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Abstract— This letter presents an algorithm for the intro-
duction of ionospheric disturbances into synthetic aperture
radar (SAR) simulations in an aperture-dependent manner using
subapertures. Its suitability is compared with other methods
that follow the beam-center approximation. The method can
be generalized to the injection of all kinds of disturbances,
and its two main benefits are the accuracy of the squint angle
accommodation inside the synthetic aperture and the possibility
of neglecting the static ionosphere assumption. For example,
realistic ionospheric disturbance maps (phase and intensity
scintillation) are introduced into clutter images simulated for
the Biomass mission. In this case, with a typical ionospheric
irregularity height of 350 km, the limiting azimuth resolution of
the irregularities to be injected is around 337 m.

Index Terms— lonosphere, ionospheric simulation, scintilla-
tion, synthetic aperture radar (SAR).

I. INTRODUCTION

HE performance of low-frequency synthetic aperture
radar (SAR) is affected by the dispersive nature of the
ionosphere, which introduces time delay, phase advance, and
Faraday rotation (FR) in the radar echoes, degrading the qual-
ity of the products [1], [2]. All these effects are related to the
total electron content (TEC) experienced by the radar waves
on their two-way propagation through the ionosphere [3],
and the impact will also depend on the structure of the
ionospheric irregularities. Turbulent plasma irregularities are
responsible for fast phase and amplitude variations in radio
signals (scintillation) and are mainly found at the F-layer of the
ionosphere (with a peak altitude between 250 and 400 km) [4].
Observations have found ionospheric irregularities with outer
scales starting at 5 km [5], [6], [7], [8]. Regarding the drift
velocity, it has been reported, for example, that close to the
Equator, the ionosphere drifts eastward at significant velocities
at around 100-200 but also up to 400 m/s [9]. At the poles,
the irregularities spiral around the magnetic field lines.
Simulations that account for the trans-ionospheric inter-
action must be conducted to study its impact on the SAR
products and assess ionospheric mitigation algorithms. This
can be done with the application of an Ionospheric Transfer
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Function (ITF) as described in [10] using a beam-center
approximation: assuming that during the azimuth integration,
the phase history of each pixel is only affected by the dis-
turbance at the piercing point located at zero Doppler. Note
that the ITF method is meant only to introduce disturbance
in the phase history and intensity modulation of the raw data
while the injection of the FR is missing. Different approaches
to apply the ITF were found [11], [12]. However, the studies
focused on the statistics of amplitude modulations rather than
the accuracy of the injection of phase disturbances or the
inclusion of FR.

It is also possible to introduce the effects on SAR data,
which are semi-focused at ionospheric height [13] by adjusting
the distances of closest approach and effective velocities in the
azimuth matched filter. This operation accounts for the spatial
variations in the ionospheric irregularities. However, it is still
beam-centered as it acts as an averaging window equal to
the size of the synthetic aperture (neglecting small structure
perturbations) instead of allocating the disturbance as seen at
each azimuth frequency for each position. The semi-focused
approach also neglects propagation in the oblique direc-
tions, which introduces notable errors in wide-beam systems.
In addition, both the beam-centered methods assume that the
ionospheric scenario does not change (frozen ionosphere) or
drift during the time of acquisition, and a fixed ionospheric
height also constrains them.

Inspired by the knowledge of aperture-dependent motion
compensation [14], [15], we present in this letter a new
algorithm for the injection of ionospheric effects into sim-
ulated SAR images. It works with subapertures along the
azimuth direction, allowing it to accommodate the distor-
tion corresponding to the ionosphere portion that falls into
the antenna beam for every satellite position. This way,
one accounts for the angle variability and oblique propaga-
tion through the ionosphere and can also drop the frozen
ionosphere and fixed ionospheric height assumptions. The
performance of this method will be contrasted with the one of
the semi-focusing, and simulation examples for the Biomass
mission [16] will be presented. Compared with the beam-
center approaches, this new algorithm can better accommodate
the impact of irregularities that are of the order or smaller
than the synthetic aperture at the ionospheric height (that for
the case of Biomass is of ~19 km). Because of blockwise
implementation, the algorithm can be efficiently implemented
and parallelized.

