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Abstract

This paper presents the workflow towards an improved estimation and correction of phase errors due to trans-ionospheric
propagation in low-frequency Synthetic Aperture Radar (SAR) images when interferometric stacks are available. The
method consists of estimating the absolute ionospheric phase delays in each of the images with traditional methods
like autofocus. These setimations will later be combined with what is obtained during the correction of the differential
ionosphere in interferometric pairs. By running the algorithms on simulated data, it is shown that it is possible to resolve
faster changing phase errors than with the autofocus alone for a more accurate correction.

1 Introduction

The use of lower frequencies in Synthetic Aperture Radar
(SAR) is motivated by the penetration capability of the
radar waves into volumetric scatterers like forests and ice.
The achieved lower temporal decorrelation is also desired
in the processing of interferometric products and moti-
vated the development of new systems like the P-band
SAR Biomass (435 MHz) [1]. These low-frequency radio
waves are also significantly affected by the double passage
through the ionosphere [2, 3], which leaves a footprint in
the images that must be corrected to improve the quality
and interpretation of the data. On the other hand, since to
calibrate the ionosphere effects, we first need to see it, it
also offers the potential of high resolution 2D ionospheric
imaging [4].
The refractive index experienced by the radar waves
changes with the concentration of free electrons and fre-
quency. In the presence of the ionosphere, the lower the
frequency, the larger the phase errors introduced into the
SAR images [5]. The phase errors that occur due to small
ionospheric irregularities are particularly interesting. They
produce defocussing in the azimuth dimension, lowering
the contrast and resolution of the images. In the interfero-
grams, this irregular part of the ionosphere introduces az-
imuth shifts between the image pairs and phase screens.
For the imaging and calibration of ionospheric effects in
the Biomass framework, there are different approaches,
based on the estimation of the Faraday rotation [6], one
Map-Drift Autofocus (MDA) [7, 8] or the combination of
both [9]. In this paper, we will focus on using the MDA
calibration only. There are also different methods for the
correction of phase errors in the interferograms, such as
range split-spectrum, azimuth shifts, or a combination of
both too [10].
In this paper, we present a method that attempts to regain
resolution in the estimation of the single-pass solutions by
using the results obtained by the interferometric calibra-

tion. These last estimations have higher resolutions, and
the combination is possible via a system of linear transfor-
mations. Section 2 explains the methodology, Section 3
describes the scenario used for the simulations carried out
and that lead to the results in Section 4. Section 5 presents
a summary and conclusions.

2 Methodology
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Figure 1 Block diagram for data combination.

Figure 1 shows the block diagram of the scheme that
we propose for the updated estimation of the ionospheric
phase errors. First, the image stacks for all available times,



t1 to tn, must be processed separately in a single pass cali-
bration step. For this paper, we consider the case in which
an MDA is applied, but in a more refined approach, a com-
bination with the Faraday rotation can also be used. The
output would be a first set of estimations of the absolute
phases (ϕ1, ϕ2 to ϕn) with the associated errors (ϵ1, ϵ2 to
ϵn) that are determined by the performance of the calibra-
tion algorithms.
At the same time, interferometric combinations of all pos-
sible pairs are used to estimate the interferometric phase
screen that corresponds to the differential ionosphere, ϕnm,
again with the errors ϵnm that correspond to the perfor-
mance of the calibration algorithm. More sensitivity and
resolution are expected in the interferometric calibration
but will only produce differential phase variations.
Finally, all this information is fed into a Least Squares (LS)
system that makes the single-pass estimations compatible
with the interferometric estimations. Under the assump-
tion that calibration errors (ϵ1, ϵ2 to ϵn) are independent
of each other, an LS tries to cancel them out, leading to
single-pass solutions with improved resolution (ϕ̂1, ϕ̂2 to
ϕ̂n). An LS system was chosen because it has proven to in-
tegrate different estimations when (as in this case) the data
combination can be expressed as a set of linear operations.
A system for a stack of three images is shown in (1).
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As inputs to the system, there are all phases recovered
from the MDA in this case (ϕn + ϵn) and all the differ-
ential phases extracted from interferometric methods [10]
(ϕnm + ϵnm). The system is over-determined since the
number of unknowns is just the number of images in the
stack, and the number of equations is the stack length plus
the number of interferometric pairs. It will be shown that
adding weights to the system can make the solution more
robust.

3 Simulation Scenario

Due to the lack of Biomass data, for this work, it was de-
cided to inject simulated 1D ionospheric phase errors into
a TerraSAR-X reflectivity image (Figure 2) by partially fo-
cusing at the height of maximum ionization, hiono [6]. To
the detected reflectivity, partially correlated realizations of
multiplicative speckles were added (simulating temporal
decorrelation). This was done up to seven times since it
is the number of passes defined for Biomass’ tomographic
phase.
The spatial distribution of the ionospheric irregularities,
responsible for quickly changing phase errors, which are
smaller than the outer scale l0 (that range starting from ∼

5 km [12], well below the synthetic aperture length) is de-
scribed by a power law spectrum [13]

Φϕ(κ) =
λ2 · re · sec2θ · ab · (2π/1000)p+1 · CkL

(κ2
0 + κ2)(p+1)/2

, (2)

where κ is the spatial wave number, λ is the wavelength
that corresponds to the carrier frequency f0, re is the clas-
sical electron radius, θ is the incidence angle onto the iono-
sphere, ab is the anisotropy ratio, p is the spectral index,
CkL is the vertically integrated turbulent strength at 1km
scale and k0 = 2π/l0 is the outer scale wave number.
For this study, we are also focusing on the single-pass cal-
ibration case where only the MDA was applied. Running
the experiments over an actual reflectivity image is neces-
sary to assess the performance of the MDA in retrieving the
quickly varying ionospheric irregularities. The simulation
parameters are summarized in Table 1.

