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Abstract—Burst-mode acquisition schemes achieve wide coveragesubswaths. ScanSAR presents some limitations related to
at the expense of a degraded azimuth resolution, reducing there- azimuth-dependent ambiguities and SNR, and the so-called
fore the performance on the retrieval of ground displacements scalloping effect, that have been overcome by the Terrain
in the azimuth direction, when interferometric acquisitions are ; ! .

combined. Moreover the azimuth varying line-of-sight can induce Observation by Progressive Scans (TQPS) mode [E_’]' However,
discontinuities in the interferometric phase when local azimuth both of them present a reduced azimuth resolution, due to
displacements are present, e.g., due to ground deformation. In the burst-mode acquisition nature, impairing the accuracy of
this contribution we propose the interferometric 2-look TOPS correlation techniques in this direction, since the sensitivity
mode, a sustaining innovation, which records bursts of radar depends on the resolution cell size [6]. In order to solve

echoes of two separated slices of the Doppler spectrum. Theth. dox t trateqi ible: th t ist
spectral separation allows to exploit spectral diversity techniques, IS paradox two stralegies are possibie. the rst one Consists

achieving sensitivities to azimuth displacements better than with On achieving a wide swath keeping high azimuth resolution.
StripMap, and eliminating discontinuities in the interferometric ~ This can be fullled by employing multichannel systems
phase. Moreover some limitations of the TOPS mode to compen- |ike the proposed High Resolution Wide Swath (HRWS)
sate ionospheric perturbations, in terms of data gaps or restricted SAR mode [7]. In the last years an important number of

sensitivity to azimuth shifts, are overcome. The design of 2-look . . .
TOPS acquisitions will be provided, taking the TerraSAR-X concepts and technigues have been developed following this

system as reference to derive achievable performances. ThePhilosophy. Several works have been published which deal
methodology for the retrieval of the azimuth displacement is with the use of digital beamforming techniques [8], the use

exposed for the case of using pairs of images, as well as for theof multiple azimuth channels [9] [10] and the staggered
calculation of mean azimuth velocities when working with stacks. SAR concept [11], which employs non-constant acquisition
We include results with experimental TerraSAR-X acquisitions oL - . -
demonstrating its applicability for both scenarios. pulse repe_t|t|on mte_zrvals to av0|d_ bllr_1d ranges when digital
beamforming techniques are applied in elevation.

Index Terms—2-look TOPS, burst-mode, wide coverage, Syn-

thetic Aperture Radar (SAR), SAR Interferometry, TerraSAR-X. A second option, which is the focus of this paper, consists in

employing conventional wide swath burst-modes acquitiviy
looks The achieved coverage is the same as the one provided
by single look modes at the expense of a degradation of the

. INTRODUCTION azimuth resolution by a factor of two, maintaining however the

) ] _number of looks for a given product resolution. The bene t of

Current remote sensing satellites are operated followiRgs strategy lies on the possibility to exploit spectral diversity
nearfpolar o_rbltS. _Sln(_:e radar systems measure d'Stance%Ehniques [12][6], improving signi cantly the sensitivity to
the line-of-sight direction, they are very sensitive to groung,imuth surface displacements. This approach can be also
displaceme_nts ir_1 the East-West .(E'W) and vertical d_ireCtiorlﬁ'lderstood from a geometrical point of view in that two
By combining different geometries, a 3-D deformation eldines of sight are almost simultaneously obtained [13] using
can be obtained [1], however the sensitivity to displacemenyssingle platform. The concept of this innovative acquisition
in the North-South (N-S) direction remains low. A commoR,o4e which exploits a single phased array antenna to record
procedure to enhance the sensitivity in along-track directiog,q separated slices of the spectrum, was demonstrated with
and therefore to the N-S direction, is to apply correlatioferraSAR-X in 2015 employing ScanSAR [14] and in 2016
techniques exploiting the imaging capability of SAR. Thigith TOPS [15]. The focus of this contribution is set on
has been done extensively with images acquired in StripMas 2_jook TOPS mode which, besides the known bene ts
mode fpr @ﬁerent appllcr?ltlons, as e.g., tectonics [2] or th&er ScanSAR, allow tuning the sensitivity to the azimuth
determination of glaciers ice ow [3]. displacements. In opposition to HRWS techniques, the 2-look

With the high demand for wide-area coverage data from tféode keep a low resolution in the azimuth direction, which
scienti ¢ community, new SAR acquisition modes have beef{0€S not suppose a limitation for geophysical applications,
implemented on current systems or are under developméffiere high spatial resolution is not required.

The ScanSAR mode [4] was the rst to offer wide COV-The paper is structured as follows. Section Il introduces the
erage by recording subsets of radar echoes over multiplgsok TOPS mode, illustrating its spectral properties and

The authors are with the German Aerospace Center (DLR), Oberpfaffé?lr-OViding the timeline equations' -I_-WO de_SignS are pre_sented,
hofen, D-82234, Germany. (e-mail: nestor.yague@dlr.de) the rst, TOPS2, based on the desired azimuth resolution and
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TOPS overcomes this way the space-varying properties of
the azimuth antenna pattern in ScanSAR, which leads to a
periodical modulation of the amplitude of the SAR signal
(scalloping effect), i.e., the resolution, ambiguity ratio and
Noise Equivalent Sigma Zero (NESZ) [5]. In section II-A the
fundamental reasons for choosing a 2-look mode are provided.
In sections II-B and II-C the design equations of such approach
are provided.

A. Rationale

In order to be able to retrieve a two-dimensional ground
deformation eld, at least two lines of sight are needed, as
proposed in the dual-beam interferometer [16]. This concept
achieves sensitivity in the across- and along-track direction by
employing two antennas, one mechanically oriented with a cer-
tain squint forward and a second one oriented backward. The
squint angles of the resulting lines of sight are chosen usually
symmetric around the zero-Doppler plane. When moving to
a classical spaceborne system in which a single phased array
antenna is available, the rotation of the antenna of the TOPS
Fig. 1. (a) Schematic operation of a TOPS system (1 look) and a (b) 2-lobkode can be used, not only to illuminate each target with the

TOPS system. The antenna is steered in azimuth from backward to forwg{$hgle antenna pattern but to also record each target observed
at a rateks . In a 1-look system each target is observed only once (exc '

t . .
eventually at the burst overlapping areas), a 2-look system allows iIIuminatﬁsa two separated Doppler frequem_:les, which chresponds to
each target with two different squint angles. observe each target on ground with two (varying) lines of

sight.

the second, TOPS2+, based on a design driven by the azimUft¢ combination of the two previous ideas with the TOPS op-
sensitivity. In section llI, the evaluation of the performanceration mode can be ful lled by designing the scanning time-
of the mode is provided, including the effects of the antentifie for a 2-look system, that achieves two quasi-simultaneous
sweeping, ambiguities, residual scalloping and interferometfies of sight with spatial diversity. In this subsection we
performance. Section IV focuses on the sensitivity that can strict the 2-look concept explanation to one subswath, the
achieved for pairs of images and for time-series, consideriggtension for several subswaths is immediate. Fig. 1 illustrates
the effect of the troposphere. Some comments related to theé operation mode of a 2-look TOPS system compared to a
ionospheric phase screen are, as well, provided. In sectiorilyook TOPS system, henceforth referred as TOPS. On the
the methodology for the generation of 2-look interferogramtQp of Fig. 1 the acquisition of two bursts for a TOPS system
the retrieval of azimuth local displacement for pairs ani§ depicted. Employing one look, each target on ground is
the retrieval of the mean azimuth velocity for time-seriegbserved with just one line of sight. The bottom part of the
is exposed. Section VI provides experimental results witgure corresponds to a 2-look system, in which the scanning
TerraSAR-X: in the rst place, an interferometric pair oftimeline allows to illuminate each target with two different
acquisitions over the Petermann glacier, Greenland, shdliitgs of sight.

the high potential of the 2-look mode to eliminate phas@nlike the dual-beam interferometer, the 2-look TOPS mode

discontinuities of the INSAR phase for fast-moving sites. The.. . two time-varying lines of sight, however the spa-
second scenario corresponds to a slow-deforming area o '

. . . . &l diversity between both remains constant over the ac-
Balochistan, P?‘K'Stan' The evaluation of appr_ommately “jisition. This can be better understood by comparing the
years of acquisitions demonstrates the capability of the mo e-frequency diagrams for TOPS and 2-look TOPS depicted
to retrieve a post-seismic signal with accuracies for the megn

imuth velocity of iust a f / th Fig. 2. The top part of the gure corresponds to the
azimuth velocity of just a few mm/month. conventional 1-look system, which illustrates the acquisition

of two consecutive bursts of the same subswath for a certain
Il. THE 2-LOOK TOPSMODE range, presenting each target a Doppler fateThe antenna is
rotated in the azimuth direction originating a linear frequency
The TOPS mode has been designed to illuminate each targmtiation of the burst, of duratiod,, at a ratek, . The
by the entire azimuth antenna pattern performing an azimu#R processing at zero-Doppler geometry causes that the
scanning. The acquisition takes place by recording burstxused burst, of duratiof,...s , €xhibits a linear frequency
of echoes, which correspond to a portion of the synthet@riation with a ratek,. The cycle time or interburst time,
aperture. The beam is switched cyclically in elevation iy, is the elapsed time between bursts of the same subswath.
order to map multiple subswaths and to obtain wide coveradavo targets,P; and P, are displayed at their zero-Doppler
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The subscript ESD stands for Enhanced Spectral Diversity and
the spectral separation,f,(r), can be calculated according
to [17]:

