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Abstract

The operation of low frequency SAR sensors on space-borne platforms is perturbed by the presence of Earth’s ionosphere.
The purpose of this paper is to outline an initial methodology exploiting the potential of Coherent Scatterers (CSs) for the
estimation and correction of the different effects induced by ionospheric disturbances on SAR images. Based on the high
spectral correlation and the point-like scattering behavior that characterize CSs, we discuss and propose the estimation
and compensation of different ionospheric effects, and assess their performance by using real SAR data and simulated

ionospheric disturbances.

1 Introduction

The lower the operating frequency of a SAR sensor, the
more susceptible it becomes to ionospheric disturbances.
The ionosphere affects the (band-limited) signal transmit-
ted/received by the SAR system in different ways [1]:

e The electron density (given by the actual density
profile or approximated by the total electron content
- TEC) along the signal path introduce group delay,
dispersion and Faraday rotation;

e Electron density irregularities induce signal scintil-
lation through narrow-angle forward scattering.

The scintillation cause temporal and/or spatial fluctuations
in signal amplitude, phase, polarization or angle-of-arrival.
Such phase scintillation limit the correlation length of the
medium.

As a matter of fact, the ionosphere affects all individual
(wave) parameters of the transmitted/received pulses, i.e.
the amplitude (attenuation, Faraday rotation), the phase
(delay, dispersion, scintillation) as well as propagation ve-
locity and direction. In consequence, the ionosphere may
constrain significantly the performance of the SAR instru-
ment.

There are five main distortions introduced by the iono-
sphere on the images obtained by a low frequency SAR:

e Range timing errors caused by propagation phase
distortion (group-delay) that translate to positioning
errors;

e Range de-focussing caused by dispersion within the
pulse-bandwidth;

e Azimuth de-focussing due to high frequency phase
distortion along the integration path (phase scintilla-
tion);

e Polarization mismatch due to the Faraday rotation.

e Phase bias due to the temporal variation of the iono-
sphere in repeat-pass InSAR acquisitions.

In this paper, we exploit the potential of point-like scatter-
ers - the so called coherent scatterers (CSs) [2], for the mit-
igation of ionospheric induced errors in SAR images. The
high spectral correlation that characterizes the CSs is es-
sential for the estimation of dispersion effects, while at the
same time, the potential to detect CSs on the basis of a sin-
gle image provides the possibility for absolute estimation.
We discuss here the potential of CSs for the mitigation of
the four first above mentioned distortion effects.

2 Coherent Scatterers (CSs)

When dealing with point scatterers, several advantages
arise, if compared to distributed scatterers, due to their de-
terministic scattering behavior, in contradiction to the ran-
dom nature of distributed scatterers in SAR images.
Recently, the Coherent Scatterers technique has been pro-
posed in order to detect point-like scatterers in SAR images
[2]. The deterministic scattering behavior of point scatter-
ers implies their very high spectral correlation. The CSs
technique exploit this property, by detecting the resolution
cells having high sublooks spectral correlation.

In agreement with the expected characteristics of point
scatterers, it has been shown in [2] that the great major-
ity of CSs have high amplitude, very high interferometric
coherence and low polarimetric entropy (high polarimet-
ric coherence). This potentially suggests the application of
CSs in several fields, as for example, for radiometric and
polarimetric calibration purposes, phase deviations correc-
tion, for general interferometric and polarimetric applica-
tions, etc. In this paper we specifically address the utiliza-
tion of CSs for the correction of different ionospheric in-
duced effects in SAR images acquired at low frequencies.

3 Azimuth de-focussing

An important ionospheric effect is the spatial influence on
the signals going through the ionosphere, originating high
frequency phase distortions on signals spatially separated.
Such effect is called phase scintillation, and will affect the



azimuth signals when collecting the data within the syn-
thetic aperture, causing azimuth de-focusing in the SAR
processed image.

