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Abstract— Satélite Argentino de Observacion COn Microondas
(SAOCOM-1) constellation operates in three acquisition modes:
Stripmap (SM), Terrain Observation with Progressive Scans Syn-
thetic Aperture Radar (TOPSAR) Narrow (TNA and TNB), and
TOPSAR Wide (TW). Since repeat-pass SAOCOM-1 TOPSAR
acquisitions are not synchronized, the generation of the related
interferometric products is not guaranteed, as it happens instead
for the synchronized repeat-pass TOPSAR acquisitions, such as
those of Sentinel-1. In this work, we assess the suitability of
SAOCOM-1 TOPSAR acquisitions for generating interferometric
products. To this aim, we first discuss the constraints that
must be fulfilled by the repeat-pass nonsynchronized TOPS
acquisitions in order to make it feasible the generation of
usable interferograms. Then, we verify whether SAOCOM-1
TOPSAR acquisitions fulfill these constraints. For this purpose,
we present an analysis based on the use of a dataset composed
by 18 TNB images relevant to a single subswath illuminating a
region located in the southwest of Argentina. From this dataset,
we were able to select 48 pairs that guarantee the spectral
superposition needed for interferometric purposes. We verified
that 50% of these 48 pairs fulfill the constraint required to avoid
in the corresponding interferograms the presence of noncoherent
azimuth stripes, whose azimuth extension depends on one side
on the mis-synchronization percentage between the repeat-pass
acquisitions and the other side on the overlapping percentage
between adjacent bursts of the same acquisition. Summing
up, the presented analysis proves the potential of SAOCOM-1
TOPSAR acquisitions to obtain interferometric products, despite
the absence of bursts synchronization between repeat-pass
acquisitions.

Index Terms— Bursts synchronization, differential interferom-
etry synthetic aperture radar (DInSAR), Satélite Argentino de
Observacion COn Microondas (SAOCOM-1), Terrain Observa-
tion with Progressive Scans SAR (TOPSAR).
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I. INTRODUCTION

ATELITE Argentino de Observacién COn Microondas

(SAOCOM-1) is a spaceborne constellation developed
by CONAE (Space Agency of Argentina), composed of two
full-polarimetric synthetic aperture radar (SAR) (A and B)
operating at a carrier frequency of 1.275 GHz (L-band). Both
sensors operate in three acquisition modes: Stripmap (SM) [1],
Terrain Observation with Progressive Scans SAR (TOPSAR)
Narrow (TN), and TOPSAR Wide (TW) [2], which differ in
coverage and spatial resolution [3]. Data can be acquired in
single/dual and quad polarizations.

Mission scope is mainly the generation of soil moisture
maps to support agriculture in the wide Pampas Region of
Argentina, profiting from the regional scale of the TOPSAR
data. Consequently, a large amount of information acquired in
TOPSAR mode is usually available [4]. On the other side,
SAR interferometry (InSAR) has not been defined in the
specifications of the SAOCOM-1 mission for TOPSAR acqui-
sitions, which are thus planned without burst synchronization.
This means that in repeat-pass acquisitions, the radar is not
constrained to observe a generic target on the ground always
with the same squint angle, that is, with the same Doppler
centroid (DC) [1]. Therefore, an adequate spectral overlap
between repeat-pass bursts relevant to the same area on the
ground is not guaranteed. For this reason, the interferometric
processing of SAOCOM-1 TOPSAR data is a challenging,
sometimes unfeasible, task, generally more complex than that
of SAOCOM-1 SM [5], [6], [7] data or that of synchro-
nized TOPSAR data [8], [9], [10], [11]. Within this context,
evaluating the InSAR capabilities of SAOCOM-1 TOPSAR
modes is of great interest, especially if we consider the great
amount of available data acquired with these modes. In this
work, we evaluate the suitability of SAOCOM-1 TOPSAR
acquisitions for generating interferometric products.

To this aim, we first discuss the constraints that must be
fulfilled by the repeat-pass nonsynchronized TOPS acquisi-
tions in order to make it feasible the generation of usable
interferograms (Section II). To do this, we introduce a met-
ric to measure the mis-synchronization between repeat-pass
bursts. Then, we show that depending on the amount of
such mis-synchronization, two effects occur in the corre-
sponding interferograms: coherence degradation and possible
presence of totally incoherent azimuth stripes. Both effects are
properly discussed and quantified in Sections II-A and II-B,
respectively.