_ krot ka(r) .
W= e em @)

being k,(r) the Doppler rate of a target, located at range
and K., 2Vsk, the antenna Doppler rate, wheveis the
platform velocity, the wavelength ankl, the antenna rotation
rate. Since f,(r) is signi cantly larger than the spectral
separation achievable by taking sublooks of the available
bandwidth of a 1-look system (by a factor between 5 and 12
as will be shown in section 1V), the exploitation of both looks
allows the retrieval of t(r;x) with a higher accuracy. We
will call, in general, 2-look TOPS to a TOPS system that maps
each target on ground with two separated Doppler frequencies.
Henceforth we employ the nomenclature TOPS2 to a 2-look
system with a timeline design driven by the azimuth resolution.
The timeline equations of the TOPS2 mode are provided in
section II-B. We also propose an optimization of the scanning
. , . , timeline in terms of achieving a higher sensitivity to the
Fig. 2. (a) Time-frequency diagram of a TOPS system, which shows two . . .
bursts of the same subswath at a certain range. Each target presents a Doﬁaglnumal motion; we refer then to a 2-look TOPS system with
rate, k.. The antenna is rotated in the azimuth direction originating a lineguch a scanning timeline which selects the spectral separation
frequency variation of the burst, of duratidi:, at a rateko . The SAR  hatween looks (usually larger than the one achievable by
processing at zero-Doppler geometry causes that the focused burst, of duration , ., . f . .
Trocused » Presents also a linear frequency variation, with tateThe dwell establishing the resolution) as TOPS2+. The design equations

time, Tp , is the time interval in which a target on ground is illuminated witrof TOPS2+ are presented in section II-C.
the main lobe, and results on a bandwi@®h . The cycle time or interburst
time, Tr, is the elapsed time between bursts of the same subswath. T#o second issue that can be addressed with the 2-look ac-
targets,P1 and P, are displayed at their zero-Doppler position indicatin isition concept is related to the burst-mode acquisition
the portion of the (once) covered raw and focused data Doppler spectra. . .. . .
Time-frequency diagram of a 2-look TOPS system. In this case the cycle ti ,ture_and Its appllcatlon fo_r th_e mapping of non-stahonar_y
TQ, allows to map each target with two portions of the spectrum as can Beenarios. The azimuth-varying line of sight during the acqui-
seen for targets. sition experiments an abrupt change at the interface between
bursts, which originate phase discontinuities in the presence
azimuth misregistration due to, e.g., ground motion. These
scontinuities are not to be considered as artifacts but as
result of a different projection of the (same) ground

position indicating the portion of the (once) covered raw an
focused data Doppler spectra. The bottom part of the gu

refers to a 2-look system, where three bursts are acquired. T}, . .
y q isplacement onto the radar lines of sight of each look [18].

cycle time, T?, allows to map each target with two portionﬁ_I this effect ind bl for the lat
of the spectra, as can be seen for both depicted tarBets,. owever, this eliect can induce some problems for the fater

and P,. Note that a 2-look system records two separaté'aterferomemc processing steps, e.g., in case a spatial phase

slices of the Doppler spectrum, whose central frequency Ligwrapping is to be performed, thus it is interesting to perform

azimuth-dependent, however the spectral separation betw: nac%urtat_le Iogﬁllbazm_mth (_:oreglitratlolrc/%xplo(ljtlr\l/gAboth looks.
looks, f,, is constant over azimuth. ore details will be given in sections V=B and V-A.

According to the signal processing rationale, the spectral sep-

aration for a target on ground between two consecutive bur8s Scanning timeline equations: TOPS2

(looks) can be exploited to retrieve an accurate estimation of

the azimuthal motion. From an interferometric pair, two 1-look the rst place, it is convenient to recall the dependency of

interferograms can be generated, which when combined, regb TOPS image azimuth resolution with the antenna rotation

in a differential interferogram whose phase is given by [12]tate,k,. The azimuth pattern observed by a point target can
be approximated by a sinc function and is given by [5]:

e (FX) =2 fu(r)  t(rx); 1 !
G, #(t) Gosing et piReke g
where f,(r) is the spectral separation between looks for 0 Ve
a given rangey. Note that the spectral separation is inde-
pendent of the target's azimuth positiont(r;x) is the local whereGy is a constant#(t) is the antenna rotation angle as a
misregistration (in temporal units) intended to be measurddnction of the time,t, L is the physical azimuth antenna
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length, v, the beam ground velocity anR, the range of A second consequence of degrading the resolution by a factor
closest approach. of two is that, according to (6), the steering rate is increased
y a factor slightly larger than two. Provided that (8) is
ul lled, choosing a ner resolution results in a lower steering
rate. This implies that the bursts become longer, spanning the
antenna beam larger maximum steering angles. This fact can
be exploited to maximize the spectral separation, as discussed
in the next section.

In the following we extend our analyses to multi-subswal
systems indicating with the superscrijt) the n™ subswath.
The resulting azimuth resolution,,, is reduced with respect
to the StripMap resolution by a factor:

RO

M =1+ , @

(n)
¢ C. Alternative scanning timeline equations for azimuth sensi-

which leads to the azimuth resolution of the TOPS mode: tjvity enhancement: TOPS2+

! The original TOPS mode scanning timeline is obtained by
(v{M)? RMKM 5 setting the desired azimuth resolution, as usually done. We

o4 (V(n))2 \/(7") C) can, h_owever, mo_Qn‘_y the deS|gn.c.r|ter|on in order to increase
0 of ¢ the azimuth sensitivity by maximizing the spectral separation,

where#g”) is the antenna azimuth bandwidth at -3 dB azb’ﬁ f4, between looks. The latter is achieved by increasing the

refers to the effective velocity. The superscrM indicates CYcle time, T, according to (2). Longer cycle times can be
StripMap mode. obtained either by enhancing the resolution or by imposing a

larger maximum steering angle, equivalently. The design of the
Following the classical approach for the design of a SAR mog@éneline based on the maximum steering angle is appropriate
driven by the desired resolution,,, the steering parametersfor systems employing phased-array antennas, since it allows
for each subswathm, can be obtained using: to control the maximum level of the grating lobe and therefore
the level of the azimuth ambiguities.

— SM (n) —

kin) _ 2 az#én) (ng?))2 vg”) : ©6) Once the dgsired maximum stegring angle, , has been set,
(v{M)2 Rf)”) we can write the following relation:
Once the steering rate has been calculated, the global 2-look KM = ) )
TOPS scanning timeline can be obtained setting a cycle time, * T{m’
Tk, that allows that the total bandwidth spanned in the burst
duration is at least two times larger than the one spanned Wifere =2 ... Substituting (9) in (7) we obtain the

a target in the interburst interval. This leads to the equatiom®PS2+ set of equations:
provided in [5] including a factor 2 multiplying the cycle time:

(n) (n) (n)T(n) nT -
# Ro’ + wv:T 2 v Tg: 10
(M) L) KO L (1M T . o o o B o 1wt (10)
KM #y Rpy + viMT, 2 vVIUT.: ()
By solving this system of equations, the burst durations,
As stated in [5] there is a bound on the azimuth resolutioli,"), are obtained, which establish the steering rates for
az: X each subswatfk,ﬁ”) according to (9). The resulting azimuth
w> 2 sw (), (8) resolution is given by:
i
v

B’

being " (M the resolution of an equivalent StripMap acqui- (n) —
sition for each subswatm. The factor 2 is again due to the *
mapping of two looks.

11)

~ beingB{") = k(M T the target bandwidth for then)™
We can see that a 2-look system has a degraded reso'“t'onsBMswathTé”) is its corresponding dwell time, given by:
a factor of two with respect to its equivalent 1-look system.

This seems to be a contradiction considering that the looks () ()

could be combined at th8AR processingtage, following a (M Ro ™ #p : (12)
full-apertureprocessing approach [19] for multi-look systems. ° (m) Vgn)

The impulse response function provided by the latter approach

is, however, strongly degraded, due to the interference of bdthe maximum steering angle cannot be set arbitrarily, since
looks. Moreover, since our interest, when designing a 2-lodie azimuth ambiguity level increases with it. Next section pro-
system, is to combine the looks at timerferometric process- vides performance analyses with the two design approaches,
ing stage, in order to apply spectral diversity techniques, tlsensidering the effects of sweeping the antenna beam to large
strategy is to focus each burst (look) separately. steering angles.
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TABLE | 10 5 Angleo[deg] 5 0
SCANNING TIMELINE PARAMETERS FOR THETOPS, TOPS2ND O squint = 1.10 deg ‘ /R ‘

TOPS2+MODES, USING TWO SUBSWATHS THE MID-RANGE POSITION OF
THE SUBSWATHS HAVE BEEN ASSUMED THE VALUES IN BOLD INDICATE
THE DESIGN CRITERIA TO DETERMINE THE ACQUISITION TIMELINE
PARAMETERS AN ADDITIONAL OVERLAP BETWEEN ODD/EVEN BURSTS
OF 10%HAS BEEN CONSIDERED FOR THE DESIGNTHE ACHIEVABLE
VALUES FOR STRIPMAP ARE INCLUDED FOR REFERENCETHE
PARAMETERbsp INDICATES THE BANDWIDTH THAT CAN BE OBTAINED BY
SPLITTING THEDOPPLER SPECTRUM INTO TWO SUB.OOKS FOR
STRIPMAP AND TOPSIN ORDER TO APPLY THE SPECTRAL DIVERSITY
TECHNIQUE TO MEASURE THE AZIMUTH SHIFT FOR TOPS2AND
TOPS2+THERE IS NO NEED TO SPLIT THE SPECTRUMITHE LAST ROW
INDICATES THE AMBIGUITY BAND OF THE AZIMUTH SHIFT. THE

TERRASAR-X SYSTEM PARAMETERS HAVE BEEN USED -100

Norm gain [dB]

0
Normalized angle

SM TOPS TOPS2 TOPS2+
Fig. 3. Element and directivity pattern for a steering angle of 0.246

a [m] 3.3 8.3 16.6 13.38/15.11 (normalized to the rst null position of the element pattern), equivalent to
max[deg] - 0.501/0.487 ~ 0.547/0.532 1.1 1.1 using the TerraSAR-X antenna panel.
Ts [s] - 0.834/0.840 0.355/0.358 0.936/0.832
Tr [s] - 1.675 0.71 1.77
ks [rad/s] - 0.021/0.020  0.054/0.052 0.041/0.046 ] , ,

fq [Hz] 1843 664 3420/3297  8028/7994 (i) The fact of steering to larger maximum squint angles
E»ST [[:Z]] 92271627 ggg 498 618/547 (TOPS2+) does not have a negative impact on the SLC
D V4 . - - . . . .
Amb. band [m] 5 5 1 05 resolution as long as the condition imposed by (8) is

ful lled. The antenna steering rate becomes smaller than
for TOPS2, due to the fact that the bursts become longer
when steering the antenna beam to larger maximum

IIl. M ODE PERFORMANCE squint angles.