In Section II, the aperture-dependent principle and imple-
mentation will be presented. Section III shows a series of
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Fig. 1.  Slant geometry of an SAR system through the ionosphere. The
altitude-varying free electron density distribution is illustrated in pink, and
the irregularities that can cause scintillation are shown in blue.

experimental results, and Section IV summarizes the results
and draws conclusions.

II. INJECTION OF IONOSPHERIC PERTURBATIONS
BY SUBAPERTURES

In this section, we present an algorithm to incorporate
high-frequency ionospheric perturbations into the simulation
of SAR data. Fig. 1 shows the slant observation geometry
of an SAR system through the ionosphere. For illustration
purposes, a vertical free electron density distribution has been
color-coded with shades of pink (darker means higher density
at the altitude of the F-layer), and electron density irregularities
are depicted around the area of maximum ionization. The
slant range to the targets on the ground is Ry, 0, is the
azimuth angular aperture of the beam, and Lga is the length
of the synthetic aperture on the ground. For engineering and
scientific applications of the scintillation theory, it has been
proven that a phase screen model located at the height of
maximum ionization, h;ono, Well approximates more elabo-
rated computations that include scattering across the vertical
region [17], [18]. We will assume that the irregularities that
cause scintillation are concentrated on a surface whose height
might vary continuously, /i (x), so that the variations are in
general not negligible in high-resolution wide-beam systems
and long acquisitions; therefore, the slant distance to the
surface Rpiono and the approximate length of the synthetic
aperture on the ionospheric surface Lga iono can vary for each
satellite position. A more complex scenario can be simulated
with propagation through multiple phase screens [19], but that
does not invalidate the method proposed in this letter.

Subapertures for Disturbance Injection: Based on available
knowledge on aperture-dependent motion compensation [14],
we propose an algorithm that uses subapertures for disturbance
injection (SADI) to introduce ionospheric perturbations into
SAR simulated images precisely. The principle is based on
applying short-time Fourier transforms (STFTs) on partially
overlapping blocks in the range-compressed data to exploit
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Fig. 2. Geometry at the ionospheric plane. The blue grid corresponds to
the ionosphere, and the angular purple grid corresponds to the STFT of an
azimuth subaperture. To obtain the unknown disturbance at the red piercing
point in the direction of B, (not known), a linear angle interpolation between
Bi and B4 is necessary.

the relationship between azimuth frequency and squint angle

A faln]

2. Usat

sin(Ba[n]) = (D

in small azimuth subapertures. This way, it is possible to
accurately introduce the perturbations of the corresponding
ionosphere portion that the beam sees for each satellite
position (at the center of each subaperture). In (1), B, is
the azimuth squint angle from the beam center, A is the
wavelength, f, is the azimuth frequency, and v, is the
satellite velocity. n is the azimuth index in the STFT of each
subaperture block.

Fig. 2 sketches the geometry of the ionospheric plane for
one satellite position as seen at the center of a subaper-
ture after an STFT (purple), together with the regular grid
of the simulated ionosphere with coordinates (x, y, Z)iono in
blue. Without loss of generality, both the ionospheric per-
turbation and the radar beam can be sampled for a surface
of changing altitude, and the satellite moves in an ellip-
tical orbit. The angular purple grid illustrates the angular
view of the beam with the polar coordinates R iono and f,.
The red dot along the red line denotes a piercing point,
where the disturbance is not necessarily known but can be
approximated by interpolation from the values at the known
positions at the piercing points that correspond to B; and
Bi+1. A low-order angle interpolation is adequate to generalize
the problem for nonflat surfaces with varying heights and
downsample the ionosphere grid to the STFT resolution. The
result will be referred as (jA:(Ro,iono (Miono)» Ba; A) for the phase
and SAZ(ROJOHO (Miono)» Ba; A) for the FR. Note that we highlight
the dependency on A to indicate that the method can be
generalized to a nonmonochromatic wavefront, and on Ajgpo
to indicate the variation in the layer inside the beam and
along the acquisition. This way, it is possible to add for each
frequency f,[n] (or each look angle B,[n] according to (1))
the disturbance that corresponds to the piercing point.

