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ABSTRACT
We describe the SAR Scintillation Simulator (SAR-SS), a
new phase screen model for simulating the impact of smallscale ionospheric structure on SAR image formation and
interferometry. We compare simulated and observed
PALSAR imagery over Brazil, and our preliminary findings
show that SAR-SS can reproduce the essential features of
azimuthal streaking and contrast degradation caused by
small-scale structure in the ionosphere.
Index Terms— Radio Scintillation, Synthetic Aperture
Radar, Ionospheric Irregularities
1. INTRODUCTION
The effects of the ionosphere on synthetic aperture radar
(SAR) can be categorized into two different types [11]. The
first type consists of effects caused by the ionospheric
background such as refraction, polarization rotation, group
delay, and phase advance. These effects can be largely
mitigated for an L-band SAR if a suitable model for the
ionosphere is employed during SAR processing [2]. The
second type consists of effects caused by small-scale
ionospheric structures which are generated by plasma
instability processes. These instability processes act
predominantly in the polar cap and equatorial zone at night,
the effects being more pronounced during periods of high
solar activity. As radio waves penetrate these small-scale
structures, they randomly scatter in different directions
resulting in spatial variations in signal phase. These phase
variations cause interference as the radio wave propagates
further in free-space, resulting in a diffraction pattern on the
ground with spatial fluctuations in both amplitude and
phase. These signal fluctuations are intensified as the
reflected wave traverses the ionosphere a second time after
reflection from the ground. Amplitude and phase
fluctuations which decorrelate across the synthetic aperture
of the radar reduce the effective resolution of a SAR image,
and alter critical differential phase relationships between
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images collected during satellite revisits that are required by
InSAR and change detection applications.
In this paper we present a new phase screen model
called the SAR Scintillation Simulator (SAR-SS) for
predicting the impact of small-scale ionospheric structure on
SAR image formation and interferometry. This simulator
consists of a phase screen generator and a propagator. The
screen generator creates a 2D random realization of spatial
phase fluctuations resulting from the traversal of small-scale
irregularities in the ionosphere. The irregularities are
specified statistically in terms of a power spectral density
that depends on 1) the vertically integrated strength of
turbulence, 2) the spectral index, 3) the outer scale, and 4)
the anisotropy ratio along and transverse to the local
magnetic field direction. The screen generator accounts for
the motion of the radar platform, the drift of the ionospheric
irregularities, and the oblique angle of propagation, all of
which determine the scale sizes of the irregularities sampled
by the radar beam. The statistical parameters specifying the
irregularities can be input to the simulator manually, or
provided by the Wideband ionospheric scintillation model
(WBMOD), a global climatological model of scintillation
constructed from an extensive database of observations
[10].
The propagator of the SAR-SS model solves the 3D
parabolic wave equation (PWE) using the split-step
technique to compute the diffraction pattern of amplitude
and phase at the radar caused by two-way propagation
through the ionosphere. This diffraction pattern can used to
modulate the SAR signal due to terrestrial features in order
to assess the ionospheric impact on SAR image formation
and interferometry. We note that SAR-SS is similar in many
respects to a previous phase screen model called SARTIRPS [9], except that the later was constructed using a 1D
phase screen. The SAR-SS model uses a 2D phase screen
which facilitates the simulation of 2D SAR images.
The outline of this paper is as follows. In sections 2 and
3 we present the propagator and phase screen generator of
the SAR-SS model, respectively. Section 4 shows an
application of the model whereby the effects of small-scale
irregularities in the ionosphere are added to a PALSAR L-
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band SAR image collected during quiet ionospheric
conditions, and the results are compared with a PALSAR
image collected during a revisit over the same terrain during
disturbed ionospheric conditions.

which involve second derivatives of U. In the high
frequency limit (geometric optics), the phase change
imparted by the ionosphere is proportional to the integral of
electron density fluctuations 'Ne along the line of sight [7]:
L / 2(sec T )
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2. SPLIT-STEP SOLUTION OF THE PARABOLIC
WAVE EQUATION
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The scalar Helmholtz equation governs the propagation of
radio waves through a weakly inhomogeneous media in the
absence of currents and depolarization effects:
 2 E (r )  k 2 n 2 E (r ) 0
(1)
In the above, E(r) is the electric field, n is the index of
refraction, and k=2S/O where O is the wavelength of the
radio wave. The ei2Sft dependence is implied, where f is the
frequency. We define the reduced electric field U(r) as
E (r ) U (r )eik r
(2)
in order to remove the oscillatory component of the field
along the propagation direction. The coordinate system
chosen for the propagation calculation is shown in Figure 1.
The origin is located at the ionospheric penetration point
(IPP) along the propagation path at the center of the radar
beam. The x, y, and z axes point toward geomagnetic north,
geomagnetic east, and vertically downward, respectively.
The thickness of the ionospheric layer, assumed to contain
homogeneously distributed irregularities, is L.