In Section III, we then verify whether SAOCOM-1 TOP-
SAR acquisitions fulfill the constraints discussed in Section II.
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To this aim, we present an analysis based on the use of a
dataset composed by 18 TNB images relevant to a single
subswath illuminating a region located in the southwest of
Argentina.

Concluding remarks are reported in Section IV.

II. NONSYNCHRONIZED TOPSAR: EFFECTS ON THE
INTERFEROGRAMS

Let start from the TOPS mode acquisition geometry [2],
and consider the scene interburst time period 7 and the
corresponding number of azimuth lines X, which can be
expressed as

X = Tprf @))]

wherein prf is the pulse repetition frequency. Note that the
burst duration is approximately equal to 7/Ng, with Ng being
the number of subswaths of the considered acquisition burst
mode. Moreover, the azimuth extension of the ground region
relevant to each burst, say X,, can be expressed as X, = a X,
where the factor ¢ > 1 accounts for the possible overlapping
between adjacent bursts of the same acquisition. For the sake
of simplicity, in the following, we will neglect the range
dependence of «.

Turning to the repeat-pass scenario, let us consider two
repeat-pass acquisitions that we name reference and sec-
ondary. Let consider two bursts, one for each acquisition,
which include a generic illuminated target p. In the following,
these two bursts are referred to as matching bursts. Let x;ef
and x* be the azimuth lines corresponding to the target p in
the two matching bursts. Let us define 5x,, as the shift between
them and Ax, as its counterpart normalized to X

|x;ef _ x[s)e0| 5xp
Axp = s = O @

Note that Ax,, which in the following is named as syn-
chronization index, varies between 0, in the case of fully
synchronized repeat-pass acquisitions, and 0.5, in the case of
completely nonsynchronized ones.

In the absence of bursts synchronization, the interferograms
computed by using TOPSAR data can be affected by two
different effects: interferometric coherence degradation and the
possible presence of totally incoherent azimuth stripes. In the
following two subsections, we show how these effects can be
quantified in terms of the synchronization index in (2).

A. Interferometric Coherence Reduction

This effect is due to the Doppler shift between matching
bursts that are not aligned as in the synchronized TOPSAR
case [2]. To better analyze this effect, let us consider flgecf, »
and fpc , [Hz], which are the DCs relevant to p in the
reference and secondary images, respectively, and Afpc,, be

the corresponding Doppler separation

f
Afoc.p = |fpe., = Ioc.pl- 3)

The condition to be fulfilled to avoid complete spectral
separation between the two matching bursts is

AfDC,p< Baz (4)
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wherein B,, is the system Doppler bandwidth [Hz] [3]. It can
be easily shown that the synchronization index Ax, in (2) is
related to the spectral separation A fpc,, in (3) as follows:

_ Afpc,p
P Tk,

where k; ,, is the DC rate [Hz/s] relevant to p in the considered
acquisition burst mode [8], [12]. According to (5), the condi-
tion in (4) can be translated into the following restriction in
terms of synchronization index

Ax (&)

Baz Ax 8xp,critical
- ,critical —
Tky, b X

Note that the critical synchronization index AX, citical in (6)
represents the maximum allowed value of the synchroniza-
tion index that guarantees the spectral overlap between two
matching bursts. It is noted that in the TOPS mode, k; , >
(NsB,,/T) [2], thus leading to the following weak upper
bound for the critical synchronization index:

1 1

Axp,cr]tical < stg (7)
where the last inequality comes from the consideration that
the existing SAR systems based on TOPS mode exploit a
number Ny of subswaths at least equal to 3. From (7), it turns
out that the critical synchronization index is well smaller than
the limit 0.5 that marks the condition of completely nonsyn-
chronized bursts. This means that within a generic dataset
of nonsynchronized repeat-pass TOPS data, enforcement of
condition (6) is not guaranteed: checking over this condition
is thus mandatory to avoid the exploitation of data pairs useless
for interferometric purposes.