Fig. 3 shows a block diagram of the algorithm: For
each satellite position, pgy[i], with the ionospheric surface
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Fig. 3. Block diagram of the proposed aperture-dependent ionospheric
injection algorithm.

coordinates, the part of the ionosphere that falls inside the
beam is calculated. Before the downsampling step, from the
local phase disturbance seen by the beam, it is possible to
simulate the corresponding double-pass amplitude modulation
approximating it to the absolute value of the split-step solution
of a monochromatic wave that goes through a phase distur-
bance as described in [12]. Similar to [10], it is assumed that
the ionosphere modulation can be pulled out of the summation
over all the targets that make the range-compressed data, but
given the subaperture operation proposed in this letter, without
the small target assumption.

On the left side of Fig. 3, an example of the phase and inten-
sity scintillation component corresponding to one subaperture
is shown. Now, the local FR, phase, and intensity screens are
downsampled and interpolated to the STFT resolution before
injection. Around the corresponding satellite azimuth position
index in the range-compressed image, an STFT is done (in this
case, for the data from all the polarimetric channels). First,
the local FR disturbance and then the phase and intensity are
injected before using an inverse STFT to bring the subaperture
back to the time domain. The range-compressed solution with
ionospheric disturbances is built up by adding all subapertures,
each with a window to maintain the power of the data. The
steps are repeated in a loop to the last azimuth position. After
building a range-compressed image, the data are compressed
with a matched filter in azimuth to obtain single-look complex
(SLC) images with the ionospheric disturbances.
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Fig. 4. Ionospheric irregularity resolution with azimuth subaperture size.
Flight track (top) with the platform displacement across a subaperture and
ionospheric irregularity plane (bottom). The differential squint angle Ap,,
which is given by the subaperture size N, determines the spatial resolution
of the ionospheric plane.

The last thing to discuss is the number of pulses N in
the subaperture, which is related to the azimuth frequency
resolution, (PRF/N), and ultimately to the differential squint
angle AB, in Fig. 4 (note that we are making use of sin 8, ~ $,
approximation for small angles in (1)). To ensure consistency,
the spatial sampling (v - N)/PRF, locally increased by the
block operation, shall be matched to the reduced spatial
frequency resolution at which the ionospheric coordinates
are sampled, which is also driven by the distance to the
ionospheric plane, Roiono - (A - PRF)/(2 - vt - N), i.€.,

Roiono - A PRF
N = ) =2iom0 " 2 . )
2 Usat

The corresponding resolution, the scale of the smallest
irregularities that can be detected, is given by the following
equation:

RO,iono A
72 .

The Biomass mission parameters described in Table I give
an azimuth block size N of approximately 70 pixels. These
correspond to an azimuth resolution of 337.92 m at an iono-
spheric height of 350 km.

8y = 3)

III. EXPERIMENTAL RESULTS

In this section, the performance of the beam-center approach
described in [13] for the injection of ionospheric disturbances
will be compared with the aperture-dependent one proposed
in this letter. For the simulations, a complex clutter scenario is
used. With the thin-layer approximation, phase advance maps
that follow a power spectral density (PSD) function can be
generated as described in [10] and [20]. Two representative
maps at two different geographic locations are shown in Fig. 5
generated with the parameters in Table II. CyL and p are



4011705

TABLE I
SYSTEMS PARAMETERS
Parameter Units  Biomass
Carrier frequency fo Hz 435 - 105
Carrier wavelength A m 0.69
Satellite height hgat km 650
Ionospheric height hjono km 350
Satellite velocity vsat km/s 7.534
Antenna azimuth length L, m 12
Incidence angle ;¢ deg 25
Range to ionosphere Rg jono km 331
Pulse repetition frequency PRF Hz 1581.03
Azimuth bandwidth B, Hz 1255.79
Synthetic aperture Lga km 41.19
Synthetic aperture at ionosphere Lga iono km 19.01
Scenario 1
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Fig. 5. Phase maps used in the simulations. Generated with Rino’s method
and the parameters in Table II.