) ) ] o ] (iii) The unambiguous range of the azimuth shifts that can be
This section provides a quantitative analysis of the perfor-" retrieved is given by v,=(2 f,), in meter units. Due to
mance of the 2-look TOPS modes regarding the level of the higher sensitivity of TOPS2+ the ambiguity band is
azimuth and range ambiguities, residual scalloping effect, gmajler, as indicated in the last row of Table I, so that

effects of sweeping the antenna to large steering angles and ' might be wrapped if the motion gradient is large.
achievable interferometric performance when combining both

looks.

A. Effects of sweeping the antenna beam to large steering
The TerraSAR-X system has been taken as reference, effgles

ploying two wide beams [20], which achieve a coverage of

approximately 100 km. Establishing a SLC azimuth resolutioWhen working with phased array antennas, the maximum
equal to 16.6 m for TOPS2 and applying Equations (6) and (Seering angle cannot be set arbitrarily large since the level
we obtain the scanning timeline parameters detailed in Tableof, the azimuth ambiguities increase [21] [22]. The largest
where a maximum steering angle,.. , of approximately contribution to the azimuth ambiguities level is due to the
0.55 is obtained. We establish, as a matter of example, osw-called grating lobes, which are the periodic repetitions of
maximum steering angle for TOPS2+ to approximately twidhie main lobe. The sinc modulation effect of the antenna
that of the TOPS2 mode, i.e.,, 1.1The TOPS2+ timeline element pattern tapers the level of the grating lobes, making
parameters are obtained by applying (9) and (10). The parasigni cant only the rst one.

eters for TOPS, assuming 8.3 m resolution, and StripMap gre

also included for reference. For the latter modes, the Speciarn Prder to illustrate the relationship between main and grating

diversity technique, i.e., the split of the Doppler bandwidt Gbe when introducing a steering angle, Fig. 3 shows the

into two sub-looks can be applied in order to obtain the're.cnvIty and element_ pattern for a squint an_g_le of 1.1
e(fuwalent to a normalized (to the rst null position of the

azimuth shifts. The optimal sub-look bandwidths correspon ement pattern) angle equal to 0.246. The plot has been

to by, = B,=3 [6], which deliver a spectral separation Ofeenerated by means of a numerical simulation employing the
fg = 2=3B;. The corresponding values are included in th% y ploying

. ? ) .Sinus cardinalis function according to the TerraSAR-X antenna
table for convenience purposes, since an intermode comparison = " S

: : . o o : imensions, number of elements and wavelength, detailed in
will be provided in the sensitivity analysis in section IV.

Table Il. We can see that for this squint the level of the grating

By comparing the 1-look to the 2-look system parameters frol@Pe is higher than the rst side lobe. The limiting parameter
the table we can extract following conclusions: for setting the maximum steering angle will be given by the
requirement value for the Ambiguity-to-Signal Ratio (ASR).

(i) The antenna steering rat&,, for TOPS2 is a factor Sections IlI-B and III-C provide a discussion on the maximum
slightly larger than two with respect to TOPS due to thsteering angle and optimal Pulse Repetition Frequency (PRF)
(2 ) coarser resolution. selection.
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0 Doppler frequency [KHz] 8 B. Azimuth ambiguities, max. steering angle and PRF selec-
0.008 ‘ ‘ ‘ ‘ 3 tion
260
1 The limiting factor to the largest steering is due to the level
0.006 - 250 of the azimuth ambiguities, as a consequence of sampling the
g’ I EI) Doppler spectrum at a frequency PRF. The largest contribution
= 140g to the azimuth ambiguities level is due to the grating lobe,
® 0.004 ang therefore if we just consider it, the optimal PRF can be selected
= ‘g so that the digital frequency of the grating lobe is equal to 0.5,
< g 220%™ i.e., the edge of the Doppler band. Following this strategy,
0.002 - a signi cant part of the energy from the grating lobe will
410 fall outside the processing bandwidth. This condition can be
0.0007 fA S N N H S AU ST RS SR N 0 written as:
0.0 0.2 0.4 0.6 0.8 1.0
Squint angle [deg] f 1
== 2+ kk2N; (13)
Fig. 4. Pointing shift due to the Element Pattern modulation effect for the PRF 2
TerraSAR-X system. wheref ., is the Doppler frequency at which the maximum of
the grating lobe is located aridaccounts for the periodicity
of the spectrum of the sampled signal. Since the angular
TABLE II separation between the main lobe and the rst grating lobe
TERRASAR-X PARAMETERS can be approximated for relative small angles fybeingd
the distance between antenna elements in azimuth direction,
Wavelength () 0.031 m the frequency of the grating lobe can be written as:
Orbit height 514 km
Orbital repeat cycle 11 days !
Antenna dimension in azimutij  4.784 m : . .
Number of elements in azimuth 12 fa sin( )+sin  — ; (14)
Number of azimuth beams 249 d
StripMap bandwidth RBW o) 2765 Hz

being the squint angle and the distance between elements
of the array.

The set of PRFs which minimize the azimuth ambiguity from

The larger steering excursion of TOPS2+ with respect to TOR TSt grating lobe is given by:
or TOPS2 has some additional consequences related to the
modulation effect of the Element Pattern (EP) of the antenna.
The rst one is related to a stronger Signal-to-Noise Ratio ~ PRFk = s I k2 N; (15)
(SNR) variability over azimuth. This effect is further analyzed 2

in section 11I-D and is taken into account for the performanc&here note that the maximum squint anglgax , is employed,
evaluation in section IV. since the grating lobe reaches its highest level for the maxi-

mum steering.

s SiN( e ) FSIN 5

The second effect of the element pattern modulation is tﬁguatipn (15) provides an approximatio['l for the optimgl PRF,
(squint-dependent) shift introduced to the position of the mafif’c€ it only accounts for the rst grating lobe and is also
lobe of the Directivity Pattern (DP) in azimuth direction. Thidhaccurate when the maximum sweeping angles increase.
has a (small) impact on the actual pointing direction anal more precise value for the optimal PRF can be obtained by
consequently, on the spectral separation between looks. Bagnputing numerically the integrated Azimuth-Ambiguity-to-
larger the squint angle, the larger the Doppler shift. In Fig. dignal-Ratio (AASR) according to following expression:

a numerical evaluation of the pointing shift is shown for the

range of squint angles of TOPS2+. The maximum pointing

shift is equal to 0.008 and corresponds to the maximum P Rg.= W(f,) G2(fq+k PRF) df
squint of 1.1, or equivalently 68 Hz Doppler shift for a o1 Ba2 U Palld ‘
Doppler of about 9.4 kHz. For comparison, in case of TOPS2AASR keo R

the maximum squint angle is about 0.5%quivalent to a Bg:iZW(fd) G2(f,) df,

maximum Doppler of 4.7 kHz, the maximum mis-pointing (16)

is approx. 0.004, equivalent to about 32 Hz. The Dopplemwhere B, is the azimuth processing bandwidtW/ (f,) is
shift relative to the Doppler frequency is approximately 0.7%he sidelobe suppression weighting function applied during
Although the impact is small for interferometric applicationsprocessing, andG2(f,) is the two-way far eld azimuth
an effective antenna Doppler rat€? , can be easily computedantenna power pattern. Fig. 5 shows the result of the com-
and employed during the SAR Processing. putation presented as a two-dimensional map for a range of
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0 beam: wide_004; StripMap
------ ‘ASR = —24',4623 dB 63407,53 F‘(Z; Ws = 43‘).9884 km i
ASR = —22.3976 dB @3829.32 Hz; Ws = 39.1444 km |
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ig. 7. Ambiguity-to-Signal Ratio in azimu , elevation an
3000 3500 4000 4500 5000 5500 6000 6500 g guity-to-Sig (AASR) (RASR)

total (ASR), as a function of the PRF for the (top) StripMap mode, (middle)
TOPS2 mode and for the (bottom) TOPS2+ mode. The TerraSAR-X beam
wide004 (look angle at mid range = 30)3has been employed.

