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Abstract

The ionosphere effects on microwave propagation and degrades the image quality of space-borne SAR acquisitions.
Despite of its reduced effect at high frequencies, phase distortions on the interferograms are often visible on X-band
TSX/TDX data. In this paper, the ionospheric phase distortions associated with the small-scale irregularities in
TSX/TDX pursuit mode interferograms are analysed. A coincident strong ionospheric drift in the along-track direction
is observed by the ground-based high frequency (HF) measurements of SuperDARN. The ionospheric phases are sepa-
rated from the topographic contributions by using parallax, and the ionospheric altitudes are estimated from the SAR

data and cross-validated against SuperDARN data.

1 Introduction

Microwaves propagating through plasma experience a
phase advance. In SAR interferometry, the difference of
phase advance is demonstrated as characteristic fringes
aligned to the geomagnetic field. The isolation and re-
moval of the ionospheric phase contributions on space-
borne SAR interferograms using the dispersive nature of
the trans-ionospheric propagation have been developed
[1].

The high-latitude ionosphere is consistently affected by
precipitating charged particles of solar and cosmic origin
guided along the geomagnetic field. They form the sheet-
shaped ionospheric irregularities [2]. The ionospheric ir-
regularities are flowing nested in the global-scale convec-
tion system driven by the E x B drift. The convection
systems at Arctic and Antarctic are monitored by measur-
ing the Bragg scattering from the irregularities at high
frequencies (HF), by means of the Super Dual Auroral
network (SuperDARN) [3].

Tandem-X pursuit mode acquisitions enables the along
track interferometry (ATI) with a time difference of sev-
eral seconds. Some TSX/TDX interferograms show clear
signs of ionospheric distortions: linear fringes aligned to
the geomagnetic field lines. By means of sub-spectral
analysis in azimuth direction, the ionospheric phases are
separated from other interferometric phase contributions
[7], and the altitude and the drift velocity of the irregulari-
ties are estimated [9].

2 Ionospheric Irregularity on SAR

2.1 TIonospheric Phase

The phase advance through the ionosphere is proportional
to TEC and inversely proportional to the frequency
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where { = re _ 4031 m?/s? 1, is the classical electron
radius, ¢ is tﬁé speed of light in vacuum and f is the cen-
tre frequency. At X-band (f=9.65 GHz), one TECU
(=10'% m?) leads to 100° of phase advance.
The long synthetic aperture of SAR system enables the
high spatial resolution in azimuth direction. [4] At the
same time, the characteristics of the propagation medium
may vary. One of the inhomogeneous media is the iono-
sphere [5]. The rapid, irregular and large change of the
ionospheric phase in the synthetic aperture leads to the
degradation of the azimuth focusing quality. Ionosphere
can change in a rate of a hundred of mTECU/km under
severe conditions. This effect is stronger at lower fre-
quencies because the same amount of TEC variation leads
to larger phase distortions. In addition, high frequency
space-borne SAR has for the same resolution shorter syn-
thetic aperture. The defocusing effect is further sup-
pressed in the shorter synthetic aperture.
The ionospheric phase is detectable only in the interfero-
metric analysis. The interferograms contain contributions
from the topography, the troposphere, the ionosphere and
any motions of the scatters. For the short temporal base-
line of the pursuit TDX mode, the interferometric phase
can be interpreted as the superposition of only topograph-
ic and ionospheric phase contributions.

2.2 Parallax

During the synthetic aperture, the scatterers are imaged in
decreasing squint angles from positive to negative around
zero. Different squint angels are associated to different
azimuth frequencies. By selecting some part of the azi-
muth sub-band spectra, the line-of-sight (LOS) and the
squint can be restricted, at the cost of azimuth resolution.

As indicated in [6], the ionospheric features change its
position in a SAR image along with the squint angle. For



the two approaching and departing azimuth sub-bands, the
spectral separation is W, /2, where W, is the azimuth
bandwidth, and the corresponding orbit distance is B =
W, Vs4:/2. Here B stands for the baseline of the parallax
in the azimuth direction. Associated with the change of
the look-direction, the ionospheric irregularities moves
back and forth on SAR image, and the displacement be-
tween the two sub-bands D is directly proportional to the
ionospheric height h;,,, as
D
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where hg,; is the satellite height.
Once the displacement D is determined, it is possible to
separate the ground contributions and the ionospheric
contributions. Any ionospheric phase p at azimuth posi-
tion x contributes to the sub-band interferograms as
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where g(x) is the topographic phase. The shift theorem
enables the two contributions p and g to be separated
from each other [7]
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where s is the spatial wavenumber. Subtraction between
them leaves only the ionospheric contribution
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One critical problem of this method is the periodicity of
the denominator. The noise contribution of the ionospher-
ic phase p does not converge to zero when Ds is any inte-
ger. In practice, band-pass filtering should be applied, be-
fore P(s) is Fourier transformed back to time domain.

Figure 1 Change of orientation of projected geomagnetic
field at different height (annotated) overlaid on the iono-
spheric phase at X-band (coloured background)

2.3 Orientation

The motion of ions comprising the ionosphere is confined
to the geomagnetic field lines, and so do the ionospheric
distortions in the SAR images. The direction of the geo-
magnetic field on the SAR data is discussed in [8] and [9].
The geomagnetic field varies with height, and the range
direction extension of the geomagnetic field on the SAR
image is proportional to the ionospheric height [9]. This
observation allows measuring the ionospheric height by
means of the direction of the ionospheric structures. The
accuracy of estimating the ionospheric feature alignment
directly propagates to the ionospheric altitude estimation.

