

T3, a different behavior arises from the diurnal and nocturnal
sample sequences. Let 75 be studied first. During the day, a
dominant dihedral-like reflection is observable. Conversely, this
behavior may be only partially inferred at some times during
the night, where the total power divides up between ar and
ap with a slow linear variation. The gradualness of the process
makes these changes ascribable to atmosphere temperature and
humidity daily gradient effects (Appendix A).

Concerning the target 73, the plots in Fig. 17(c) show a
very low diurnal stability: ar and ap sometimes invert their
role, passing from being dominant to secondary (day 3 and day
4), or become completely chaotic (day 2). During the night,
T3 became very stable, and the presence of a repeated stable
pattern is even detectable. The time this change occurred is
almost the same every night, as pointed out in Fig. 17(c).
This situation may be hardly explained in terms of dielectric
constant variations: the transitions are too abrupt and, contrary
to what happened for 75, span value changes in time. These
effects are likely to be caused by human habits that periodically
modify some property of the target within the resolution cell
and consequently its polarimetric scattering response.

B. Long-Term Temporal Entropy Hp Analysis

The estimation of the time-entropy Hp over one-day col-
lections made it possible to stress the higher stability of urban
targets during the night than the day. In other words, the like-
lihood that a dominant scattering from high-reflectivity urban
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scatterers endures unchanged during a period of at least some
hours turned out to be much higher during the night. Thus,
low entropy values are expected if Hp is estimated over the
union of all the nocturnal measurements, whereas the set of all
the diurnal collections are likely to present higher scattering
randomness. On the contrary, the results provided by these
two studies, which are imaged in Fig. 18(a) and (b), show
that long-term diurnal and nocturnal distributions of Hp are
very similar. Very few low-entropy pixels located at the same
position in both images are detectable. The target 77, which
is marked by a black arrow, is an example. No significant
differences are detectable even when H estimation is extended
to one-year data collection. The histograms plotted in Fig. 19
summarize the long-term backscattering randomness of the
urban environment in the three cases.

In order to understand this result, it is worth recalling the
physical and mathematical meaning of Hr. In essence, Hr is
sensitive to mathematically orthogonal scattering mechanisms
contained in [T]. Being m and n two PolSAR time samples of
a pixel, they contribute to increase the value of Hrp if fulfilling
the condition

ko kR <1 (19)
where kp is Pauli’s scattering vector defined in (16). The higher
is the number of samples satisfying (19), the higher is the
randomness of the scattering process, i.e., Hr. This means that
fluctuations as those characterizing the diurnal profiles may
have low effects on Hp. Similarly, stable but discontinuous
profiles, as the ones observed during the night, may increase
the overall value of long-term Hr. The one-day and long-term
entropy values of the three targets analyzed in Section VII-A,
which are plotted in Fig. 20, come in handy to better understand
this issue.

T, always shows an almost pure trihedral-like behavior, so
that Hp keeps always very low.

T, presents fluctuations in time that seem to be independent
of time: high values of Hp are obtained for day 3, day 4,
day 8, and day 9 are generated by symmetrical profiles of ar
and ap [Fig. 17(b)]. In the other three days, Hp increases
because of the sudden discontinuities between consecutive
time-stable scattering behaviors. Finally, the one-year PoOISAR
information made Hy increase even more, but its value never
exceeds 0.2.

Concerning T3, day 2 and day 9 collections provide the
highest level of backscattering randomness. In both cases, this
is not caused by response fluctuations but by the difference of
NPC profiles with respect to an initial trend. When PolSAR
information is merged in two six-month sets, the night time
samples provide higher entropy than the diurnal ones, even if
the conclusions drawn from the one-day analysis were opposite.
The reason is that although the changes make diurnal profiles
seem very unstable, a single scattering behavior affected by
even noteworthy fluctuations turns out to be less entropic than
two different but very stable mechanisms which alternate in
time. Yet, even though Hr suggests that the polarimetric in-
formation of T3 is more reliable during the first six months,
the extraction of nocturnal time-sample subsets with close
polarimetric properties is intuitively more correct.
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Fig. 18. Time-entropy Hr estimated over six-month (a) diurnal and (b) nocturnal gbSAR acquisitions in Sallent.
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using each daily collection of gbSAR acquisitions in Sallent separately, the
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In conclusion, Hr represents a useful descriptor of the de-
gree of backscattering time-stationarity. Nonetheless, a specific
filtering procedure able to split long-term PolSAR collections
into time-stationary sample subsets minimizing Hr became
mandatory.