A possible idea is hence to perform an azimuth autofocus
procedure, using as basis scatterers having an expected sta-
ble phase along the azimuth aperture. For spaceborne sys-
tems, having a narrow azimuth angular variation, CSs are
expected to have such phase stability and may be used as
reference scatterers for the autofocus procedure.

When a certain amount of such scatterers in a given region
of a SAR image present a common phase variation along
the azimuth aperture, such variation may be associated to
the ionospheric induced phase scintillation and can be es-
timated and compensated.

The applied autofocus procedure has been the Phase Cur-
vature Algorithm (PCA) [3], which is the stripmap version
of the spotlight Phase Gradient Algorithm (PGA) [4]. As
the name suggests, the PCA is able to recover phase curva-
tures but not linear phase errors. In the original algorithm,
the estimation of the phase errors are performed using the
scatterers with highest amplitude in every range line, due
to their larger Signal to Clutter Ratio. In our case instead,
we use the set of detected CSs in the scene as the reference
scatterers for the phase error estimation.

We verify the performance of ionospheric phase error cor-
rection using this CSs based autofocus, by applying a sim-
ulated ionospheric phase error on a real SAR image, fol-
lowed by its estimation and comparison with the original
one. Firstly, a one-dimensional (azimuth) phase error is
applied, being common to the whole range dimension. In
a second step, a two-dimensional phase error is applied, for
which more difficulties are expected due to the lower num-
ber of CSs sharing the same phase error along the range
direction. The used SAR image has been acquired at L-
band by the E-SAR system of the German Aerospace Cen-
ter over the city of Munich in Germany. The ionospheric
phase disturbances have been simulated under typical con-
ditions.

3.1 One-dimensional phase error

Figures 1(a) and 1(b) show two phase errors inserted in
the de-focused SAR image, and the recovered ones after
the azimuth CSs autofocus. The recovered phase has been
evaluated after just one iteration of the autofocus proce-
dure.

Note that although just a single iteration has been per-
formed, already a high agreement between the original and
estimated phase errors has been obtained. There is a set of
parameters which influence the algorithm performance that
has to be chosen in the autofocus procedure. The improve-
ment of the phase error estimation is thus possible, when
the optimal parameters are selected for a given situation.
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Figure 1: Estimated one-dimensional azimuth phase er-
rors after one iteration of the autofocus procedure.

3.2 Two-dimensional phase error

The two dimensional phase error used here has been gen-
erated by gradually varying (in range) the values between
two one dimensional simulated azimuth phase errors, lo-
cated at the extremes of the 2D phase error. The objective
is to have an idea of the algorithm performance when vari-
ation along the range direction is also present.

Figure 2(a) shows the 2D phase error inserted in the de-
focused SAR image, while Figure 2(b) presents the esti-
mated 2D phase and Figure 2(c) the corresponding RMS
error between them. Also in this case the recovered phase
has been evaluated after just one iteration of the autofocus
procedure.

As could be expected, the performance is inferior for the
2D case, although a still reasonable agreement between the
original and estimated phase errors has been obtained, after
a single iteration.

4 Range de-focusing

Tonosphere disturbances as phase dispersion along fre-
quencies affect the range response of SAR systems causing
range de-focusing. CSs are expected to have their phase
widely stable along the frequency domain. A similar aut-
ofocus procedure in the range direction, as the one in az-
imuth, is thus an alternative in order to estimate and com-



pensate the phase variations induced by ionospheric dis-
persion along the frequencies of the SAR bandwidth.
Although the autofocus in range has not been implemented
in this work, we would like to demonstrate the CSs phase
stability along frequencies, which is a necessary condition,
and suggests a good performance, in an autofocus proce-
dure.

Figures 3(a) and 3(b) present two examples of phase vari-
ation of CSs along the frequencies of the system bandwith,
which have been obtained through the evaluation of sev-
eral range sublook images. Figure 3(c) shows an example
of the phase variation along frequencies of a general dis-
tributed scatterer. Note the strong phase stability of CSs
with the variation of the frequency, what indicates also
their potential for range de-focusing correction.

