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Abstract: Spaceborne synthetic aperture radar (SAR) imagery is affected by the ionosphere, resulting
in distortions of the SAR intensity, phase, and polarization. Although several methods have been
proposed to mitigate the ionospheric phase delay of SAR interferometry, the application of them with
full-polarimetric SAR interferometry is limited. Based on this background, Faraday rotation (FR)-based
methods are used in this study to mitigate the ionospheric phase errors on full-polarimetric SAR
interferometry. For a performance test of the selected method, L-band Advanced Land Observation
Satellite (ALOS) Phase Array L-band SAR (PALSAR) full-polarimetric SAR images over high-latitude
and low-latitude regions are processed. The result shows that most long-wavelength ionospheric
phase errors are removed from the original phase after using the FR-based method, where standard
deviations of the corrected result have decreased by almost a factor of eight times for the high-latitude
region and 28 times for low-latitude region, compared to those of the original phase, demonstrating
the efficiency of the method. This result proves that the FR-based method not only can mitigate the
ionospheric effect on SAR interferometry, but also can map the high-spatial-resolution vertical total
electronic content (VTEC) distribution.
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1. Introduction

Synthetic aperture radar (SAR) imagery has demonstrated its potential in the military and
in civilian fields, such as ground deformation observation and computer vision systems [1-4].
However, a challenge to the SAR imagery, particularly with low-frequency SAR systems, is the
influence of the ionosphere. When SAR signals propagate through the ionosphere, their phase and
polarization change [5-8]. There are a number of studies about ionospheric influences on SAR and
SAR interferometry (INSAR), such as ionosphere-induced Faraday rotation (FR) on linearly polarized
polarimetric SAR data [9-13], ionosphere-induced interferometric phase errors and azimuth offsets
on InNSAR measurements [14-16], ionospheric effects on simulated P-band SAR imagery [17,18] and
comprehensive investigation of this effect on SAR and InSAR [19-24]. Moreover, with increasing
interest in the low-frequency SAR systems (e.g., L-band TerraSAR operated by German Aerospace
Center (DLR), NASA-ISRO Synthetic Aperture Radar (NISAR) operated by National Aeronautics
and Space Administration (NASA), and P-band Biomass monitoring mission for Carbon Assessment
(BIOMASS) operated by European Space Agency (ESA), this effect has become more significant and
limits the further development of advanced SAR techniques [5].
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To correct ionospheric distortions on SAR and InSAR, several methods have been proposed
by researchers. Schneider and Papathanassiou [25] discussed and proposed a method to estimate
and compensate of ionospheric effects by means of coherent scatterers, which had a high spectral
correlation and point-like scattering behaviour. Rosen et al. [24] proposed an ionospheric correction
method based on a multi-frequency split-spectrum processing technique. This method exploited
the dispersive nature of radar signals in estimating the ionospheric contribution. When topography,
ground deformation and atmospheric errors were non-dispersive, the ionospheric effect was dispersive.
Thus, the ionospheric effect could be separated by observations at two different frequencies. Several
researchers have proved the feasibility of this method [26-30]. Another method called Delta-k, which
is similar to the multi-frequency split-spectrum processing technique, employs subband processing in
range to separate frequency dependence of ionospheric phase delay versus the frequency proportional
dependence of topographic phase delay [5,6,31]. Meyer et al. [20] successfully developed a method
to map the ionospheric structures using SAR interferograms. This method exploited the differences
in sign between range group and phase delays caused by the ionosphere. A recent method aimed
to use the approximate linear relationship between the azimuth gradient of ionospheric phase delay
and azimuth pixel shift to correct the ionospheric effect on InNSAR [14,15,32-36]. Several researchers
tested the feasibility of this method. As a result, it was reported that the method was able to correct the
ionospheric phase error on the interferogram.