O re secT

L/2

³

L/2

(5)
'N e (ȡ  tan T aˆkT (K  z ),K ) dK

where U is a distance vector in the horizontal plane,
(cos M , sin M ) is a unit vector in the horizontal plane, and
aˆ k
T

re is the classical electron radius. We neglect refraction
effects and assume the propagation path is a straight line.
The reduced electric field after single passage through the
phase screen is then U(U,0+) = U(U,0)eiI(U).
After the radio wave has passed through the screen, we
neglect index of refraction fluctuations and solve (4) for the
reduced electric field after propagation through free space.
It is convenient to seek a solution to (4) in terms of the
transverse Fourier transform of U which is defined as
f f
1
U (ȡ, z )
Uˆ (ț , z ) eiț ȡ dț
(6)
2
2S

³f ³f

where N is the transverse wavenumber. This procedure
yields the following solution for the reduced field after
single passage through the phase screen:
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Equation (7) gives the split-step solution to (4) subject
to the thin screen approximation for the case of an incident
monochromatic plane wave. Following Rino [8], the SARSS model (optionally) applies a correction to account for
spherical curvature of the radio wave by scaling the
transverse coordinates x and y, and the also the propagation
distance, by z1/(z1+z2) where z1 is the slant distance (not the
vertical distance) from the radar to the IPP and z2 is the slant
distance from the IPP to the center of the target area. In this
case the reduced electric field on the ground can be
expressed as [1]
T

Figure 1. The propagation coordinate system centered at the IPP.

In this coordinate system, the wavevector is given by
2S
(sin T cos M ,sin T sin M , cos T )
k

O

(3)

Substituting (2) and (3) into (1), and assuming the medium
changes sufficiently slowly in the direction of propagation,
yields a form of the PWE for the reduced field where the
propagation angles appear explicitly:
w 2U
wx 2
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 2ik cos T
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In (4), 'n is the fluctuating part of the index of refraction,
which assumed to be small (an additional term of order 'n2
has been neglected).
We solve equation (4) using the split-step approach [5].
Inside the scattering layer we neglect the diffraction terms
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where U0 is the transmitted monochromatic wave and D(U)
is the ionospheric transfer function which is given by:
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In (9), F denotes the transverse Fourier Transform which
can be evaluated efficiently using the fast Fourier transform
(FFT) in two dimensions. Note that we have dropped the
term (aˆk  ț ) z tan T in (7) which translates the reduced field
T

horizontally. This term vanishes in a coordinate system that
moves with the IPP.

By symmetry, the ionospheric transfer function is the
same for both the downward and upward paths of the radio
wave [9]. Therefore, we account for two-way propagation
through the ionosphere by squaring D(U). The reduced field
that returns to the horizontal plane of the radar when
transmitting a pulse P of bandwidth B, after double passage
through the ionosphere, can be expressed [5]:
B
2
(10)
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The above is the integral of the Fourier transform of the
pulse, Pˆ ( f ) , modulated by the ionospheric transfer function
for two-way propagation over all frequencies in the pulse.
For narrow-bandwidth systems such as PALSAR (28 MHz),
we may approximate the pulse as a monochromatic wave at
the center frequency, i.e. Pˆ ( f ) =G(fc), so that:
U r (ȡ)

D 2 (ȡ, f c )

(11)

3. CONSTRUCTION OF THE PHASE SCREEN
We assume Rino’s form for the power spectral density of
phase after one-way passage through the phase screen [8]:
)I (ț )

O 2 re2 sec2 T ab 2S / 1000
(q02



AN x2



p 1

Ck L
2 ( p 1)/ 2
BN xN y  CN y )

(12)

