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ABSTRACT

In this paper, we propose a model-based procedure to
calibrate and validate Sentinel-1 orbit products by the
Multi-Squint (MS) phase. The technique allows to cal-
ibrate an interferometric pair geometry by refining the
slave orbit with reference to the orbit of a master im-
age. Accordingly, we state the geometric model of the
InSAR phase as function of positioning errors of targets
and slave track; and the MS phase model as derivative
of the InSAR phase geometric model with respect to the
squint angle. In this paper we focus on the TOPSAR ac-
quisition modes of Sentinel-1 (IW and EW) assuming at
the most a linear error in the known slave trajectory. In
particular, we describe a dedicated methodology to pre-
vent InSAR phase artifacts on data acquired by the TOP-
SAR acquisition mode. Experimental results obtained by
interferometric pairs acquired by Sentinel-1 sensor will
be displayed.
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1. INTRODUCTION

Sentinels Precise Orbit Determination (POD) service pro-
vides orbit products containing satellite state vectors with
the accuracy of some centimeters [11]. Still, the InSAR
phase is very sensitive even to small orbital error (a few
millimeters). The problem of the baseline error has al-
ready been addressed in literature concerning airborne
SAR systems [7], although the authors just estimate the
derivatives of baseline errors treating the mis-registration
as an error to remove, and they do not take into ac-
count strong errors in Digital Elevation Model (DEM)
knowledge. Concerning spaceborne SAR systems, [5]
describes InSAR phase artifacts due to orbital errors on
RADARSAT and calibrates orbit information by an inter-
ferometric stack. However, this method is unable to sep-
arate phase contribution due to orbit from APS. In fact,
[1] explains that retrieving geometrical parameters from
InSAR phase (spaceborne case) is important to take into
account all the following contributions: the Atmospheric
Phase Screen (APS), the DEM errors and orbit errors. In
this paper we exploit the MS analysis to estimate the ac-
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curacy of a sensor’s state vectors and to calibrate InSAR
phase, with the key assumption that APS and DEM error
contributions can be neglected from MS phase [4]. It is
important to point out that MS phase (spectral diversity
technique) has already been used in some works in order
to calibrate interferometric pairs of space-borne systems
[6, 9]. However, they use MS phase to estimate base-
line error in along-track direction, whereas, we derive a
complete theoretical model and evaluate the MS phase
sensitivity to each component. The precise estimation of
the model parameters provides both an qualification of
the orbit accuracy and a residual phase screen that can be
used for removing systematic phase errors in repeat-pass
interferograms, hence for phase validation. The approach
here proposed is quite suited to Sentinel-1 mission thanks
to (1) the large swath and (2) the large squint diversity in
TOPSAR mode. In fact, TOPSAR data are more sensi-
tive to orbit errors due to high Doppler centroid variation
and non-continuous acquisition. For example, if along-
track mis-registration affects squinted stripmap interfer-
ometry just as a phase constant, it becomes a phase ramp
for TOPSAR interferometry, because the Doppler cen-
troid changes fast inside bursts. Furthermore it generates
phase jumps in bursts transition where Doppler centriod
is discontinuous [6].

2. GEOMETRIC ERROR IN INSAR PHASE

The geometric contribution to InSAR phase of each tar-
gets, depends on three vectors, S;,S2 and P, see Fig.
1.

4 4
A¢=STIAR =[Sz~ P|-S1 - P (1)

where S; and S, define sensor positions on master and
slave tracks respectively and P is the target position. For
the sake of simplicity we define hereinafter just the model
for difference of distances between target and trajecto-
ries of two interferometric acquisitions. The theoretical
model of InNSAR phase can be obtained from relation-
ships expressed in distances just multiplying to 47”. In the
interferometric processing chain, the flattening is a very
common step which removes the contribution of known
geometry [8]. After this step some phase artifacts may af-
fect the interferogram, if the reference DEM and known
state vectors differ from the actual geometry. In partic-
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Figure 1: Geometric error components on the plane de-
fined by the squint used during the focusing step.