Fig. 6. AASR plot as a function of the PRF for the case of non squinted

beam (StripMap), a squint of 0.5TOPS or TOPS2) and a squint of 1.1

(TOPS2+). The curves of StripMap and TOPS/TOPS2 present a very similar

behavior and level, whereas the TOPS2+ curve presents a higher AASR @d Range ambiguities

an oscillating behavior, having some minima for certain PRFs, in which the

energy of the ambiguities is minimized. These sampling frequencies should

be exploited for an optimal PRF selection. A second constraint to limit the sampling of the Doppler

Spectrum with a high PRF is given by the range ambiguities

) ] ] 23]. The Range-Ambiguity-to-Signal-Ratio (RASR) can be
PRFs and squint angles. A processing bandwidth of 27é§tained by considering the acquisition geometry, antenna
Hz has been considered and a generalized Hamming tapeagern and scattering models. The optimal PRF in terms of
window with = 0:6 applied to the Doppler spectrum.gmpiguities will be given by the one which minimizes the
Fig. 6 shows three pro les of the AASR for the case of N SR result of combining RASR and AASR.
squint (StripMap-like), a squint=0.§TOPS or TOPS2) and a
squint=1.1 (TOPS2+). There is an oscillating behavior of thé&ig. 7 shows the curves of the RASR, AASR and ASR for the
AASR for TOPS2+ with the PRF, having several local minimaerraSAR-X wide004 beam (look angle at mid range = 30.3
in which the energy of the ambiguities is minimized. Thén case of using StripMap (top) TOPS2 (middle) and TOPS2+
selection of the PRF is, however, also restricted by the desingabttom). The scatterer model for soil and rock from Ulaby
swath width Ws < 55&) and the total Ambiguitiy-to- [24] has been used for this computation. The location of the
Signal Ratio (ASR). In order to account for these paramete/SSR local minima are indicated along with the ASR level.
analyses including the range ambiguities are provided in thée difference of the AASR between StripMap and TOPS2
next section. is almost negligible. The ASR curve for the TOPS2+ mode

PRF [Hz]
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TABLE Il
AMBIGUITY-TO-SIGNAL RATIO (ASR), PRFAND MAXIMUM WIDE SWATH, W™ | FOR STRIPMAP, TOPS2, TOPS2AND TOPS2+PROCESSING A
70% OF THE AVAILABLE DOPPLERBANDWIDTH. THE LAST COLUMN INDICATES THE GAIN IN THE ASR WHEN PROCESSING THE REDUCED BANDWIDTH
WITH RESPECT TO THE FULL BANDWIDTH FOR THETOPS2+MODE. THE AZIMUTH RESOLUTION OF THE FIRST SUBSWATHSS1, IS INDICATED.

Bea StripMap TOPS2 TOPS2+ TOPS2PEW =0 :7PBW ) ASR FBY., .
a =3:3m SS1 =16:6m SS1.=13:38m SS1=18:38m
|ASR[dB] PRF[HZ] W™ [km]|ASR[dB] PRF[Hz] W™ [km]|ASR[dB] PRF[Hz] W > [km]|ASR[dB] PRF[Hz] W™ [km] | [dB]
001| -27.91 3534.14 4241 | -27.31 356225 42.08 | -21.59 3604.42 4158 | -22.91 3604.42  41.58 1.32
002 | -27.70 3520.08 42.58 | -27.11 3562.25 42.08 | -21.54 3604.42 41.58 | -22.84 3604.42  41.58 1.30
003 | -27.91 3534.14 42.41| -27.31 356225 42.08 | -21.59 3604.42 4158 | -22.91 3604.42  41.58 1.32
004 | -24.46 3407.73  43.99 | -24.02 3407.63 43.99 | -20.07 3983.94 37.63 | -21.07 3281.12  45.68 1.00
005 | -24.36 3491.97 42.93 | -24.02 3520.08 42.56 | -20.36 3590.36 41.75 | -21.33 3590.36  41.75 0.97
006 | -27.59 3534.14 42.41 | -26.99 3562.25 42.08 | -22.02 3983.94 37.62 | -22.89 3983.94  37.62 0.87
007 | -27.53 3562.25 42.08 | -26.99 3562.25 42.08 | -21.85 3983.94 37.62 | -22.78 3604.42  41.58 0.93
008 | -24.42 367470 40.79 | -24.15 3604.42 4158 | -21.11 3983.94 37.62 | -21.81 3969.88  37.76 0.70
009 | -24.79 3506.02 42.75 | -24.41 3520.08 42.56 | -20.55 3604.42 4156 | -21.58 3590.36  41.75 1.03
010 | -24.79 3449.80 43.45 | -24.32 3449.80 4345 | -19.83 3590.36 41.75 | -21.34 3281.12  45.68 1.51
shows larger deviations due to the oscillating behavior of the LT TN T TR
AASR with the PRF. L, N

Table 1l summarizes the ambiguities parameters for StripMap
TOPS2 and TOPS2+ for each TerraSAR-X wide beam. The
ASR is indicated along with its corresponding PRF, which

moreover establishes the largest coverage. The level of ASR
is located, in average, at -25.66 dB for the TOPS2 mode and
at -21.1 dB for TOPS2+. From these analyses, we conclude i
that TOPS2+ achieves a spectral separation, which is approx- i S
imately twice as large as for TOPS2, at the expense of an 205 P o Py v

ASR degradation of 4.5 dB. The maximum swath width for fime fs]
TOPS2+ is marginally narrower than for TOPS2.

Normalized Intensity (2-way) [dB]
L
o
I

Fig. 8. Scalloping evaluation plot for TOPS2 and TOPS2+ modes. The

One option to reduce the azimuth ambiguities level ConSiStSnltrjglrmahzed intensity is plotted during the acquisition of a single burst.

processing a narrower Doppler bandwid,, at the expense

of azimuth resolution. For the sake of illustration, Table IHne speckle noise can be modeled as a complex signal
includes the values of the ASR for the TOPS2+ mode Whefhose in-phase and quadrature components are independent

a 70% of the available bandwidth is processed, along with i identically distributed zero-mean Gaussian variables. The
gain with respect to a full processing bandwidth approach. TRgne t of combining the looks is three-fold:
gain is, in average, around 1 dB. If stringent requirements on

the ASR are to be ful lled and/or the azimuth resolution shall() On the one hand, the differential interferogram between

not be degraded, the maximum squint angle of TOPS2+ can the interferograms of the looks provides an enhanced
be relaxed. measurement of the azimuth shift, that can be considered

a product by itself, but moreover aids to the across- and
along-track decoupling procedure, supporting the spatial

D. Residual scalloping effect and combination of looks phase unwrapping of interferograms.

rQi) Secondly, the looks can be combined at the interfero-
metric processing stage in order to obtain the 2-look
interferogram, i.e. the coherent sum of the complex inter-
ferograms of each look. When performing this operation,
the standard deviation of the irfjterferometric phase is
expected to be reduced by a factop.

The major aim of the TOPS mode is to solve the proble
of scalloping and azimuth varying ambiguities present in
ScanSAR [5]. However, due to the element pattern modulation
effect, some residual scalloping is still present. The larger the
squint angles, the larger the scalloping effect. Fig. 8 shows the
evolution of the normalized intensity during the acquisition of
one burst for TOPS2 and TOPS2+, according to the steerifif) The third benet is the capability to reduce the speckle
rates from Table I. The horizontal axis indicates the azimuth noise of the intensity image by applying an incoherent
time. TOPS2 presents a maximum decay of 0.36 dB, whereas (spectral) multilooking, i.e., by averaging the intensities
TOPS2+ has a decay of 1.76 dB. of each look.

We enumerate in the following the way to combine the look&loreover since the TOPS mode varies progressively the line
Since our case of interest corresponds to scenes over lamfdsight, and having into account that odd and even bursts
we assume an scenario characterized by distributed targate interleaved in the time-frequency domain, according to the
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Azimuth shift estimation accuracy with coherence
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0.0 T Cfi Oemg — A T yas Fig. 10. Azimuth shift standard deviation for a StripMap, TOPS, TOPS2 and
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d loN ; | [ fo in IV-B. Sections IV-C and IV-D include the consideration of
> / \ / i . . . .
g ol \\( ! | // ) // L tropospheric and ionospheric effects, respectively.
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= / ‘ | \ / \ i \ . .
E 15 L - - . A. Azimuth shift accuracy
= ! V/ \\’ odi:I look — — — - §
Y i look — — —- . . . . . .
InSAR Gombined ] The estimation error of the azimuth shiftx, (in meter units)
20 0 ” 0 " . can be written combining (1) and the standard deviation of the

Along-track position [km]

differential phase between the interferograms of both looks,
. o _ _ esp - Assuming that the number of independent samples,
Fig. 9. Normalized intensity for the odd and even bursts and for the resulti

interferogram when both looks are combined. The upper plot shows the values 1S Iarge, we can ma.kpf use of the asymptotic phase noise
for TOPS2 and the bottom lower plot for TOPS2+. expression of [25], obtaining:

1 Pi—
2 f, N

acquisition timeline (see Fig. 2), there is an additional bene t = ESD vy =
when combining both looks since SNR losses and azimuth
ambiguities present, for a given target, different levels for each
look, resulting in an equalization of both parameters. where

Fig. 9 illustrates this fact for the SNR losses. The top paTth_e plot of the accu_racies in the retrieval of the azimuth mutual
of the gure is related to the TOPS2 mode and shows triift between two images, for TOPS, TOPS2 and TOPS2+
normalized intensity for two bursts of the odd looks and fopith @ maximum steering angle of 1,lis shown in Fig. 10,

two bursts of the even bursts according to their along-traé@ @ function of the coherence. The curves have been generated
ground position. If the interferograms of each look are cort@King into account the spectral separation between looks,
bined, the resulting interferogram experiments an equalizatidfandwidths, and establishing an output product resolution of
being the scalloping reduced from 0.36 dB to 0.07 dB. THEPO m 100 m.

bottom part of the gure corresponds to TOPS2+, in this cageye de ne the relative variance between each mode and the
the scalloping amplitude is reduced from 1.76 dB to 0.4 dBgference mode, StripMap (SM) as:

which is very close to the TOPS case.