C. Long-Term Regular Pattern Extraction

In order to cope with the separation of independent time-
stationary backscattering processes that alternate in time within

the same resolution cell, a three-step methodology is put
forward.

The first step is based on the study of the time evolution
of NPCs at pixel level. It is worth recalling that NPCs are
insensitive to the amplitude and phase offsets. In order to avoid
gaps along the pixel temporal description, this procedure must
guarantee a minimum number of acquisitions for each day of
measurements.

Following the idea described in Section V, the sets of
long-term NPCs concerning an illuminated target may be
expressed as

Ap= U ap= U {az w
T= U T= Y {aTﬁl,...,aT’Nw}
w=1 w=1
A = N AW — N w w
p= U Ap= U {ap,,....ap N, }
w=1 w=1
v=UAp = U {aby.abiy, ) (20)

where Ar, Ap, and Ay denote the trihedral-like, dihedral-
like, and volumetric components, respectively; N defines the
number of days at disposal; N, indicates the corresponding
number of data sets acquired on day w; U stands for the disjoint
union set operation. Note that the subsets A%, A%, and Ay
contain Pauli’s components of all the samples acquired during
the day w. Let I = {1,..., N} be the set of the indices defining
the measurement days reported in Table II. Denoting with Thp
the maximum discontinuity threshold along the NPC profiles,
A may be expressed as

N N,
Ar = J UAx;

w=11i=1

2n

where | J indicates the set union operator, and each subset A%,
is given by

pi={ak . €Ar/|a} ;—ak | <Thp} Vkwel. (22)
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Essentially, each subset A, contains all the elements aT
of the trihedral-like one- year profile whose absolute distance
from the reference sample a7 ; is lower than T'hp. Note also
that A7 ; are non-disjoint subsets of A7 and some of them
may be equivalent. Let By ; define the most likely fraction
of pixel span characterized by an odd-bounce backscattering
behavior. According to (21) and (22), By ; corresponds to the
subset A7, that shows the maximum cardinality and, at the
same time, guarantees a minimum of n,,;, samples for each day
of measurements. These two conditions may be mathematically
described as follows:

Br = A7/

[#A}; = max #A5 ; A (A N AL) > ] (23)
where A indicates the AND logical operator. The complemen-
tary set of By ; in Ap is given by

Fri=Ar\ Br,. (24)
In order to check the existence of other useful subsets fulfilling
the requirement stated by n,i,, the selection process may be
iteratively applied to the remaining elements of the trihedral-
like temporal profile as follows:

FT,n = FT,n—l \ BT,’rL

Ap,; = {a]%,i € Fr,/ |a7i€,i -
BT n+1l = A%j

[#A - max #A N\ H# (qu‘{j N A’%) > nmin] .

a%m| < Thp} (25)

The iterative process stops when Br 41 = {0}. If the study
is now applied to Ap and Ay, the three Pauli’s profiles in (20)
may be expressed as

Ar

Il
N
c=z
oy
=
o~
N———
C
&
Z
3

Np
Ap = kU BD,k: UFD7ND

Ny
Ay = kLleBV,k U Fp Ny (26)

where N7, Np, and Ny denote the number of disjoint subsets
each Pauli’s component has been split into by the iterative
algorithm. Note that these numbers might be different. For
instance, the stability of the dihedral-like component may not
assure that no power is being exchanged among the other
two mechanisms. This means that the stability of all the three
components needs to be verified at once. The indices of the
elements acquired on day w and contained in the subsets B,
Bp n, and By, are given by the following expressions:

I, = {i/ar; € Bry}
{/aDZ EBD,k}
er’k}.

