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1. INTRODUCTION

The ionosphere is magnetized plasma that forms above the neutral atmosphere due to solar ionization of upper
atmospheric constituents. It represents an obstacle to space based synthetic aperture radar (SAR) systems since it
affects the radar signals traveling through it. Its impact can be split into two groups: uniform effects (those
caused by a uniform and non-turbulent ionosphere) and non-uniform effects (those caused by irregularities in the
ionosphere). In this paper, we present a method for simulating the uniform, non-turbulent effects such as
dispersion, group delay, Faraday rotation, and phase shift. We also present quantitative examples of all these

effects and discuss what this means for future space based SAR systems such as ALOS-2.

2. HOMOGENOUS SLAB IONOSPHERE SIMULATION

We assume a horizontally homogenous (vertical variations are allowed) and temporally invariant ionosphere.
These spatial and temporal symmetries imply that the ionosphere’s effect on SAR phase history data can be
simply expressed in the Fourier domain by a multiplicative phase function ®(k,®) of along-track wavenumber k
and temporal frequency ®. Defining d(x,t) as the phase history data without the ionosphere, and D(k,®) as that
phase history data in Fourier coordinates, then: Dj,0(k,0) = ®(k,) D(k,w). If this phase factor is known, it can
easily be applied to SAR phase history data in order to simulate the ionosphere. In order to find this phase factor,
we consider the propagation of an electromagnetic wave (exp(2mi(wt-kx)) through a plasma. Starting from
Maxwell’s equations, a very general expression for the index of refraction for ordinary (+) and extraordinary (-)

waves can be derived [1]:

with the following constants defined:
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In these equations, N is the electron density, H is the geomagnetic field density, e and m are the charge and mass
of the electron, g, and L are the electric and magnetic constants, and ¢ is the angle between the propagation and
the magnetic field. The ordinary waves are right circular polarized waves propagating parallel to H or left
circular propagating anti-parallel to H. Extraordinary waves are all others. For the frequencies of interest (®, ~
12 MHz, @, ~ 1.4 MHz, and © ~ 230 MHz to 40 GHz), the quasi-longitudinal approximation, defined as:
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applies for most angles (¢ < 86°). Now, the index of refraction can be simplified to:
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At this point, the accumulated phase delay from the ionosphere can then be derived:
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where the integral is performed along the wave path through the ionosphere, 0;, is the inclination angle, and TEC
is the integrated total electron count of the ionosphere. TEC values increase with increasing altitudes to a peak
value at around 250 to 400 km. Ninety-five percent of the electron content lies within 300 km of this peak. Since
most space based SAR systems will orbit above this level, the value of TEC is effectively the same as the TEC
taken directly from models based on GPS satellite signals [2]. This phase function provides a complete first-

order scattering theory [3] description of the horizontally homogeneous ionosphere’s effect on SAR data.

3. EXAMPLE RESULTS

We have taken the homogeneous slab ionosphere simulation and applied it to fully polarimetric data of the
Washington, DC area from PALSAR. The original imagery was subject to ionospheric effects when it was
collected, so those effects were first removed (Fig. 1). The images were then converted to circular polarization
and put through the SAR image formation process in reverse to obtain the phase history data in the Fourier
domain. The ionospheric phase delay was then easily applied at various levels of TEC, and phase history data
was again put through normal image formation processing and converted back to linear polarization. Three
ionospheric effects can then be directly measured from the resultant images: Faraday rotation, range shift, and

image blurring.

3.1. Faraday Rotation

When travelling through the ionosphere, a linear polarized radio wave will split into two oppositely rotating

circularly polarized waves travelling with slightly different velocities. When those waves exit the ionosphere and
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Fig. 1. PALSAR imagery of Washington, DC area corrected for ionospheric effects, HH channel (left) and VV
channel (middle). The HH image is subjected to a 253 TEC simulated ionosphere (right). The Faraday rotation is
90° at 253 TEC causing the HH image to be rotated into the VV. As a result, the simulated image more closely
resembles the original VV channel image.
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Fig. 2. A close up of a distinct object in images simulated with increasing levels of TEC (left). The movement
toward far range is evident. The pixel position of this object as a function of simulated TEC, with fit (right).

recombine, those waves will have a slightly different linear polarization. This results in mixing of polarimetric
channels, an increase in polarimetric cross talk, and reduced image contrast. The Faraday rotation can be

calculated from the physical parameters of the scene [1]:
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Given fully polarimetric SAR data, the Faraday rotation present in the scene can be directly calculated with [4]:
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In the PALSAR simulation, at each level of simulated TEC, the Faraday rotation was measured from the resultant

images and compared to the physically calculated value, and the agreement was found to be very good.



3.2. Range Shift

As the simulated TEC is increased, features in the scene appear at farther and farther range. This range shift can

be calculated analytically:
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This can then be compared to the range shift seen in the simulation itself by picking out one bright feature in the

scene, and following its location through increasing levels of simulated TEC. The results are shown in Fig. 2.

The slope of the fit is multiplied by the pixel spacing of 9.3 m to get 0.27 m/TEC, which agrees with the

analytically calculated number.

3.2. Image Blurring

As can be seen in Fig. 1, there is very little, if any, blurring in the simulated images for the polarimetric mode
even as the TEC level is increased to unphysical levels. This can be confirmed analytically with:
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Generally, every cycle of phase shift error adds another IPR width to the achievable theoretical resolution. Due

to PALSAR’s narrow bandwidth, this blurring is imperceptible at expected TEC levels.

4. DISCUSSION

The homogenous slab ionosphere simulation can be used to predict the effects that the ionosphere will have on
future space based SAR systems. For example, published system parameters for ALOS-2 [5] imply a range shift
of 0.26 m/TEC and image blurring at still imperceptible 4.65 x 107 IPR widths per unit of TEC even at the
highest bandwidths. The ionospheric effects on applications such as InSAR can also be examined.
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