" an

is the interferometric coherence.

2 ( f sum )2 BTSM
SMX2 = 10 IleO de—BT, (18)
X d

=10 logyg

V. SENSITIVITY ANALYSIS

we obtain that the performance of TOPS is 13.3 dB worse than
The accuracy that can be obtained with the 2-look TORBe StripMap one, whereas the TOPS2 mode is 2.7 dB better.
modes to derive azimuth displacements is provided in sectiomthe case of TOPS2+, with a maximum steering angle of
IV-A and depends on several factors, being the spectral sepdrd- , the gain becomes 11 dB. Since it can be very abstract for
tion between looks, bandwidth and interferometric coherenttee reader to speak in terms of dB when comparing accuracies,
the most relevant. In order to compare the performance wé can equivalently say that the standard deviation of a TOPS
different modes, other factors like SNR losses and ambiguitie®de is 4.6 times worse than for Stripmap. Regarding TOPS2
have to be considered. The performance of the decoupliagd TOPS2+, the standard deviations are 0.73 and 0.28 times
between along-track and line-of-sight directions is providetie StripMap one, respectively. The gain of the TOPS2+ mode
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Joo00n . AZimuth shift estimation accuracy with Sy ; Geny= 08 The limited SNR produces a coherence loss, being the result-
ing coherence [26]:

1

T 1+SNR T (21)

SNR
As detailed in Section 1lI-D, the scalloping effect introduces

a maximum SNR loss of 0.36 dB and 1.76 dB for TOPS2 and
TOPS2+, respectively.

em]

1.0 ,:

.......... Jopyep 1 The error introduced by distributed ambiguities can be approx-
i ToPSz+ ] imately modeled as Gaussian noise, whose contribution to the
0.1 I I I L I H R .
0 e =0 25 20 o 0 coherence loss is given by:
So [dB] 1 1
Az'!muth shift estimation accuracy W‘ith So; gemp‘= 0.2 ; amb — 1+ AASR 1+ RASR ’ (22)

1000.0F . T T

being AASR and RASR the azimuth and range ambiguity to
signal ratios, respectively.

100.0f

The coherence penalization due to ambiguities will be different
among the swaths, in average,, > 0:996 for TOPS2 and

£ [ -
S o > 0:989 for TOPS2+.
Lok ] Taking into account the mentioned losses, we obtain the per-
H—— Stiphiap formance curves of Fig. 11 as a function of the backscattering
i 3Rz, 1 coef cient, where a NESZ of -25 dB has been assumed. Since
oL - - = - = o the dependence of the standard deviation with the coherence
S [dB] is not linear, we consider the case of high (0.8) and low (0.2)

temporal coherences. For both cases it can be appreciated that
Fig. 11. Azimuth shift standard deviation for a a StripMap, TOPS, TOPS2 atde StripMap and TOPS2 curves get closer due to the residual
25 2 flnotion of the backscattering coef ient. The upper plot corresponf2IIOPINg and slightly larger azimuth ambiguities of TOPS2,
to high temporal coherence (0.8), the lower plot to low temporal coherenB@wever the latter is still better than StripMap. In spite of the
(0.2). A Noise Equivalent Sigma Zero (NESZ) of -25 dB has been assum¢drger SNR losses and greater azimuth ambiguities of TOPS2+,

it still provides the best performance. When comparing the

curves for high and low coherence, it can be concluded that
with respect to conventional TOPS is 24.3 dB, which translatéife accuracy saturates with the backscattering coef cient more
into a standard deviation 16.5 times smaller. signi cantly for low temporal coherence than for high values.

In section IV-C the effect of the turbulent troposphere is

The interferometric coherence would, however, diverge among . taken into account. where the 2-D and a 3-D achievable
the modes, since each mode is unequally affected by ambi%%'rformances are. as V\;eII provided

ities and SNR losses. In order to account for these effects,

the accuracy analysis can be done as a function of the

backscattering coef cient. Thus we model the total Coherencg, Decoup”ng_ Across-track phase accuracy

, as follows:
The phase of the interferogram of each look,, i, contains,
apart from the topographic phase, the contribution of the
- . (19) ground displacement vectog, measured in the line of sight
(LOS) of each lookh,, i, which is given by [18]:

where ., is the temporal coherence andy, and .

represent the error contribution due to a limited SNR and ook i = i <b,.ig>
ambiguity ratio, respectively. The SNR can be written as: _ (23)
= xit oA il :1;2;
where , i = % Ry is the contribution to the interfer-
SNR = 0 (20) ometric phase in the across-track direction, beinBo the

(NESZ  SNR joes ) ;
0 o projection of the ground displacement on the zero-Doppler
. . . . plane; and . (t) =2 f,(t) t the additional phase
being o the normalized backscattering coef cieMESZ the due to the displacement in the along-track directiob, being

Noise Equivalent Sigma Zero level, in dB, aSNR,.. the f. i(t) the instantaneous Doppler frequency for each look
maximum losses in the SNR due to the modulation effect ot ' PP q y '

the antenna element pattern when introducing a steering, a#salecoupling of the displacement in the across-track and
in dB. along-track direction can be carried out by combining the
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phases of both looks. In the following, we analyze the phatgo repeat-pass interferograms are available, containing each
noise in the interferometric phase after removing the contof them almost the same tropospheric delay because of the
bution of the along-track deformation estimated with ESEmall temporal and spatial baseline between looks. This fact
The phase noise related to the azimuth component of thas been already observed in [13] in the case of splitting the

deformation is given by Doppler spectrum of StripMap images. In [28] a quantitative
o ) 24 analysis for the case of simultaneous squinted SAR acquisi-
w (1) = «(1) b (24) tions with two or more platforms can be found.

where . is given by (17), after dividing by,. The worst our particular scenario, we have a single platform em-

case corresponds to the largest Doppler centroid, given at {ﬁgying 2-look modes in repeat-pass con guration. Since the

r . For a 2-look m, this maximum i rox--7".= . . . .
burst edges. For a 2-look system, this maximum is app -acquisition of both looks is not simultaneous, an effective

imately equal to the spectral separation between looks, I'eI'C)n _track baseline is present. From Table | we obtain a cvcle
fr=(t) = f4. Therefore, from (17) and (24), the larges. 9 INe 1S p ' W N a cye
: : ) ime of 0.71 s for TOPS2 and 1.77 s for TOPS2+, which is

phase noise can be written as: . . . .
equivalent to an effective along-track baseline (at the height of

the satellite) of 5.48 km and 13.95 km, respectively. However,

= p 1 1 2 (25) the relevant baseline is the one located at the height of the
a Neso ' atmospheric boundary layer, i.e., the portion of the troposphere

whereN, corresponds to the effective number of looks gesponsible for the turbu ence, which can be assumed to be at a
estimate the ESD phase. height of approximately 1 km. At this height the lines of sight

of each look are separated by 6.78 m and 16.81 m, respectively.

The standard deviation of the across-track phase for each logie slightly different tropospheric delay experienced by the

can be written as: signal in both lines of sight is thus very small. The standard
_ q R deviation of the tropospheric noise in the along-track direction

T e A (in meter units) is given by:

4+ - -

2N Neo ’ q

where N is the spatial multilooking factor of the interfero- 2 2R( )y, _

grams of each look. After applying the same multilook to tlopo AT T g wopo GLOS (28)

both looks and to the ESD phase, removing the along-track

component to each look and averaging them, the standabere R( 1) is the normalized autocorrelation function of

deviation of the nal across-track phase results in: the turbulent troposphere evaluated at the along-track baseline
r 3 between the lines of sight at the height of the turbulent tro-
XT 2 look = ﬂéi%— =5 e i (27) posphere, I. The autocorrelation function can be computed

from the power spectrum of the turbulent troposphere, which
. . . . . can be modeled following the Kolmogorov's power law [28]
Ely mfrg?\lsnl%eitean%é% ;::\J/Igggﬁ'g? ﬂ?g a?:r(:?s:t-?r;czlé 'heé 27]. By evaluating the (conservative) autocorrelation function
Esp T =1 o Phax&sumed in [28] for the along-track baselines corresponding to
results in the standard deviation of the phase of each look, I5PS2 and TOPS2+. and considering a power of the turbulent

)z ek = o i NOt that this extra multilook reducestropos;phere in the line of sight2 | . . =1cm?, we obtain

the resolution of the along-track deformation product by thl{?lat the standard deviation of the tropospheric noise in the

same factor when compared to th? across-track one, howee\{faorng—track direction is 1.41 cm for TOPS2, and 1.35 cm for
this resolution loss does not play, in general, a big role.

TOPS2+. There is no degradation, in terms of tropospheric
perturbations, of TOPS2+ with respect to TOPS2 when re-
iigieving azimuth shifts. The smaller correlation between lines
of sight of the latter is compensated with its larger spectral
separation between looks, according to (28).