IBD k

I, = = {i/a}; (27)
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Fig. 21. Sketch of the long-time polarimetric selection based on the simul-
taneous stability of the three Pauli’s normalized components. For the sake of
simplicity, just three daily collections and ny,i, = 3 have been considered.

Then, the collection of samples describing the most frequent
backscattering process characterizing the pixel under study is
given by the set of indices Ip,.,,,, defined as

N
— w w w
IBTDV - u}il (IBT,ml N IBD,'HL2 N IBV,'NL3)/
N w w w
#wgl (IBT,m1 N IBsz N IBV,mg)
= max  # 6 5. NI nig
k1€{l,...Np} w=1 BTk Bk, Bv.ky
koe{l,...Np}
kze{l,...Ny}

A (I8, OI8O B, ) 2 ni | 289)

where mq, me, and m3 define the subset of each NCP compo-
nent which provides the maximum cardinality intersection; the
condition “A” guarantees that at least n,;,, samples are selected
for each day of measurements. In essence, (28) looks for the
three subsets of NPCs which maximize the cardinality of their
intersection and, at the same time, guarantee a number of daily
common samples higher than n,;,,. The sketch of Fig. 21 shows
the subsets Br 1, Bp 1, and By, selected by the proposed
approach in a simple case of three days of measurements.

At this point, it is worth pointing out that the samples of the
three subsets selected by (28) are characterized by very similar
polarimetric properties. Yet, the normalized Pauli’s components
are not sensitive to possible common discontinuities or fluctua-
tions along the amplitude/phase daily profiles, which anyway
accounts for a change in the pixel’s backscattering process.
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Fig. 22. Long-time polarimetric selection concerning the target 75. First, the
samples belonging to the same stationary process are grouped in Ip,.,,, by
studying the stability of the normalized-to-span Pauli’s (NPCs) components (a).
Then, I g ,,, is splitinto subsets [ ETDV containing samples belonging to the
same day of measurements and the stability of amplitude and absolute phase
one-day profiles is checked in the different polarimetric channels separately
[small triangles in (b)]. The final set of selected samples Ig;tDV is provided

by the intersection among the day-by-day selection in the three polarimetric
channels [dark circles in (c)]. The values of the thresholds used for the filtering
procedure are: Thp = 0.08, Tha = 2dB, Thy, = 10°, nymin = 4.

If these discontinuities might be neglected for a polarimetric
study, they turn out to be critical for any SAR technique based
on the reliability of absolute phase information, as differential
SAR interferometry [19].

After performing the polarimetric analysis, it is necessary to
prove the stability of amplitude and phase information. To do
this, the algorithm described in Section V may be applied to the
samples identified by the subsets /5 . The study provides
three subsets from each IgTDV, denoted with I}, I}, and
I, whose intersection provides the indices of the polarimetric-
, amplitude- and phase-trustworthy samples acquired on day w.
Applying the selection to all the day and afterward the union
operator, the one-year span is covered as follows:

Tot
IBTDV

(29)

N

= U I 0Ly, 0 LG) = U sy
Resuming, the filtering procedure performs a multi-scale anal-
ysis. The long-term scale analysis backs up on NPCs to guaran-
tee the stability of the scattering mechanism during the whole
observation period. The short-term scale analysis filters out the
unreliable samples within each daily collection to preserve the
absolute phase information in the three polarimetric channels.

An example of the selection carried out by the three-step
procedure when it is applied to the one-year collection of T is
shown in Fig. 22. The values of the thresholds used for the se-
lection are: Thp = 0.08, Thy = 2dB, Th, = 10°, iy = 4.
The dark circles in Fig. 22(a) mark the samples given by
Ip,,, in (28). The small triangles in Fig. 22(b) show the
subsets of Ip,,, obtained by studying the daily stability of
the corresponding polarimetric amplitude profiles separately.

Fig. 23. Histograms of Hr estimated over the (red) non-filtered and (blue)
filtered one-year collection of gbSAR data within the Station district of Sallent.
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Fig. 24. Time-entropy Hr estimated over the filtered one-year collection of
gbSAR data within the Station district of Sallent.