As well known, the decorrelation introduced by the spec-
tral separation Afpc, in (3) can be expressed in terms of
interferometric coherence [1], say ypc,, as

A A — By, /2
lyoepl = (1 B fDC,p)reCt|: foc,p a2/

Ax, <

(6)

By,

wherein rect[-] is the rectangular pulse function. Using (5)

and (6) in (8) leads to the following expression of the

interferometric coherence in terms of synchronization index:

Ax Ax, — AX, citical /2

|Vdc,p| _ <1 _ P )rect{ P p,Crlthd]/
Axp,critical Axp,crilical

B. Decorrelation Stripes

az

} ®)

}. 9)

Due to the Doppler frequency differences between the
reference and secondary interfering bursts, in addition to the
coherence degradation effect in (9), another effect corrupts
the TOPS interferograms in the case of nonsynchronized
acquisitions. Specifically, totally noncoherent azimuth stripes
will unavoidably appear in the interferograms. To better clarify
this aspect, let us refer to Fig. 1, where [Fig. 1(a)] we
have highlighted in red the overlapping areas between the
adjacent bursts of the same acquisition. As can be seen in the
figure, when generating the interferogram, the pixels [orange
stripes in Fig. 1(a)] located at the end of the reference bursts
(higher Doppler frequencies) interfere with those located at the
beginning of the secondary bursts (lower Doppler frequencies).
In correspondence to these pixels, the interferogram will be
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Fig. 1. (a) Sketch of a co-registered pair of images composed by three
bursts. For each acquisition, the overlapping area between adjacent bursts is
depicted in red. For each couple of interferometric matching bursts, orange
stripes are characterized by a Doppler frequency difference greater than the
Doppler bandwidth, due to the azimuth shift between acquisitions. (b) Sketch
of the corresponding interferogram. Noncoherent stripes (depicted in blue in
correspondence to the orange stripes) appear after the interferogram formation
because of the Doppler frequency difference.

totally noncoherent [blue stripes in Fig. 1(b)] since the cor-
responding frequency difference does not fulfill condition (4).
In normalized notation, the condition to fulfill to avoid the
appearance of these noncoherent stripes is

Xov

Ax, < Axoy = =(a-1 (10)
wherein 6x,, is the number of overlapping azimuth lines
between adjacent bursts of the same acquisition. The normal-

ized azimuth width of the noncoherent stripes is

1 A
ASW =max(Axp) — Axoy = Tmax<]J:DC'P> —a+1
t.p
(In

which holds when condition (10) is not satisfied.

It is worth underlining that increasing the overlap between
adjacent bursts of the same acquisition may allow avoiding the
presence of these noncoherent azimuth stripes. Specifically,
if Axoy > max(Axp citca)s see (10), as it happens for
instance for burst mode systems that exploit at least a two-
look configuration [13], this effect is overcome.

This effect has also an important processing consequence.
Indeed, TOPSAR interferograms usually present phase dis-
continuities between bursts. These residual phase jumps can
be due to orbital inaccuracies, timing errors, or ionospheric
relative azimuth shifts and are corrected by using the enhanced
spectral diversity (ESD) algorithm [8], [11]. As the algorithm
estimates residual shifts from the spectral separation between
the overlapping areas of adjacent bursts of the considered
acquisitions, if those overlapping areas are noncoherent, which
is the case of the blue stripes in Fig. 1, the ESD algorithm
cannot be used.

III. MATERIALS AND STUDY CASE

The test site is located in the southwest of Argentina.
It was selected due to the relatively large amount of available
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Fig. 2. Selected interferograms: 4, 8, and 14 fulfill the condition (10), whereas
in cases 21, 42, and 43, it is not satisfied.

SAOCOM-1 TOPSAR data, acquired in TNB and dual-pol
mode. We show the results related to the subswath 5 (S5DP).

The SAR dataset consists of 18 ascending images acquired
between 27 December 2019 and 4 February 2022. Each image
is composed by a varying number of bursts from 12 to 14,
where the common area of the whole dataset comprises only
five bursts.