TABLE 11
PHASE MAP PARAMETERS
Parameter Units Scenario 1  Scenario 2
Geographic location (lat, lon)  (deg, deg) 14.5, 10.5 -25.5, -22
Outer scale Lg km 10 8
Strength of turbulence Cy L - 1032 1033
Anisotropy parameter a - 10 10
Anisotropy parameter b - 1 1
Spectral index p - 2.65 2.65

related to the strength and granularity of the irregularities,
a and b to the anisotropy, and the outer scale L is the scale
size of the bigger irregularities. Note that despite the size of the
outer scale, there would be plenty of smaller scale irregularities
up to the order of a few meters. The scenarios and the exact
geometry have been defined using the Biomass End-to-End
Performance Simulator (BEEPS) [21].

The first step in comparing the beam-centered approach
and SADI is to show that both the methods give simi-
lar results when the irregularities are much larger in the
azimuth dimension than the synthetic aperture projected on
the ionosphere. For that, we use the phase map in Scenario 1
(Fig. 5), where irregularities change slowly due to the high
anisotropy compared with the synthetic aperture. Fig. 6 shows
two interferograms that compare the unperturbed image for
the beam-center approach (top) and the SADI approach. Note
that in both the cases, the output is a smoothed version of
Scenario 1 due to the synthetic aperture convolution, and the
interferograms look identical, so the improvement in resolution
is not perceived. This is better appreciated in Fig. 7 where the
phase difference is shown (nearly O everywhere).
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Fig. 6. Interferograms between images before and after the injection of
the phase map in Scenario 1 with the beam-center method (top) and SADI
(bottom).
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Fig. 8. Interferograms between images before and after the injection of
the phase map in Scenario 2 with the beam-center method (top) and SADI
(bottom).
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We compare the results when the phase map in Scenario 2
(Fig. 5) is used. Here, despite the large anisotropy, due to the
geomagnetic field orientation, the size of the irregularities in
the azimuth direction is small compared with the synthetic
aperture. The resolution increment is not visible in Fig. 8 but
in Fig. 9, which shows the phase difference between both the
interferograms. Here, one can see that the difference between
both the methods is the high-frequency component of the
phase, which was averaged by the beam-center approximation
but not by the SADI technique.
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Fig. 10. Intensity scintillation in focused image with ionospheric disturbance
(top), 1/10 bandwidth sublook (bottom).

The results in Fig. 10 show the intensity scintillation corre-
sponding to Scenario 2, the focused image, and the intensity
of one sublook. Note the appearance of the stripes in the
sublooked image and that the orientation is maintained with
respect to the phase screen with a higher frequency variation
as expected.

IV. CONCLUSION

This letter has presented a method for incorporating
ionospheric disturbances into SAR simulations in an aperture-
dependent manner. This approach is preferred over other
beam-center methods like applying an ITF or semi-focusing
at ionospheric height previously discussed in the literature
because it allows to accommodate ionospheric realizations
with a varying height or which are quickly changing with time.
It works with subapertures and introduces the ionospheric
disturbance for each satellite position that, at the instant,
falls inside the antenna beam while it adapts the geometry.
It also takes into account the oblique propagation out of the
beam center. This makes it possible to gain resolution when
ionospheric irregularities smaller than the synthetic aperture
projected on the ionosphere are present, making it fit for
wide-beam systems. This was shown in realistic simulation
scenarios in the framework of the Biomass mission. Injec-
tion of intensity scintillations was also proved possible. This
approach can be generalized to inject all kinds of disturbances.
Here, we commented on the possibility of injecting FR, but it
would be possible to inject dispersion and time delays, too.
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