Parameter Units Value
Wavelength λ m 0.69

Incidence angle θ deg 25
Anisotropy a : b - 5:1
Spectral index p - 2.65

Turbulent strength CkL - 1033

Outer scale l0 km 20
Satellite height hsat km 660

Ionospheric height hiono km 350

Table 1 Simulation parameters.

4 Results

In this results section, we are going to focus on two main
points: first, we will focus on the output of the ionospheric
recovery with the MDA for one case, then the discussion
can be extrapolated to all other cases; second, we will show
the results obtained from the combination framework.

4.1 Single-Pass Solution
The MDA performance is affected by (i) the block-wise
operation, (ii) the limited resolution in the estimation of
second derivatives due to the averaging of the synthetic
aperture, and (iii) the limitation of the bounding the ran-
dom walks errors in the integration. The block operation
also produces a down-sampled estimate of the phase error
that we up-sample again with a linear interpolation. With
all this, the single-pass inconsistencies are made of alias-
ing, low-pass filtering, and interpolation errors.
Figure 3 shows the profiles of the recovered phase after
five iterations, and one can see the limitation of retrieving
very fast varying phases. Another way to see it is in Figure
4, which shows the interferometric phase error contribu-
tion from the ionosphere between the images before and
after applying MDA with respect to the same image with
no ionosphere for one of the scenarios. This is what we will
refer to as single-pass solutions. Note that after applying



0 20 40 60 80 100
azimuth [km]

0

5

10

15

20
ra

ng
e 

[k
m

]

Figure 2 Reflectivity of TerraSAR-X image over Mexico used in the simulations.
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Figure 3 Recovered phase profile with MDA.
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(a) Phase error before applying
MDA.
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(b) Phase error after applying
MDA.

Figure 4 Interferometric phase with respect to the image
with no ionosphere for one of the scenarios. Note the dif-
ferent color scales.

the MDA, there is a high-frequency phase component left
behind that will not only contaminate the interferometric
product but also leave residual defocusing.

4.2 Combined solution
As an example for the simulation of seven passes, Figure 5
compares three of the single-pass phases obtained with the
MDA only separately in each image, with the combined
solution after combining with the interferometry of all pos-
sible pairs. Note that in the error curves, it is possible to
see how residual trends are canceled out and the magni-
tude of the errors is reduced, which translates into a gain in
resolution.
Figure 6 shows the root mean square (RMS) residual error
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Figure 5 Phase profiles recovered by combining the in-
formation of seven different passes with the single pass
solutions.

for all ionospheric phases as a function of the stack length.
If the errors are uncorrelated, in principle, the more infor-
mation put in the estimator, the better. In this case, this is
not what is seen after five passes. The performance of the
MDA depends on the structure of the phase error itself, and
in the fifth image ϵ5 was remarkably larger. The system in
(1) can be extended to a Weighted Least Squares (WLS)
to compensate for this (here case using the covariance of
the error). Figure 7 shows the result of using a weighted
system.
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Figure 6 RMS of error with number of passes that are
being used for the estimation.
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Figure 7 RMS of error with number of passes that are
being used for the estimation in a weighted system.

Finally, after obtaining the new ionospheric estimation
(ϕ̂1, ϕ̂2 to ϕ̂n), they can be fed back into the calibration
chain to obtain single images with even smaller phase er-
rors. Figure 8 shows a histogram of the residual phase in
the image before and after applying the MDA (the map in
Figure 4) and after correcting with the phase recovered in
the top panel in Figure 5.

5 Conclusions

The ionospheric calibration of Biomass products has two
steps: first, at a single image level, and later, an interfer-
ometric calibration. The interferometric calibration pro-
vides high sensitivities but of the differential ionosphere
only. On the other hand, ionospheric imaging and calibra-
tion with single images are limited by the performance of
the calibration algorithm (in this paper we focused on the
MDA). We presented a method that can be used to gain res-
olution in the absolute ionospheric realizations through a
Least-Squares filter that cancels out inconsistencies in the
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Figure 8 Histograms of interferometric phase errors with
respect of the image without ionosphere.

single-pass products by utilizing what is measured in the
interferometric calibration step.
By injecting different simulated phase errors into a reflec-
tivity image with the Biomass’s parameters, it was possible
to test that this approach can cancel residual trends in the
estimation of the phase errors compared to the MDA so-
lution and that higher-frequency errors could be resolved.
It was also shown that the RMS of the solution decreases
with the number of images available to input into the sys-
tem.
This framework can be extended to add other effects in
the processing, like errors in the interferograms due to
noise and decorrelation. It can also be adapted to sepa-
rate the dispersive ionospheric component to the interfero-
gram from other geophysical signals (such as the motion of
surfaces and topography) by adding more equations (from
other measurements if available) to keep the system deter-
mined.
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