It is observed that computing the interferograms from non-
synchronized TOPSAR data mainly follows the same steps
already presented in the literature for processing synchronized
TOPSAR interferometric pairs. However, some care must be
taken in the selection of matching bursts and interburst phase
shift removal. These implementation details, not being the
focus of this work, are addressed in Appendixes I and II.

We processed scene pairs whose perpendicular baseline is
not greater than 2000 m, that is, less than a third of the critical
baseline [1] for the system parameters and near the orbital tube
of 2500 m for the processed dataset. Furthermore, we allowed
DC difference smaller than the system Doppler bandwidth in
order to test the limits of this nonsynchronized TOPS system
(i.e., 202 Hz [3]).

According to (6) and (10), the synchronization index
between the pairs to be considered must be less than ~ 0.15
to obtain Doppler spectrum overlap and less than ~ 0.07 to
avoid interburst noncoherent stripes.

By doing so, we computed a total of 48 interferograms,
whose properties are summarized in Table 1. In 24 of them
(50%), the condition in (10) is fulfilled resulting in coherent
interferograms without noncoherent stripes. The top row in
Fig. 2 shows three selected cases (highlighted in bold in
Table I), where good coherence can be appreciated.

In the remaining 24 interferograms, the condition in (10) is
not satisfied, resulting in the scenario shown in Fig. 1. Three
representative cases (highlighted in bold in Table I) are shown
in the bottom row of Fig. 2. Note the noncoherent stripes
aligned with the bursts’ transitions, particularly noticeable in
interferograms 21 and 42. Note also the good coherence in
these interferograms, although the Doppler separation between
matching bursts (150.5 and 145.7 Hz) is close to the system
Doppler bandwidth (202 Hz).

In some cases, i.e., interferograms 18, 24, 25, 31, 32, 34, 47,
and 48, decorrelation linked to A fpc,, alone produces a lower
coherence than the actually observed (see the last column in
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TABLE I
LIST OF THE 48 INTERFEROGRAMS COMPUTED
1d Reference-Secondary AB, ABtemp Afpcyp |YDc | A%, Asw Coherence
[Day-Month-Year] [m] [days] [Hz] L3 xto