5 Range timing errors

The phase of a point scatterer for different sublook images
centered at the frequencies f; may be expressed as [5]
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where ¢ is the range time, R is the scatterer range posi-
tion, c is the light velocity, fy the system central frequency
and ¢, the scatterer phase due to the scatterer properties,
which for CSs is frequency independent. Hence, the phase
ramps observed in Figures 3(a) and 3(b) are in fact orig-
inated from the difference between the nominal (sampled)
Ry = ct/2 and the actual R range position of the CS
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It is thus possible to retrieve the scatterer absolute range
distance through the inclination slope of the phase curve,
i.e., the derivative of the phase in relation to the frequency
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where S is the complex scatterer signal, 3{-} means imag-
inary and * complex conjugate. Using the above equation
the range differences encountered for the examples of Fig-
ures 3(a) and 3(b) are 0.70 m and —0.45 m, respectively.
Note that phase wrapping in frequency will for practical
situations be not a problem at all when using (3). The
phase would wrap just if its variation from one sublook
to the next reaches 27. However, as typical pixel distances
in frequency are in general in the order of kH z (for the E-
SAR system about 70 k H z), sublook images can be gener-
ated using this step and a difference in the nominal to the
actual CS range position should be larger than 2 km for
wrapping, what is unrealistic.

This accurate determination of the range position of CSs
may also be exploited in order to observe the range timing
errors caused by the ionosphere, suggesting another po-
tential application of CSs for the reduction of ionospheric
effects in SAR images.
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Figure 2: Two-dimensional autofocus after one iteration.
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Figure 3: Example of phase and phase derivative as a func-
tion of frequency, for two CSs and a Non-CS scatterer.



5.1 Alternative selection of CSs

Using equation (3) an alternative detection of phase stable
scatterers, as CSs, may be performed. Defining the mean
m and variance o2 of the phase derivative with respect to
frequency for IV sublooks as
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one may use the ratio r = o/m as a measure of phase
stability along frequencies and select scatterers in a SAR
image having r lower than a given threshold. The advan-
tage of this method is that no boxcar window needs to be
used, as in the estimation of the sublooks coherence in [2],
making possible a pixel-based detection. The disadvantage
is the lost in range resolution if narrow bandwidth sublooks
are used, and the computational time that is longer due to
the generation of several sublooks.

6 Faraday rotation

In order to illustrate the potential of CSs for the estimation
of the Faraday rotation effect in SAR images, two exper-
iments have been carried out. The Faraday rotation angle
has been estimated over the city of Munich using the data
of two SAR sensors: the airborne system of DLR, and the
spaceborne ALOS/PalSAR system, both at L-band. In the
first case, no Faraday rotation is expected since the data
was acquired by an airborne system.

The Faraday rotation angle €2 has been estimated by
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Figure 4(a) presents the histograms of the Faraday rota-
tion estimation in the E-SAR data, using the detected CSs
and for Non-CS scatterers. Figure 4(b) shows the corre-
sponding histograms for the the ALOS/PalSAR system.
Observe that for both cases the estimation of Faraday ro-
tation using CSs is more accurate, having less dispersion
of values around the true value, when compared to the
Faraday angle estimation using Non-CS scatterers. As ex-
pected, the Faraday rotation over Munich using the E-SAR
system is zero. On the other hand, a Faraday rotation angle
of almost 1 degree can be observed in the PalSAR data,
which can be better identified in the CSs estimation.

Q= % arctan { 5)

7 Conclusions

In the paper, the potential of CSs to mitigate the different
undesired ionospheric effects which originate in SAR im-
ages acquired by spaceborne systems at low frequencies
has initially been outlined. The obtained results from this
first analysis have shown that the potential for the miti-
gation of most of the effects exist, however further work
has to be carried out in order to improve and validate the

obtained estimation of some effects and to develop esti-
mation strategies for the other ionospheric disturbances in
SAR images.
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Figure 4: Faraday rotation estimation over Munich: air-
borne E-SAR and spaceborne ALOS system.
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