In (12), p is the phase spectral index, a and b are scaling
factors that elongate contours of constant correlation along
and transverse to the magnetic field, respectively, q0 is the
outer scale wavenumber, and CkL is the vertically integrated
strength of turbulence at the 1 km scale. The coefficients A,
B, and C depend on the direction of propagation and the
magnetic field and are obtained by relating the radar line of
sight and the irregularity axes [8]:
A C11  C33 tan 2 T cos 2 M  2C13 tan T cos M
B 2 [C12  C33 tan 2 T sin M cos M
(13)
 tan T (C13 sin M  C23 cos M )]
C C22  C33 tan 2 T sin 2 M  2C23 tan T sin M
where
C11 a 2 cos 2 \  sin 2 \ (b 2 sin 2 G  cos 2 G )
C22 b 2 cos 2 G  sin 2 G
C33 a 2 sin 2 \  cos 2 \ (b 2 sin 2 G  cos 2 G )
C12
C13
C23

(b 2  1)sin\ sin G cos G
(a 2  b 2 sin 2 G  cos 2 G )sin\ cos\
(b 2  1)cos\ sin G cos G

(14)

In (14), \ is the magnetic inclination angle and G is the
angle at which irregularities are inclined from the xz plane
(typically taken to be zero at low latitudes). SAR-SS obtains
the magnetic field parameters at the IPP location from the
International Geomagnetic Reference Field [6].
For a right-looking stripmap SAR system with zero
squint angle, an appropriate spatial sampling in the
geomagnetic east and north directions to use when
generating a realization of the random phase screen is:
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In the above, Vipp is the velocity of the IPP, J is the radar
incidence angle at the screen, PRF is the pulse repetition
frequency, and PSF is the pulse sampling frequency. To
derive (15) we have assumed frozen-in motion of the
plasma with eastward and northward components given by
VDe and VDn, respectively, and we have neglected Earth
rotation. For a right-looking stripmap SAR with zero squint
angle, M-S/2 is the magnetic heading of the radar platform
while M is the magnetic heading of the radar beam. The
factor sin(J) accounts for range foreshortening by
converting the range sample spacing c/(2PSF) to equivalent
horizontal sample spacing at the phase screen. The spherical
wave correction described earlier is (optionally) applied to
this grid spacing prior to generating a realization of the
phase screen, and then the screen is rotated into alignment
with the along-track and range directions of the radar.
4. SIMULATING THE IONOSPHERIC IMPACT ON
SAR IMAGES
Equations (10) and (11) give the reduced field at the radar
after double passage through the ionosphere in the absence
of terrestrial features on the ground (as if the ground were a
perfect mirror). The SAR-SS model predicts the impact of
the ionosphere on SAR imagery by replacing the transmitted
radar pulse P with the received SAR signal (e.g. unfocused
complex phase history) in (11). This effectively assumes the
terrain consists of frequency-flat point scatterers at each
pixel location which contribute independently to the SAR
signal. For this study, we began with single look complex
(SLC) data from PALSAR and simulated the unfocused
SAR signal by applying the range-Doppler algorithm
(RDA) in reverse [4]. We could have skipped this inversion
step and used the raw unfocused SAR signal directly, but
this data was not available at the time of this study. We
modulated this simulated unfocused SAR signal with the
ionospheric transfer function D2(U), and applied the RDA
algorithm in the forward sense [3] to produce a simulated
SAR image with ionospheric effects added.
Before demonstrating the application of the SAR-SS
model, we first show PALSAR imagery during two
consecutive revisits over the same ground terrain in Brazil.
Figure 2 shows a sub-look image on 25 December 2007
during quiet ionospheric conditions and Figure 3 shows a
sub-look of the same terrain on 26 March 2008 when the
ionosphere was disturbed. Note the loss of contrast and
prominent streaks in the 26 March image along the direction
of the geomagnetic field, indicated by the arrow. These
streaks are inclined at approximately -5.7q, which is the
radar magnetic heading at this location.

14.4q, a:b=50:1, CkL=1034, 2S/q0=10km, p=6.0, no spherical
wave correction. The qualitative similarity between the
observed PALSAR image (Figure 3) and the simulated
image (Figure 4) suggests the SAR-SS model can reproduce
the essential features of azimuthal streaking and contrast degradation caused by small-scale structure in the ionosphere.
Our numerical experiments suggest that a phase
spectral index of 6 approximately reproduces the spacing
between the streaks observed on 26 March 2008. This rather
steep index suggests the ionospheric irregularities that
caused the streaks may be better characterized by a
Gaussian, rather than a power-law, spectrum. Alternatively,
it may suggest that our screen generator did not faithfully
represent the largest scale features of the turbulence, given
that the dimensions of our sub-look image are too small to
resolve the 10 km outer scale. These results should be
considered preliminary, as additional analysis needs to be
performed on both the observed and simulated images to
validate the results.

Figure 2. PALSAR sub-look image on 25 December 2007 during
quiet ionospheric conditions.
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