ular, interferometry senses difference of distances, there-
fore we report in (2) the geometric error AR, as the
difference between master and slave errors (AR, 1 and
AR@TT,Q)'

ARerr = ARe'r’r,Q - ARerr,l =
|S2 _ P| _ ‘Sgef _ Pref| +
~[S1 — P +[S7°f — Prf| 2)

Where Sief, Stef and Pref are respectively the known
vector position of master, slave and target. As mentioned,
this method aims to calibrate interferometric pairs, hence
we can assume to know the distance between master track
and current target position (AR.,,1 = 0). According to
this statement geometrical errors can be defined as fol-
lows:

AR,,, = |Sg — P| — |S5ef — Pref| (3)

The geometric error is displayed in Fig. 1 as sum of two
vectors : 6B = [6B,,0B,,0B.] and 6P = [§z, dy, iz].
Where 6B is the distance between known and actual track
of slave image and 0P the difference between the refer-
ence DEM (i.e. the DEM used for interferogram flatten-
ing) and the actual DEM. Fig. 1 displays the two vector
components of the geometric error on a plane defined by
the current target position and the squint angle used in fo-
cusing (). The InSAR phase error, derived from (3), de-
pends just on the errors in slave track and target position.
This is not true in general but we can anyway calibrate
a interferometric stack (w.r.t. a master image) assuming
geometric errors affect just tracks of slaves acquisitions.
In Equation (4) we report the difference distance error de-
pending on the known geometry (squint and look angles).

ARerr(dja 9517 95’2) = Sinw : 6BI(T¢) +
—cost - sinfgs - 0By (1) +
+cos - cosfga - 0B, (Ty) +
+cos®) - (sinflgs - cot Bg1 — cosbgs) - dz, 4

where 61 and g5 are the look angles of master and slave
image respectively and ¢ is the squint angle. We as-
sume that the interferometric pair is composed by images
with almost the same squint angle, otherwise an azimuth
common-band filtering is assumed in (4). It is important
pointing out that in (4) we keep just one DEM error com-
ponent (§z). This is because we can assume to know the
range distance between target and sensor and the squint
angle used by the focusing step. Therefore the vector J P
is forced to lie on a circumference, as shown in Fig. 1,
and we can characterize it as a one-dimensional variable
(i.e. the elevation angle direction).

3. GEOMETRIC ERROR IN MS PHASE

The relationship (4) defines the components of the InSAR
phase due to geometric error. However, InSAR phase is,
in general, influenced by others components (orbit, DEM,
SAR sensor, APS, etc..) and it is difficult to separate dif-
ferent contributions. For this reason we exploit the Multi-
Squint (MS) phase, which mainly depends on orbit errors.
Assuming a linear orbit error:

O0B(7)

_ L (5B(7’)d7’+7’86—B =0B+7-A/B
AT Jar or
S

we can write the theoretical model for the MS phase as
the relationship (6), i.e. as derivative of (4) with respect
to the squint angle, see Fig. 2.
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Figure 2: 3D sketch of a squinted acquisition geometry
for MS InSAR analysis.
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where Ry is the reference distance between the current
target and the slave trajectory. The Equation (6) defines a
pixelwise model which aims to generalize the MS phase
behavior with reference to known and unknown geomet-
ric parameters. For the sake of the clearness we can ap-
proximate the derivative of InNSAR phase with respect to
the squint angle as the difference between two azimuth
sub-apertures. Indeed, the correspondence between az-
imuth frequencies and squint angles allows to separate
data components received by different squint angles.

4. REDUCING RANK OF PARAMETRIZATION

In this section we investigate the sensitivity of the lin-
earized model defined in Eq. 6 to each unknown, to de-
fine how many parameters we can estimate with millimet-
ric accuracy. First of all is necessary to convert (6) in the
following matrix equation:

F-Q= ¢7ns (7)

Where F corresponds to the matrix of the linearized prob-
lem (6) and €2 the vector of the geometric errors (8) (the
parameters to estimate).