In the following, the expected 2-D (line of sight and azimuth.}

A g . . . e effect of the turbulent troposphere in the along-track
and 3-D (combining acquisitions in ascending and in desceng-~ =~ " L . .
irection is therefore of similar order of magnitude than in

ing geometry) performances, including the in uence of thﬁw line of sight (for the assumed conservative autocorrela-
turbulent troposphere, are presented. . . . . :

tion function). This is due to a noise upscaling effect, as a
The signal delay induced by the troposphere has been alreadypsequence of the small angular diversity between the two
characterized in the literature in the radar line of sightpoks. The performance for retrieving azimuth shifts in a real
when employing interferometric techniques [27]. The effect agitenario implies the consideration of temporal decorrelation
the turbulent troposphere, also known as Atmospheric Phagtects, where we will be able to determine which effect,
Screen (APS), can be modeled, in that direction, as a noteeporal decorrelation or tropospheric noise, prevails. We
source of a certain power,2 When 2-look data are make use of the Hybrid CraanrRao Bound (HCRB) for

Mropo ;LOS *

exploited to obtain the displacement in the azimuth directiothe crustal displacement eld estimator provided in [29] and

C. 2-D and 3-D performance. Consideration of tropospher
effects



IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING 12

model the turbulent troposphere according to [28] with @ be slightly larger for TOPS2+ than for TOPS2; this apparent
power, 2 . . =1lcm?. behavior is not true, being the reason the better sensitivity of

, ) TOPS2+ to azimuth displacements, which produces that the
In OVP'ef to. pro""?'e the performanceg that are achieved WhﬁBpospheric noise prevails slightly more over temporal decor-
working with pairs and stacks of images, we employ gyation effects. Note that the nal performance of TOPS2+ is
exponential decorrelation model [30] with a time constant Weyer than TOPS2. For instance, TOPS2 achieves a standard
40 day; and a long-term coherence of 0.1. Th_e output prodyeliation in the mean along-track velocity of 4 mm/month for
resolution has been set to 100 m100 m, which SUPPOSES 4 giack length of 30 images, whereas this can be achieved with
998 equivalent number of looks. just 13 images with TOPS2+. The bottom part of the gure

1) InSAR pairs:The top part of Fig. 12 shows the 2-D perfor-ShOWS the 3-D performance when combining ascending and

mance curves, i.e. range and along-track, in case of using p&fScending stacks. Look angles of 3tave been assumed for

of images according to the temporal baseline for the TOP§8th geometries with orbit heading angles of X#hd 168,

(Ieft) and TOPS2+ (right) modes. The achievable accuraf§SPectively. As for the case of using pairs, TOPS2+ presents
including tropospheric effects and without its consideration f&! €vident improvement for the N-S direction, as well as in
shown at the top of the gure. The plots in the middle show thibe vertical dlrect!on. T_he s_en5|t|V|ty is, in general, better for
degradation of the accuracies due to the noise introduced B§ E-W and vertical directions, however for small stacks the
the troposphere. Regarding the performance in the along-tr&&formances are closer for all three directions.

direction, we can see that for small temporal baselines (high
coherence) the noise introduced by the troposphere dominaée
over temporal decorrelation effects. A few cycles later the’

degradation introduced by the troposphere becomes negligiifie interferometric compensation of ionospheric disturbances
as the quotient between the accuracies with and withggl purst-mode acquisitions has been tackled in [31], where a
troposphere tends to 1. From the plots of the degradatigfyqj cation of the (range) split-spectrum method is proposed

introduced by the troposphere, it seems that TOPS2+ jgg applied to ScanSAR and TOPS data. For TOPS systems,
worse than TOPS2 in along-track, however it is a matg:aps of the ionospheric phase screen appear in the azimuth
of the better sensitivity of TOPS2+ to displacements, whidfjrection due to the burst-mode acquisition nature and the high
produces a larger ratio between tropospheric and temposgltude of the ionosphere. In contrast, 2-look systems enable
decorrelation effects. Observe that the nal performance @f reduce noticeably and even remove the gaps, which allows
TOPS2+ is better than TOPS2. Regarding the performancedicarry out a better smoothing of the phase screen, specially

range (across-track) direction, the level of noise introducegieyant if high frequency variations are present.
by the troposphere is much greater that the noise due to

temporal decorrelation effects. The bottom part of the guréh€ estimation noise of the split-spectrum technique imposes
shows the 3-D performance when combining an ascending dff@itations to the achievable spatial resolution, allowing only

a descending pair. Look angles of 3Bave been assumedlO retrieve large-scale |ono§pherlc variations. A powerful tgch-
for both geometries with orbit heading angles of 12nd Nidue, thgt enaples the estimation of the grgdleqt of the iono-
168 , respectively. The improvement on the N-S directiogPheric differential delay along azimuth, consists in calculating
is evident for TOPS2+. Moreover the performance in thde mutual azimuth shifts between the interferometric images,
vertical direction improves, bene ted by the better estimatios Suggested in [32]. Since the 2-look TOPS modes provide an
in along-track. We can see that the sensitivity is, in gener&nhanced sensitivity to the azimuth shift, small-scale variations
better for the E-W and vertical directions, however, for sma@long azimuth can be retrieved. Therefore, joint estimations

temporal baselines the performances are closer for all thfé@M Split-spectrum and azimuth shifts are possible, without
directions. any limitation (in terms of data gaps or degraded sensitivity),

as, e.g., applied in [33] to StripMap acquisitions.
2) Time-series:In case of working with stacks of images,
we are interested in obtaining the performance curves of the
mean deformation velocities. The top part of Fig. 13 shows the
accuracies in range (across-track) and along-track directionlﬁls
a function of the number of images employed, assuming t to
an image is acquired each repetition cycle (11 days). As for t

SConsideration of ionospheric effects

V. METHODOLOGY

the following, the methodology for the interferometric
cessing and exploitation of 2-look data is provided. Sec-
5n V-A focuses on the the interferometric processing of pairs

o . _ _ RRlocities with stacks.
sphere. Similar conclusions to the case of pairs of images can

be drawn for the along-track direction: the noise introduced

by the troposphere dominates over temporal decorrelatign |nSAR pairs

effects for very short stacks (10 images). The effect of the

troposphere becomes rapidly negligible when increasing tfibe interferometric processing algorithms for TOPS data can
number of images (quotient=1). The tropospheric noise seehesfound, for instance, in [17] [34] [35], where a coregistration
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Fig. 12. The upper plots show the standard deviation of the shift measurement that can be retrieved in the line of sight and in the azimuth direction with an
interferometric pair as a function of the temporal baseline, with and without considering the turbulent troposphere. The plots in the middle show the quotient
of the accuracies in the retrieval of the shifts considering the troposphere and without its consideration. The effect of the troposphere is negligible in the
along-track direction (quotient=1), except for very high coherences (small temporal baseline) where the tropospheric noise dominates. The output product
resolution has been set to 100 m100 m, resulting in an equivalent number of looks of 998. The lower plots show the expected 3-D performance when
combining two interferometric pairs with ascending and descending geometry with look anglesarfi@0rbit heading angles of 12and 168. Left column

refers to TOPS2, whereas right column to TOPS2+.

strategy, based on a geometric coregistration followed by ESR external DEM following the procedure described in [36].

applied at the bursts overlap areas can correct for const&pectral shift ltering can be applied optionally afterwards,

azimuth misregistration due to orbital or timing errors. Addispecially important if large perpendicular baselines are ex-

tional processing aspects, as the necessity to perform derampgcted.

ing and reramping operations for the spectral shift Iter and

resampling operations have been outlined. Fig. 14 shows LH(]e
ca

rocessing block diagram at burst-level. where a geometrical® exploitation of both looks consists, in the rst place, in
P 9 9 ' 9 calculating the map of local azimuth shifts by generating the

coregistration is done using precise orbital information an Ifferential interferogram between the interferograms of both
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Fig. 13. The upper plots show the standard deviation of the shift measurement that can be retrieved in the line of sight and in the azimuth direction with
a stack of images as a function of the number of acquisitions with and without the consideration of the turbulent troposphere, assuming that an image is
acquired every 11 days. The plots in the middle show the degradation of the accuracies due to the troposphere. The tropospheric noise in the along-track
direction is negligible (quotient=1), except for very short stacks, where tropospheric effects dominate over temporal decorrelation. TOPS2 achieves a standard
deviation in the mean along-track velocity of 4 mm/month for a stack length of 30 images, whereas this can be achieved with just 13 images with TOPS2+.
The bottom part of the gure shows the 3-D performance when combining ascending and descending stacks. Look anglesvefi3en assumed for both
geometries with orbit heading angles of 1@nd 168, respectively. Left column refers to TOPS2, whereas right column to TOPS2+.

looks (Int. look1 and Int. look2). The phase of the differentialesolution, spatial multilooking can be applied to the INSAR
interferogram, ., , can be therefore written as: phases / ESD phase. A small multilooking of the interfer-
ograms prior to the calculation of the differential interfero-
gram (so-called early-multilooking) increases the estimation

eo =argf(mi ) (M1 Si.1) G (29)  efciency [37].

wherem; ands; refer to the I master and slave complex
bursts, respectively, anah,,, ands., refer to the(i +1)" As mentioned before, the differential phase between both
master and slave bursts. Given a desired output prodimbks is affected by wrapping effects. Thus an unwrapping of
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the azimuth displacements can be directly subtracted from the

Ext. DEM| | Orbitinfo. . ;
Oddbursts (ook1) Even bursts (ook2) | — e interferograms of each look. This phase can be calculated as:
D :
_MEEWI Slave burs?] 1 'Master burst —Slave burst |
i : ! : v fanx) o a1
‘ resampling AT (r,X) - fd(r) ESD (rnx) . ( )
1 T
¥
1 1
| spectalsititering | |1 | Spectral shit fterng | ! The result are two interferograms, Int. lookl (XT) and Int.

look2 (XT), whose phases are sensitive to the across-track
direction. The interferograms of each look can now be co-
herently averaged in order to obtain the 2-look (across-track)
interferogram. An additional multilooking could be applied at
this stage according to the desired product resolution.

aster Slave burst
burst (filt) (coreg, filt)
¥ )
Interferogram calculation
(+ Early ML)

aster Slave burst
burst (filt) (coreg; filt)
Interferogram
calculation (+ Early ML)

The suggested approach for the decoupling relies on a correct
phase unwrapping of the ESD phase. The ESD phase is neither
affected by residual topography nor turbulent troposphere, it
suffers just from temporal decorrelation, which is, however,
important for large temporal baselines and/or over vegetated
areas.