The further application of the phase-stability criterion to each
channel of [S] and (29) provide the subset I3 — whose
elements are described by the triangles in Fig. 22(c).

A first demonstration of the effective selection performed by
the proposed technique may be achieved using the time-entropy
Hr. The two histograms in Fig. 23 show the distribution of
Hr within the district area when the estimation is carried out
at pixel level over the whole one-year collection (red) and the
subset defined by IE“DV (blue). A span minimum threshold
equal to 5 dB has been also applied to better describe man-
made targets. It can be observed that the selection method here
proposed is effective on medium-entropy pixels: they generally
pass from an initial value of H7 within the [0.1:0.6] range to
a new value lower than 0.1. For instance, the entropy of 7%
in Fig. 22 reduces from 0.18 to 0.012. Concerning the high-
entropy pixels, the detection of a subset whose samples fulfill
the stability conditions imposed by the selection method is
extremely rare. As a matter of fact, the values of histograms for
Hz > 0.85 are practically identical. This is consistent with the
fact the filtering procedure was tailored to the main properties
of urban, i.e., deterministic, targets. As it can be observed in
Fig. 24, no entropy reduction is obtained over non-deterministic
target such as the natural surfaces, for which 7 g;tm turned out
to be empty. In order to avoid any loss of pixels, for these areas,
the entropy was estimated over the whole long-term collection
of gbSAR acquisitions.
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VIII. CONCLUSION

The one-year measurement campaign driven by the RSLab
of UPC in Sallent represents the unique example of long-term
monitoring activity carried out using a polarimetric gbSAR sen-
sor in the remote sensing scientific community. The collections
of perfect zero-baseline PoISAR data acquired from June 2006
to July 2007 gave for the first time the opportunity to reveal the
high complexity of the backscattering process within an urban
environment at X-band. The short time-sampling rate of the
daily measurements made it possible to stress the polarimetric
behavior that man-made structures might present at different
time scale. Taking into account the deterministic nature of
the observed scene, this was ascribed to nonstationary time
behaviors of urban scatterers, which made PS unsuitable for
a fruitful analysis. In order to cope with the temporal charac-
terization of the urban test site, an innovative technique able to
split nonstationary time-sample sequences into disjoint time-
stationary subsets fulfilling PS hypothesis was put forward.
A new formulation of the polarimetric entropy in the time
domain Hp was also proposed for the detection of scattering
process nonstationarities. The main conclusion of the study is
that changes in the polarimetric temporal profiles do not always
imply a modification of the scattering mechanisms character-
izing a pixel. From this point of view, the normalized-to-span
components of the Pauli’s decomposition (NPCs) represent a
useful tool to detect discontinuities in the polarization time
evolution.

In order to achieve a reliable characterization of urban pixels
within long-term PolSAR data collections, a novel pixel-by-
pixel filtering procedure was introduced. Following a multi-
scale approach, the regularity of NPCs profiles was used to
select samples in each short-term (i.e., daily) collection show-
ing the same long-term polarimetric scattering behavior. This
assured that the position of the polarization phase centers within
each resolution cell did not change among the different days of
measurements, i.e., the polarimetric absolute phase information
of each daily subset was preserved at pixel level. The effective-
ness of the filtering procedure was finally assessed in terms of
reduction of Hy within the district area.

The potential extension of the results presented in this
manuscript to spaceborne SAR data needs to be carefully con-
sidered. Regarding the acquisition geometry, it has been shown
that the gbSAR geometry, characterized by a large incidence
angle, makes double bounce be the most important scattering
mechanism. In case of space geometry, it may be still expected
to be an important scattering mechanism, despite in urban
environments, its appearance depends highly on the alignment
between the urban structures and the satellite trajectory. As a
result, the sensitivity to nonstationary targets in time cannot
be excluded in satellite acquisitions. At the same time, satel-
lite data used for amplitude- and coherence-based differential
studies are gathered from very close orbits belonging to the
same track. This restriction makes the satellite observe an area
of interest almost at the same time of the day and with the
same incidence angle, allowing one to infer that the probability
to experience nonstationary backscattering processes within
urban environment becomes low, in particular within nocturnal
collections.