Q = [6B,,6B,,0B., A6B,, A6 B,, AGB.,5z] (8)

and ¢,,s the observable (i.e. the MS phase). In order
to evaluate how much each unknown influences the MS
phase we perform the singular values analysis of the F
matrix in case of IW and EW acquisition modes.
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Figure 3: Singular values analysis of linearized problem
(6) for a typical TOPSAR IW swath.

In Figures 3 and 4 we display the matrix of right-singular
vectors of the forward problem (from SVD analysis of F
matrix). On the vertical axis of these we annotate the rela-
tive amplitude of singular values in dB (normalized to the
highest singular value), whereas on the horizontal axis we
have the unknowns. Each element of the matrix contains,
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Figure 4: Singular values analysis of linearized problem
(6) for a typical TOPSAR EW swath.

therefore, the normalized projection of data vector due
to the current unknown (identified by current column) on
the right-singular vector (identified by current row). This
kind of visualization allows to understand how the lin-
ear system amplifies each unknown, i.e. it shows the MS
phase’s sensitivity to each of them. Therefore we rede-
fined the theoretical model selecting just two of the un-
knowns with energy in first singular values. This simpli-
fication allows to mitigate the noise effects and achieving
the requested accuracy computed by the following for-
mula:

o = diag(FFF)~ - FH (o2, )F(FFH)™Y)  (9)
Where we approximate the variance of the observable
(02,) as the variance of the residue (02, ,). Each element
of the o3, vector corresponds to the variance of the geo-
metric errors estimated and diag(-) operator is the opera-
tor which returns the diagonal elements of a matrix. Ac-
cordingly, we redefine the linearized problem in Equation
(6) keeping just two geometric unknowns with energy in
the first two singular values, and the result is the simpli-
fied linear problem stated in Equation (10).

aARe’r'r
o
—cos®) -sin(fs — Orey) - Ro - A6By +

= cos1) - 0B, +

(10)

We use this simplified model in the estimation algorithm
described in the next section, and 25 = [ B,, AdB, ] is
the new vector of unknowns.

5. NON-LINEAR ESTIMATION OF BASELINE
ERROR

In this section we describe the suggested methodology to
estimate the orbit error components by MS phase. The
flowchart of the processing chain is shown in Fig. 5 and
described hereinafter. Consider an inteferomentric pair
focused and coregistered by geometric information. We
emphasize that coregistration procedure take into account
just geometric information (i.e. reference DEM, mas-
ter and slave state vectors). Even more, assume each
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Figure 5: Flowchart of the suggested technique.

coregistered SLC is splitted in two sub-apertures non-
overlapping in azimuth frequency. Concerning TOPSAR
acquisition modes, sub-apertures can be obtained exploit-
ing portion of data acquired by two different central az-
imuth frequencies (burst and swath overlaps)[6]. In the
first step of algorithm we exploit the Maximum Likeli-
hood (ML) estimator of the InSAR phase described in
[3]. Assuming the SLC data as a random variable dis-
tributed as a circular Gaussian distribution, the multi-
looked interferogram is the ML estimator of the interfer-
ometric phase (Ijo011 and Ij,ox2 are the two multi-looked
interferograms). As result of this step we have an es-
timation of interferometric phase for each sub-aperture
(A¢k1 = Z(Ilookl) and A¢k2 = Z(IlookQ))- In the
second step we estimate the MS phase as difference be-
tween the two InSAR phase computed at the previous
step (pms = Adra — Adr1). According to our experi-
ence it is very useful assigning a quality measure to each
MS phase value, in order to perform a weighted estima-
tion. A good measure of the MS phase quality is a sort of
coherence between the two interferograms.