1 02032020-21052020 1792 80 104 0.948  0.008 - 0.58+0.14
2 02032020-22062020 -63 112 6.0 0.970  0.004 - 0.75+0.16
3 02032020-27072021 -393 512 284  0.859 0.021 - 0.54+0.15
4 14012020-29092021 -1183 624 8.7 0.957 _ 0.006 - 0.53+0.15
5 15022020-02032020 2312 16 6.9 0.966  0.005 - 0.79+0.16
6 15022020-21052020 1479 96 3.5 0.983  0.003 - 0.62+0.15
7 15022020-22062020 -376 128 0.9 0.995 0.001 - 0.75+0.17
8 15022020-27072021 -706 528 354 0.825 0.026 - 0.50+0.14
9 21052020-22062020 -1855 32 4.4 0.978  0.003 - 0.63+0.15
10 22062020-27072021 -329 400 344 0.830  0.026 - 0.54+0.15
11 24072020-03012022 -58 528 4.0 0.980  0.003 - 0.42+0.16
12 27112019-14012020 156 48 13.7 0.932  0.010 - 0.70+0.16
13 27112019-29092021 -1026 672 224 0.889  0.017 - 0.52+0.15
14 29122019-02032020 -1309 64 18.6  0.908 0.014 - 0.69+0.16
15 29122019-15022020 -996 48 11.6 0.942  0.009 - 0.71£0.16
16 29122019-21052020 482 144 8.1 0.960  0.006 - 0.67+0.16
17 29122019-22062020 -1373 176 126 0.938  0.009 - 0.62+0.15
18 02032020-28102020 1804 240 1722 0.148  0.129 0.058  0.16+0.08
19 03012022-04022022 -401 32 45.4 0.775  0.034 - 0.63+0.15
20 14012020-03012022 -1560 720 105.1  0.480 0.078 0.008 0.28+0.11
21 14012020-04022022 -1961 752 150.5 0255 0.112  0.042  0.18+0.09
22 14012020-24072020 -1501 192 101.0  0.500  0.075 0.005  0.26+0.11
23 14012020-29112020 -410 320 1594 0211 0.119 0.049  0.17+0.09
24 15022020-28102020 1491 256 179.1 0.113  0.134 0.063  0.16+0.08
25 15022020-29112020 826 288 1943 0.038 0.145 0.075  0.15+0.08
26 15122020-03012022 714 384 1262 0.375 0.094 0.024 0.26+0.11
27 15122020-04022022 313 416 80.8 0.600  0.060 - 0.41+0.14
28 15122020-16012021 1695 32 166.1 0.178 0.124 0.054  0.16+0.08
29 16012021-25062021 -1484 160 74.6  0.630  0.056 - 0.43+0.13
30 16012021-28082021 -476 224 1643 0.178 0.124 0.054  0.17+0.08
31 21052020-28102020 12 160 182.6  0.096 0.136  0.066  0.15+0.08
32 21052020-29112020 -653 192 190.8  0.055 0.143  0.072  0.15+0.08
33 22062020-28102020 1868 128 1782 0.118 0.133  0.063  0.16+0.08
34 22062020-29112020 1202 160 1952 0.034 0.146 0.075 0.15+0.08
35 24072020-04022022 -459 560 49.5  0.755  0.037 - 0.34+0.14
36 24072020-15122020 =773 144 1303 0.355  0.097 0.027  0.19+0.09
37 24072020-29092021 318 432 923 0.543  0.069 - 0.26+0.12
38 25062021-28082021 1007 64 89.7  0.547  0.068 - 0.39+0.13
39 27112019-03012022 -1403 768 118.7 0412 0.089 0.018  0.25+0.11
40 27112019-04022022 -1804 800 164.1  0.187 0.122  0.052  0.17+0.08
41 27112019-24072020 -1344 240 1147 0432 0.086 0.015  0.22+0.10
42 27112019-29112020 -254 368 1457  0.279  0.109 0.039 0.21+0.10
43 29092021-03012022 -376 96 96.4 0.523  0.072 0.002 0.41£0.13
44 29092021-04022022 =777 128 141.8  0.298 0.106 0.035 0.25+0.11
45 29112020-29092021 -772 304 168.1  0.168 0.125 0.055  0.17+0.09
46 29122019-27072021 -1702 576 47.0 0.767  0.035 - 0.41+0.13
47 29122019-28102020 495 304 190.8  0.056  0.143  0.072  0.15+0.08
48 29122019-29112020 -170 336 182.7 0.096 0.136  0.066  0.15+0.08
AB, : perpendicular baseline separation. prf = 282.38 Hz Axp criticar * 0.15
B iticar = 10600 m T=272s a =~ 1.07
AByomp: temporal baseline separation. X =768 B,, ~ 202 Hz

Table I). This can be attributed to the used coherence estimator,
which overestimates the values when coherence is low [14].

Despite the good results in terms of coherence, there are
phase artifacts affecting many interferograms. In particular,
there are residual phase ramps that can be related to errors
in the orbital ephemerides, which is a known issue [5],
and ionospheric effects that can produce azimuthal phase
ramps indistinguishable from those derived from orbital uncer-
tainty [15], [16]. This kind of artifact, assuming a purely
orbital cause, can be dealt with by using the approach proposed
in [17], which estimates and applies orbital corrections before
the interferogram formation. We applied it to our dataset,
resulting in the corrected interferograms shown in Fig. 3.
Notice that the orbital correction is also applicable to the
interferograms with interburst phase discontinuities. In these
cases, orbital corrections are computed by considering only a
single burst and propagating them to the whole interferogram.
Obviously, these phase jumps limit the potential use of the
entire interferogram reducing to a single burst the effective
area that can be investigated.
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Fig. 3. Interferograms of Fig. 2 with the orbital correction applied.
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Fig. 4. Relevant to nonsynchronized TOPSAR data. Reference and secondary
acquisitions consist of a number of bursts labeled with Bl and B2 ~BN
identifiers. Matching bursts are colored alike. Bursts highlighted with red
crosses have no correspondence in the other acquisition. Green arrows
highlight the minimum Euclidean distance between the reference and the
secondary bursts. (a) Reference bursts are directly aligned with secondary
bursts. (b) and (c) Reference bursts are not directly aligned with secondary
bursts.