Figure 1 shows the change of the projected geomagnetic
field for different ionospheric altitudes. As the altitude
increases, they become more perpendicular to the azimuth
direction. From Figure 1, it is deducible that the iono-
spheric altitude is around 300 km where the projection
and the phase orientation are most parallel.

Figure 2 Footprint of TSX/TDX data acquisition (elon-
gated rectangle). The satellite moved from left (east) to
right (west).

3 Data/Result/Discussion

3.1 SAR data

In the TSX/TDX pursuit mode interferogram acquired on
September 30", 2014 at 16:30 UT over Antarctica, strong
ionospheric irregularities appear. The footprint of the ac-
quisition is shown in Figure 2. The orbit is descending,
and the scene is acquired from left to right on the map.
The scene extent is around 670 km in azimuth and 33 km
in range.

Figure 3a (on the last page) shows the corresponding in-
terferogram. Clearly seen are the two kinds of different
contributions. The first is the topographic phase which is



prominent at both ends of the scene, and the second is the
ionospheric contribution appearing as a “barcode”-pattern
in the range direction especially in the middle of the sce-
ne. The lack of accurate DEM and unavoidable penetra-
tion of microwave into the ice/snow [10], [11] make the
perfect compensation of the topographic phase difficult.
In order to suppress the topographic contribution, two az-
imuth sub-band interferograms are generated at approach-
ing and departing sub-bands (positive and negative Dop-
pler bands) and their differentiation is calculated. Because
the topographic phases are identical at both sub-bands, the
differentiation provides only differentiation of the iono-
spheric phases [14].

The interferograms at two azimuth sub-bands are shown
in Figure 3b after band-pass filtering. The filtering is per-
formed in order to emphasise the strongly oriented iono-
spheric phases, so that their displacement in sub-band im-
ages are estimated accurately. The two images are largely
similar but the stripes are obviously translated in the azi-
muth direction of each other. Figure 3¢ shows the esti-
mate of the displacement D defined in Section 2.2. Across
the whole scene extent, the displacement remains stable
around 800 m. Considering a TSX/TDX orbit altitude of
514 km the ionospheric altitude is estimated to be 200
km.

The ionospheric phase estimated using the methodology
of Section 2.2 is shown in Figure 3d, as well as, the
topographic phase after subtracting the estimated iono-
spheric phase from the original interferogram is shown in
Figure 3e. The ionospheric phase is largely compensated,
but still there is a remaining periodic undulation. It is
partly attributable to the spectral filtering associated to the
sinus term in the denominator of (5).

3.2 SuperDARN

Coincident SuperDARN velocity measurements (Figure
4) [12] show the ionospheric irregularity and their motion
near the SAR data acquisition [13]. Because the map is
drawn in geomagnetic coordinate, the grid does not corre-
spond to the one used in Figure 1. The ionospheric flow
velocity ranges from 250 to 375 m/s, and its direction is
aligned in the azimuth direction.
The drift of the irregularities can partly explain the disa-
greement of the ionospheric heights from the orientation
of ionospheric structures in Section 2.3, hipno = 300 km,
and form the parallax in Section 3.1, h;o,, = 200 km. Let
us assume the motion of the ionosphere in the azimuth
direction during the synthetic aperture time 7. The dis-
placement D on the SAR data is reduced as much as - -
Viono» and this modifies the ionospheric altitude estimate
as

Ahiono — T'vﬂ — Viono
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Here the synthetic aperture time is divided by two to rep-
resent the time difference between two sub-bands. The
ionospheric drift is much slower in comparison to the sat-
ellite velocity. In the actual case, the ionospheric drift is
about 320 m/s (from the SuperDARN measurement in

Figure 4) in the azimuth direction reduces the ionospheric
height estimation using parallax as much as 21 km. How-
ever, the drift alone cannot explain the discrepancy of two
ionospheric height estimates.
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Figure 4 SuperDARN velocity map at the SAR data ac-
quisition time. The map is drawn in geomagnetic coordi-
nate. The speed of ionospheric flow is around 320 m/s
near the data footprint. (Accessed through [12])

4 Conclusions

The ionospheric phase found in X-band interferograms
over Antarctica is analysed. Strong ionospheric irregulari-
ties are detected both in SAR and ground-based radar
network. From the azimuth spectral analysis the iono-
spheric phase could be separated. This approach is differ-
ent from conventional split spectrum method relying on
dispersion, and sensitive to much smaller scale ionospher-
ic structures. At the same time, this method inherently
bears a blind point in the spectra that leaves small but pe-
riodic artefacts on the corrected interfrogram.

The ionospheric altitudes were estimated by means of
parallax and the orientation of ionospheric features. The
two estimates show rather large discrepancy of 100 km.
The SuperDARN velocity measurement shows fast iono-
spheric flow of around 320 m/s in speed in the azimuth
direction across the SAR data footprint. The effect of the
drift on the altitude estimation using parallax is analysed,
but it cannot explain completely the observed difference
of the ionospheric height estimates.
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Figure 3 Interferograms. (a) original interferogram. (b)
band-passed approaching and departing interferograms.
(c) Relative shift estimates (d) estimated ionospheric
phase (e) residual topographic phase