_ E [Ilookl . Conj(jlool&”
\/EHIlookl‘Q] . E[|Ilook2|2]

Yms (1)

We will name this quality index "MS coherence” (V,s),
and we define it in Equation (11). As is displayed in Fig.
5, we apply here a threshold on the "MS coherence” dis-
carding the measures with low reliability. In the last step
we intend to estimate baseline errors using the MS phase
and the parametric model defined in Section 4. We sug-
gest an exhaustive research of the geometric parameters
set which best explain the MS phase just computed. In
order to do this we defined the minimization problem as
follows:

N
. J((bma(n)*(z’sy(gmn))
arg max {?R (Z Yms(n) - € > }

n=1

12)

Where ¢,, is the synthetic MS phase computed according
to the Equation (10), N is the number of measures of the

MS phase used for the estimation and €2 is the set of all
values possible for the couple of geometric parameters in
Equation (10).

6. EXPERIMENTAL RESULTS

In this section we report the results of MS analysis
applied to interferometric pairs acquired by Sentinel-1
satellite. In order to do this, we first of all have performed
the coregistration using the state vectors provided and the
DEM Srtm, at a later stage we performed the MS anal-
ysis. The results of MS phase analyses have been col-
lected for: “Restituted Orbit State Vectors” (RESORB)
and “Precise Orbit Ephemerides” (POEORB). We refer
to [10] for more details about Sentinel-1 orbit products.
Concerning the restituted and precise orbits we report
hereinafter the results of MS analysis in Fig. 6. The
results reported confirm the expected accuracy for both
“Restituted Orbit State Vectors” product (less than 10 cm)
and the higher accuracy of “Precise Orbit Ephemerides”
(5 cm) [10]. In accordance with the orbit accuracy mea-

Along-track baseline error [cm]

+ Precise orbits

Expected accuracy RESORB +  Restituted orbits

Etna Friuli Chicago Salar Uyuni

Figure 6: Sentinel-1 orbit errors estimation for restituted
and precise orbit products. The error-bar of each measure
defines the accuracy of the estimation.

sured by the technique on Precise Orbit Ephemerides”,
we obtain a very good interferogram (free of artifacts due
to orbits errors) over Etna volcano. A portion of IW in-
terferogram mentioned above is available in Fig. 9. In
general even the restituted orbits accuracy is enough to
prevent InSAR phase artifacts. We just display in Fig.
7 a particular test case where the MS analysis allow to
produce a good interferogram free of artifacts. In order
to show the order of magnitude of the InSAR phase er-
ror estimated Fig. 8 reports the synthetic InNSAR fringes
removed.

A particular attention is needed for non-stationary areas,
in fact if targets in the scene change their position in the
lapse of time which separates the interferometric pair, the
MS phase senses this motion. In particular this happens
if the motion vector has component in along-track direc-
tion. Accordingly, we do not report the geometric error
estimated over San Francisco because an earthquake hits
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Figure 7: Salar Uyuni: Flattened interferogram, coregis-
tration has been performed by “Restituted orbit” product
refined by the MS analysis.
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Figure 8: Salar Uyuni: synthetic InSAR fringes due to
baseline error estimated for “Restituted orbit” product.
The residual fringes are superimposed on the absolute
value of the interferogram.

this area in the period which separates the two acquisi-
tions. Therefore, the estimation is probably biased by the
earth motion. We just report in Fig. 10 both InSAR phase
and MS phase which respectively sense the line-of-sight
and along-track motion components [2].

7. CONCLUSIONS

The suggested technique has been demonstrated as a
valuable tool for interferometric pairs calibration and val-
idation, thanks to its minimal sensitivity to APS and
DEM (in spaceborne case). In particular the MS analysis
applied to the TOPSAR acquisition modes of Sentinel-1
(IW ans EW) allows to achieve a millimetric accuracy in
the estimation of relative baseline error. According to the
analyses performed on a set of Sentinel-1 data the orbit
product provided (restituted and precise orbits products)
meet the expected accuracy. Eventually we would warn
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Figure 9: Etna volcano: zoom out of the flattened inter-
ferogram, coregistration has been performed by “Precise
orbit” product.
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Figure 10: Napa valley (California): zoom out of the flat-
tened interferogram [rad] (a) and MS interferogram [rad]
(b) sensing two components of the same target motion
due to an earthquake. For the sake of clearness we re-
duce the saturation of pixels with low coherence.

the reader against the non-stationary areas, which could
alter the results of the technique.
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