It
il
1
1
1
1y
1
h
h
"
1
™
¥
h
ey
¥
h
1

Overlap computation and Interferogram
calculation (+Late ML) (+ Phase Unwrapping)

Azimuth shifts

ESD phase i
computation

2
Local azimuth shifts compensation
(bursts resampling or phase removal)

Int. look1 (XT) Int. look2 (XT)

az shifts

In case the decoupling is not performed, the effective line of
sight of the 2-look interferogram, resulting from the combina-
tion of the original interferograms of each look (Int. look1,2),

presents a (time-varying) squint, . (t), given by:

S P R

L= 1

Fig. 14. Burst-level interferometric processing combining both looks. The " (t)= arcsin —(f ‘;ookl () + fd\ookz ) : (32
slave bursts of booth looks are in rst instance coregistered employing 4v,

precise orbital information and an external DEM. Resampling and spectral .

shift ltering are performed considering the signal spectral properties, i.wvheref < (t) andf < (t) are the Doppler Centroid frequen-
deramping and reramping operations are necessary (not shown in diagratiés of the rst and second look, respectively.

Afterwards the interferograms corresponding to each look are generated. The

contribution to the phase of these interferograms is due to the projection

of the ground displacement onto the line of sight of each look. The ESD .

phase can be computed by calculating the overlapping area between loBks Time-series

and forming the differential interferogram, applying the late multilooking;

the ESD phase has to be unwrapped if shifts larger than the ambiguity barighe-Series analysis of image stacks allows the retrieval of the
are expected. In order to obtain the 2-look interferogram, the ESD ph

se . : . .
is used to decouple the displacement in across and along-track directioﬁleﬁnporal eVOIUt_'on of the deformation, where its mean velocity
order to obtain an interferogram which is sensitive to the displacement in tige usually obtained as a rst step of the processing. In the

across-track direction (XT). The latter interferograms are averaged to obtifse of 2-look systems, two equivalent approaches are possible
the 2-look across-track interferogram. . ; ' .
in order to retrieve the along- and across-track deformation
velocities, as expounded in the following.

the differential phase becomes, in general, mandatory, wherom a geometrical point of view, we could retrieve the
working with pairs. The azimuth shifts map,t(r; x), can be mean azimuth velocity by performing conventional indepen-

retrieved according to: dent time-series processings of each look, obtaining the mean
velocities in the lines of sight of each of them. The mean
{(rx) = ( eso (X)) ; (30) azimuth velocityy, can be obtained by making the difference
2 fq(r) between the mean velocity for each loak,., .., and scaling

) ] the result according to:
where ( ) is the phase unwrapping operator.

For the generation of the 2-look interferogram we take ad- n 27\/; (Vieow ~ Vioors ) (33)

vantage of the local azimuth shifts retrieved from the ESD d

phase. Its use makes possible the decoupling of the defg(lrﬁce the estimation of the mean deformation velocity is

mation in across-track and along-track direction, as analyzeerformed independently for each look. the processing. will
in section IV-B. The removal of the phase due to azimu(ﬁ b y ' P 9

displacement, . , consists in converting the ESD phase int uar\t/)ilgtctorgeovgltﬂetrhee presence of a higher noise due to the
azimuth shifts according to (30) and to resample again the posp '

slave bursts. If the azimuth shifts are small compared to the second option consists in retrieving the azimuth mean
azimuth resolution, as a rule of thumb below 1td avoid velocity employing directly the ESD phases. The ESD phases
degrading the interferometric coherence [38], the phase duectm be computed from each pair of (looks) interferograms
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formed between a common selected master acquisition and TABLE IV

the remaining slave images or jointly by calculating the ESD MEAN DOPPLER FREQUENCY DIFFERENCES BETWEEN LOOKS AND
h I ibl binati f isiti 8ORRESPONDINGESD AMBIGUITY BAND . TOPS2ACQUISITION WITH
p _ases among a POS_SI € Cor_n Ination o vaUISI |ons_an FOUR SUBSWATHS OVERPETERMANN GLACIER, GREENLAND.
using the Phase Linking algorithm [39]. The latter option
provides a better estimation since the complete covariance

matrix is exploited.

Ss1 SS2 SS3 SS4
h £ [Hz] 3182 3127 3039 2979
Provided that we have a stack of geometrically-coregistered Ambiguity band [m] 111 113 1.16 1.18
acquisitions to a common master image, we can compute the

ESD phases between each slave image and master. The mean

azimuth velocity can be retrieved for each multilooked pixel

by exploiting the following periodogram: . . .
y exp g X gp g Petermann glacier represents moreover a challenging scenario

) = argmax < o (esolil 2 favaTlilvglil) . (34) for our demonstration due to the heterogeneous motion gradi-
Va i ’ ent present [41]. A pair of TerraSAR-X TOPS2 images have

i been acquired on 16/10/2015 and 27/10/2015. The data takes

wherearg max,, fg stands for the argument of the maximuny.e composed by four subswaths and 122 bursts (with a length
(mean azimuth velocity,, for which the function attains its ¢ approx. 10 km each). The range coverage is 100 km, with
largest value). e, [i] is the temporal array of ESD phases, (q5| scene length of 500 km, being the azimuth resolution
of each (master-slave) interferogram,for each multilooked 4q Fig. 15 shows an overview of the obtained results,

pixel andT [i] are the temporal baselines of each interferogranhe norizontal direction corresponds to along-track. From the
Note that the dependency off; andv, with range has been (¢ eciivity (a), it can be seen that the ice ows from left

omitted for simplicity. to right, where the ice tongue can be distinguished. After

Working with the ESD phases directly instead of with each coregistration has been performed, the coherence (b), and
look independently has a major advantage, namely, the phafs3AR phase (c) can be obtained. It can be appreciated that
are autocalibrated, i.e., systematic effects, like residual tdue to the high glacier velocity, the coherence is low on
pography, most of the baseline errors and tropospheric notgg ice tongue. Our focus is outside these areas, since even
cancel out, being not necessary to establish a refereflcéhere were enough coherence, there is no justi cation to
point to align the ESD interferograms. In scenarios with lo@PPly interferometry due to very high fringe frequency. For
subsidence rates, it can also be assumed that the ph&’é‘@ areas, amplitude-based techniques, e.g. cross-correlation,
due to ground motion are also smaller than the ambiguijpimune to wrapping effects are more adequate. The parts
band. Therefore (34) can be applied directly to each sam@ie the glacier with a slower displacement rate present an
independently without having to exploit arcs between poin%:ceptable coherence and moderate velocities. A Greenland

as usually done when processing time series [40]. DEM obtained from the Ice Mapping Project (GIMP) [42] has
been employed to subtract topographic fringes. On the left part

of the INSAR phase (c), phase discontinuities due to glacier
VI. DEMONSTRATION WITH TERRASAR-X: displacement can be observed. The aim is to remove the phase
EXPERIMENTAL RESULTS discontinuities by applying an accurate local azimuth coregis-

) o tration by exploiting both looks, as expounded in section V-A.
Experimental TOPS2 acquisitions have been performed ovgfe combination of the INSAR phases from both looks allows

different sites to demonstrate the applicability of the mode fgkq computation of the ESD phase. Table IV shows the spectral
the retrieval of large azimuth displacements employing pairsé’éparation between looks and the ambiguity bands for each
images, and of mean deformation velocities by exploiting timghswath, which is around 1 m. Since larger movements in the
series. The rst example, with pairs of images, corresponds 49imuth direction are expected, the ESD phase (d) has to be
the retrieval of the azimuth shifts on the Petermann glac"%fmwrapped. We would expect to obtain a smoother ESD phase,

located in North-West Greenland, with a main orientation {Q,ever phase discontinuities are to be found at the burst
the N-S direction. interfaces indicating that there are ionospheric perturbations

The second example, employing time-series, correspondsdis to the high solar activity occurred in 2015, strong enough
the monitoring of post-seismic ground deformation after tH€ be sensed at X band. An estimation of the ionospheric con-

2013 Balochistan earthquake, in Pakistan. tribution employing, e.g., split bandwidth techniques [31] in
order to separate displacement from ionospheric disturbances

is out of the scope of our evaluation.

A. The Petermann glacier

With its 80 km long and 16 km width, the Petermann glacigdnce the azimuth shifts have been estimated, they are removed
is the largest oating glacier in the Northern Hemispherdrom the interferograms of each look by using (31) in order to
It connects the Greenland ice sheet to the Arctic Ocean. tedrieve the across-track deformation for each look. The phase
study is of great interest among the glaciological communityf the average of both interferograms is shown in Fig. 15 (e),
to determine how fast ice is being discharged to the seas. Mieich is free of phase discontinuities.
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Fig. 15. Interferometric TOPS2 results over Petermann site corresponding to the pair 16/10/2015-27/10/2015. The acquisition covers an area of
100 km 500 km and employs four subswaths with an azimuth resolution of 40 m. (a) Re ectivity, (b) coherence, (c) interferometric phase after removing

the topography, (d) ESD phase proportional to the along-track motion, and (e) interferometric phase obtained after removing the along-track component of
the motion by exploiting the 2 looks. The GIMP DEM has been used to remove the topography contribution to the phase. The phases are scaled between

180 . Range is vertical and azimuth is horizontal.
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B. Post-seismic deformation after the 2013 M\ Balochistan TABLE V
earthquake MEAN DOPPLER FREQUENCY DIFFERENCES AT THE OVERLAP AREA AND
CORRESPONDINGESD AMBIGUITY BANDS. TOPS2ACQUISITION WITH

. . TWO WIDE SUBSWATHS OVERPAKISTAN.
In late September 2013 two main Earthquakes took place in

Balochistan, South-West of Pakistan. The main shock had a oy s
magnitude of 7.7, while a 6.8 aftershock occurred some .