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING

A&,

Fig. 25. Sketch of the double-bounce reflection geometry. € 4 and € p are the
dielectric constant of surfaces A and B, respectively.

Nonetheless, a general conclusion may be drawn from this
work. Checking the time-stationarity of the backscattering pro-
cess within the area to be studied is primary in order to optimize
any quantitative information retrieved through long-term SAR
data analyses. To this end, polarimetry plays a key role because
makes it possible their detection using powerful descriptors as
Hp. The filtering procedure here proposed represents a first
attempt to cope with the problem of preserving interferometric
phase information from nonstationary backscattering. Indeed,
this condition turns out to be essential in order to define a new
research field where polarimetry and differential interferometry
may profitably converge. Future works will be focused on
demonstrating the advantages that a fully polarimetric long-
term filtering technique provides with respect to single- or
dual-polarization measurements for differential interferometric
application.

APPENDIX A

It is notorious that temperature and humidity directly affect
the value of target dielectric constant ¢ [7]. The effect of
their changes on the microwave reflection mechanism is almost
negligible at medium incidence angles, i.e., for satellite and
airborne SAR acquisitions, but it may become significant in
gbSAR observation geometries.

Concerning the measurements campaign in Sallent, the ob-
servation angle 6 ranges from 72° to 82° within the area of
interest. Then, it is reasonable to assume that the double-bounce
mechanism sketched in Fig. 25 mostly dominates the backscat-
tering from the urban targets. Let € 4 and € be the dielectric
constants characterizing the surfaces A and B, respectively.
The scattering matrix associated to the reflection process in the
BS A convention may be expressed as

| Shh 0 |, | RunaRuns 0
[S] B |: 0 SU’U:| =4 |: 0 R’U’UAR’U’UB (Al)
where the terms
€08 Oine — \VEa — sin e
Rpna = 4 —
oS Oine + \V/ea — sin® ;.
sin @;ne — Vep — €082 0 (A2)

Runp =
sin Oine + Vep — €082 O
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TABLE VI
EXAMPLES OF THE RELATIVE DIELECTRIC
CONSTANT € OF COMMON MATERIALS

Dielectric Constant €
Material Dry Wet
Asphalt [2:4] [6:12]
Clay [2:10] [4:40]
Granite 5 7
Limestone 7 8
Sand [4:6] [10:30]
Concrete [4:10] [10:20]
Sandy Soil [4:6] [15:30]
Clay soil [4:6] [10:15]

are the Fresnel coefficients describing the surface scattering
process of hh and vv polarized incident waves [7], [15]. De-
spite the geometry of the problem always generates a double-
bounced reflection, it is not sure that the dihedral-like scattering
term ap represents the main component of Pauli.

In fact, the way the total power shares between the trihedral-
like and dihedral-like mechanisms at high incidence angle
strictly depends on € 4 and €. This can be observed in Fig. 26,
where the behavior ar and ap is plotted as a function of the two
dielectric constants. It can be observed that it is essentially € 4
that modulates the power distribution: the intersection between
the two curves, which indicates the changeover point between
the two mechanisms, just depends on the incidence angle 6.
Denoting its corresponding value €4 with €400, it can be
shown that

tanfp, = v/eaco

where 0p, is generally referred to as Brewster angle [9].
Examples of the relative dielectric constant values concerning
different types of materials in dry and wet conditions are
reported in Table VI. In the light of this reasoning, the gradual

(A3)

exchange of energy between the first two Pauli’s components
of T (Section V) can be explained in terms of modulation of
the dielectric constant induced by temperature and humidity
gradients. This explanation is confirmed by the fact that in real
observation, as well as in simulation, the span quantity is nearly
constant. Finally, it is worth pointing out that at high incidence
angle, the concept of trihedral-like and dihedral-like mecha-
nisms loses a direct geometrical interpretation. This is the case
of T, (Section V): its very stable trihedral-like mechanism is
likely to be generated by a double-bounce reflection, but, due
to the particular observation geometry, it appears as an odd-
bounce scattering process.
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