IV. CONCLUSION

This work demonstrates that it is possible to systemati-
cally obtain coherent interferograms from SAOCOM-1 data
acquired in TOPSAR modes, although bursts synchronization
has not been foreseen for these SAOCOM-1 modes.

Out of a time series of 18 acquisitions, we were able to
compute 48 interferograms that compose a well-connected
interferometric dataset, as can be seen by analyzing Table I,
with the potential of being useful for computing deformation
time series.

The main open issue is that many interferograms present
phase biases that cannot be corrected using the ESD algorithm
due to SAOCOM-1 lack of synchronization and nonco-
herent stripes, which cannot be straightforwardly removed.
An approach to address this problem, which is a matter of
current study and future work, is to take benefit from the over-
lapping area between consecutive subswaths for estimating the
phase offsets between adjacent bursts.

Finally, we remark that the proposed approach has been
applied to a single subswath (S5DP). However, it is highlighted
that the same procedure is applicable to the other subswaths
(S6DP and S7DP) that compose the acquisitions, given that
the Doppler bandwidth (~212 and ~225 Hz) is even wider
than that considered in our test case (~202 Hz).

APPENDIX A

In this appendix, we clarify how to select matching bursts
in nonsynchronized TOPS datasets.

The lack of synchronization in SAOCOM-1 TOPSAR data
implies that there is not a common time frame for bursts
acquired in repeat-pass acquisitions, which is useful for recog-
nizing corresponding bursts [8]. Therefore, bursts of different
acquisitions do not always cover the same ground area.
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For the sake of simplicity, let us consider only two acqui-
sitions. Two scenarios are possible: the reference bursts can
be directly aligned with the secondary bursts [see Fig. 4(a)]
or not [see Fig. 4(b) and (c)]. To deal with both scenarios,
a common burst reference frame must be defined. To this aim,
we identify the middle range point of the first line (azimuth
time), in both images and for each burst, and we translate
these tie points into a geocentric Cartesian system using the
orbital information. Then, we compute the Euclidean distance
from each tie point of the reference bursts to all the tie points
of the secondary bursts: the pair with the lowest distance will
present the largest azimuth spectral overlap, thus defining the
searched burst matching.

Note that to correctly address the possibility that a generic
burst is not present in one of the two acquisitions, this distance
should be computed by considering the tie points of all the
reference and secondary bursts. To better clarify this aspect,
let us refer to the example of Fig. 4(c). In this case, if for
the reference acquisition, we used only the tie point of BI,
we would match this burst B1 and the secondary burst B1 (red
arrow). This, however, would be not correct since, actually,
the reference burst B2 matches the secondary burst B1 (green
arrow).

APPENDIX B

In this appendix, we briefly summarize the rationale of the
ESD algorithm in [8] and describe how we implement it.

The interburst phase discontinuities are usually compensated
by using the ESD algorithm proposed in [8]. It exploits
the spectral separation between the overlapping areas of
adjacent bursts in the considered acquisitions for estimating
residual geometrical shifts. The formulation in [8] assumes
that the estimated phase offset is essentially the same in all
consecutive bursts. Thus, the residual shift is estimated as
the average ratio between the phase offset and the Doppler
frequency differences at all the pixels in the superposition
areas [8]

2 (A fl‘)’}’:{ )
wherein (-) indicates the average value, Ay is an approx-
imation for the estimation of the residual shift, @gsp
is the phase offset at pixel p, and A SE‘ , stands for
the DC frequency difference in the overlap area for each
burst.

We introduced a slight modification for accounting for
nonstationary cases where nonrigid corrections need to be
used [8], such as interferograms affected by strong azimuth
gradients introduced by the ionosphere [15]. We estimated
one phase offset value per burst transition and used them
to compute the following cumulative interferometric phase
function:

J9ESD.p
Ay prf . M (12)

o =0 ifb=0
b—1

oy = Zi:o ¢esp, b >0
which we directly apply to the interferogram as an additional
phase correction. In (13), b is the burst number, the index i
identifies the interchannel overlapping areas, and ggsp, is the

13)
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mean phase difference in the ith interchannel overlapping area
computed as in [8].
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