_caiemi ; h i [Hz] 3334 3218
days after. The co seismic events have been anglyzed using Amgiguity band [m] 106 110
ground surface deformation measured from sub-pixel correla-
tion of Landsat-8 images, combined with back-projection and

nite source modeling of teleseismic waves [43]. Radar IM3 0as have been selected to compute the histograms and

agery was additi_onally used in [44]. The tectonics of Soume{ﬂe mean and the standard deviation of the estimated mean
and Cef‘”a' Paklstan re ect a compleg plate b°““daf¥ Whe&%formation velocity. The bottom part of the same gure
Fhe India plate slides nothward relative to the Eurasia plag ows the resulting histograms and Gaussian tting for each
in the east., and thg Arabia plate subducts northward b‘?”eﬁ(é angle. Points with a temporal coherence greater than 0.5
the Eurasia plate in the Makran. These motions typical ave been considered. In the ascending geometry we obtain

result in N-S to Northeast-Southwest strike-slip motion. Afteli 444 deviations of about 2.9 to 3.5 mm/month, whereas the
the 2013 shocks, post-seismic deformation close to the 20 ected standard deviation for 53 images is approximately

Epicenter location is expected, with displacements in N-S 5 m/month according to the TOPS2 curves of Fig 12. For
NorthEast-SouthWest. the descending geometry the obtained standard deviation is

Two stacks of experimental TerraSAR-X TOPS2 acquisitiongelow 2.5 mm/month, whereas 1.7 mm/month is expected in
in ascending and descending geometry, have been acquiage of having 67 images, according to the theoretical curves.
from April 2016 until April 2018. The acquisitions have twoThe differences between expected and measured standard de-
subswaths and cover an extension of 85 kn265 km with Viations are very likely due to a mismatch of the decorrelation
17 m azimuth resolution. Table V details the spectral sepafgodel used for the calculation of the expected performance,
tion between looks and the ambiguity bands for each subswaaf. well as due to the inherent assumptions of the HCRB not
We have analyzed two years of acquisitions in descendifgcurring in a real scenario.

o L . e -seismic azimuth deformation map presents
the criterion of minimizing the perpendicular baseline, in ordgf, areas with clear different behavior at both sides of this

to minimize the (range) spectral decorrelation. line, indicating that the post-seismic deformation follows a

Fig. 16 shows interferometric results for the pairs acquirddmilar pattern to the co-seismic one. The same conclusion
on 07/08/2016 and 20/05/2017, in descending geometry, withs been reported from Sentinel-1 time-series analyses in
a temporal baseline of about 9.5 months. Southern Pakistf line-of-sight direction [45], which states that the surface

is arid and has very little vegetation; therefore, interferdlisplacements are dominated by horizontal motion of a similar
grams remained coherent through the observation period. T@1se to the 2013 earthquake.

coherence (a) and the phases of both looks (b) (C) aftffe area on the north side of the rupture line is moving

topographic phase removal are shown, where strong turbulggt., 45 South-West, a fact which is clearly visible on both

tropospheric perturbauon; can be appreciated. The d'ﬁerenﬁ%lometries, since the motion is quite well aligned with the

phase between looks (d) is almost not affected by the turbu'%ng-track geometry. On the other hand, the projection of

troposphere. The along-track deformation allows clearly {e motion in the southern area is greater for the ascending
identify two areas displacing in opposite directions, Wh'Cchuisition.

con rms post-seismic activity.

) ) ) _ It is interesting to note that the maximum along-track defor-
The mean azimuth velocity can be estimated applying theation velocity is about 2.5 mm/month, which for the largest
periodogram operator, introduced in (34), to the multilookedmhoral baseline in the current data set corresponds to an
ESD phases of the stack. We de ne an output resolution f@isp phase of just 20 Thanks to the long-term coherence and

the mean azimuth velocity of 100 m 100 m, which results e exploitation of the time series it is possible to perform a
roughly in an equivalent number of looks of 1000, S'm”arlYeIiable estimation of the deformation.

as the number of looks assumed in the computation of the

performances in section IV.
) ) . . VIl. CONCLUSION
The middle part of Fig. 17 shows the estimated mean azimuth

velocity and temporal coherence for the ascending (a) aBdrst-mode acquisitions have been traditionally employed
descending (b) geometries. Two rectangles over homogenetmismap large areas by mapping different range sub-
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(a) Interferometric coherence (b) INSAR phase lookl  (c) INSAR phase look2 (d) ESD phase (e) Along-track shift 10

Fig. 16. Interferometric TOPS2 results over Balochistan site corresponding to the pair 07/08/2016 - 20/05/2017 (approx. 9.5 months), acquired in descending
geometry. The acquisitions cover an area of 85 kn265 km and employ two subswaths with an azimuth resolution of 17 m. The (a) interferometric
coherence, (b) phase of look 1 and (c) look 2 after topographic phase removal, (d) differential phase and the (e) along-track shift map are shown. The phases
are scaled between180 . Range is horizontal and azimuth is vertical.

swaths. There have been multiple radar missions whiafcluding a criterion to select optimal acquisition PRFs. The
have operated in ScanSAR mode, as e.g. RADARSAT+Bnge ambiguities have been, as well, considered in order to
ENVISAT-ASAR, ALOS-PALSAR, or are currently operating,choose the optimal PRF in terms of total ambiguities. For the
e.g. RADARSAT-2, ALOS-2-PALSAR, COSMO-SkyMed andsake of example a maximum steering angle of 1Has been
TerraSAR-X. The design of the modes has been done emploftosen taking TerraSAR-X system parameters, which delivers
ing multiple looks due to SNR reasons (except TerraSAR-X gain in the estimation of the azimuth motion of 11 dB
ScanSAR, which is a 1-look system). In this way the depe(relative variance) with respect to StripMap mode. The total
dence of the azimuth target position could be moderately mimbiguity-to-signal ratio is approximately -21 dB in average
igated. The TOPS mode solved the scalloping and associateder all subswaths). In case this ratio is not acceptable, either
effects, making the use of multiple looks not necessary. Hothte maximum steering can be relaxed or the processed Doppler
ever, if we compare modes recording bursts of echoes to falindwidth reduced. We have obtained a gain of about 1 dB
aperture modes (StripMap), the sensitivity to the along-traskhen reducing the processed bandwidth by 30%.

direction is degraded due to its lower azimuth resolution. . . _ _
The looks can be combined at the interferometric processing

In this contribution we have proposed the 2-look TOPS coBtage reducing this way the residual scalloping. In the case of
cept, with the main motivation of overcoming this limitationTOpPS2, the resulting residual scalloping is 0.07 dB, whereas
The 2-look TOPS mode achieves the same coverage agp@TOPS2+ it amounts 0.4 dB (similar to TOPS, i.e., 0.36 dB).
single look TOPS mode at the expense of a degradation of kg additional bene t is that ionospheric perturbations can be

azimuth resolution by a factor of two, maintaining however thgstimated with continuous coverage (in contrast to TOPS).
number of looks for a given output resolution product. Two

different design principles have been presented, the rst onEje 2-D expected performances in the deformation estimation
TOPS2, follows a design based on resolution and achievasploying acquisition pairs or time series have been presented,
very similar azimuth sensitivity to StripMap. The second ona@s well as 3-D performances combining ascending and de-
TOPS2+, consists in an optimization of the 2-look TOPScending geometries. Assuming the TerraSAR-X system and
mode, which achieves an enhanced azimuth sensitivity. Tée exponential decorrelation model with a time constant of 40
design is based on selecting larger antenna beam steedags a long-term coherence of 0.1 and a power of the turbulent
angles and is mainly limited by azimuth ambiguities. A quartroposphere ofl cf we would need 30 TOPS2 images to

titative analysis of the ambiguities impact has been provideahtain an accuracy in the mean azimuth velocity of about



IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING 20

(a) Ascending (b) Descending

Fig. 17. Time-series TOPS2 results over Balochistan site corresponding to the time frame April 2016 to April 2018. The left part corresponds to the ascending

geometry, with a total of 53 images, whereas the right part to the descending geometry, having a total of 67 images. The top part shows the distribution of

the perpendicular and temporal baselines for both geometries. The middle part of the gure shows the retrieved mean azimuth velocity map and the temporal
coherence, indicating the areas covered by two rectangles for statistics analysis. Range is horizontal and azimuth is vertical. The bottom part shows the
histograms of the mean velocity, where a Gaussian tting (red line) has been performed. The average mean velocity and the standard deviation are provided,
as well as the standard deviation result from the Gaussian t.
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(a) Ascending (b) Descending

Fig. 18. Result on the estimation of the mean azimuth velocities over Balochistan employing time-series for the (a) ascending and (b) descending geometries.
The black line indicates the surface rupture line derived from Landsat pixel offset tracking applied to co-seismic images of thg 2@018aNhquake.

For both geometries the post-seismic azimuth deformation map presents two areas with clear different behavior at both sides of this line indicating that the
post-seismic deformation follows a similar pattern to the co-seismic one.
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