As the most sensible magneto-ionic propagation effects, ionosphere-induced FR can be accurately
estimated from the full-polarimetric SAR images, and consequently has been widely used to correct
ionospheric effects on SAR and InSAR [9]. Freeman [37] outlined a step-by-step procedure to recover the
true scattering matrix subject to FR. The method provided an effective method to calibrate the ionospheric
distortion on full-polarimetric SAR images. From then on, intensive studies were carried out to calibrate
the ionosphere-induced FR and radar system errors for L-band Advanced Land Observation Satellite
(ALOS)/Phase Array L-band SAR (PALSAR) [38-42] and simulated P-band BIOMASS systems [43].
Due to the presence of speckle noise in single SAR images, ionospheric correction on SAR interferometry
was easily contaminated by the noise when directly using FR-calibrated single SAR images. In this
situation, Kim [44] converted the estimated FR distribution to the vertical total electronic content (VTEC)
map, and then applied this map to correct the ionosphere-induced interferometric phase delay. Then,
he analyzed the factors which may affect the performance of ionospheric correction on SAR interferometry,
including ionospheric condition, underlying SNR, number of looks, and geomagnetic latitude. His results
proved the feasibility of ionospheric correction on SAR interferometry by using the FR-based method.
However, the limitation of his method is that there is the remarkable residual long-wavelength phase
signal in the corrected interferogram. In order to evaluate the performance of the FR-based method and
the azimuth offset method in practical applications, Zhu et al. [45] made an investigation using L-band
polarimetric SAR data, and found that the FR-based method was more sensitive to the noise than the
azimuth offset method. Meanwhile, it was found that both methods present the residual ionospheric
phase error in the corrected interferogram.

To address limitations in the current ionospheric correction methods on SAR interferometry,
an efficient FR-based method is employed to mitigate the ionospheric errors on full-polarimetric SAR
interferometry. This method exploits the fact that ionospheric errors on an interferogram can be
extracted based on the relationship between FR angles and VTEC (vertical total electronic content).
Compared with the existing FR-based methods introduced in [44] and [45], the proposed method
uses an integrated phase model, which can correct the ionospheric error as well as the residual
ionospheric phase error caused by inaccurate parameters on SAR interferometry, and thus can improve
the correction precision. The process is composed of three steps: (1) estimation of FR angles from
full-polarimetric SAR images, (2) generation of VTEC maps from FR angles, and (3) joint correction of
long-wavelength ionospheric phase errors on full-polarimetric interferograms. For performance testing
of the proposed method, L-band ALOS/PALSAR full-polarimetric SAR images over high-latitude and
low-latitude regions are processed. The FR angles and VTEC maps are estimated from SAR images,
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and then ionospheric errors of full-polarimetric interferograms are calculated and corrected from
VTEC maps.

2. Methods

Figure 1 shows the flowchart of the proposed method to mitigate the ionospheric phase error on
full-polarimetric SAR interferometry. The scheme mainly involves three aspects: estimation of the FR
angle from the measured scattering matrix, transformation of the FR angle to the VTEC distribution,
and correction of ionospheric phase error. The detailed processing approaches are described below:

Full-polarimetric - Measured Calibpationol Estimation of FR
> ; : measured
SAR data scattering matrix : . angle
scattering matrix
v v
Original InSAR . tCreattl((;n ;)lf : Esm;lmt.mn ;:f Inversion of
nterferazcan integrated phase ionospheric phase VTEC
model error
v
Corrected InSAR
interferogram

Figure 1. The flowchart of the proposed method. Synthetic aperture radar (SAR), SAR interferometry
(InSAR), Faraday rotation (FR), vertical total electronic content (VTEC).

2.1. Estimation of the FR Angle from Full-Polarimetric SAR Data

For a linear polarization SAR system, the measured scattering matrix M can be written as [37]:

M = AeJ®RTRrSRFT + N

Mhh Mvh . cosQ)  sin() 5 — Shh Svh
My My |77 | =sinQ c0sQ |~ | Spp Soo |

[ b el
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where Rr is a one-way FR matrix; () is the FR angle; S is the true scattering matrix; R and T are
the receiving and transmitting distortion matrices, respectively; f1 and f; are the channel imbalance
(the complex ratio of signals Vertical(V)/Horizontal(H) on receive and transmit, respectively); 61, 62,
03, 64 are the complex antenna crosstalk terms resulting from the incomplete isolation of H and V
polarizations on transmit and receive; A is the overall gain of radar system, which is a function of
radar range and elevation angle; e/® corresponds to the round-trip phase delay and system-dependent
phase effects on signal; and N is an additive noise term due to earth radiation, thermal fluctuations
in the receiver and digitization noise [37]. A calibration technique applied to SAR data can estimate
and correct the system-dependent terms of A, e/®, R and T in (1) [13]. Furthermore, filtering methods,

such as boxcar, band-pass and low-pass filters, can be used to suppress the additive noise N. After
these calibrations, the measured scattering matrix M can be reformed as given by:

M:[ 1)

M = RpSRp )
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After expanding (2) and invoking true backscatter reciprocity (Sp, = Syy), the components of
matrix M can be defined as:
My, = Spcos?Q) — Syusin®Q,
My, = Sy + (Spp + Sww)sinQcos(), 3)
My, = Sip — (Spp + Sop)sinQcosQ),
Myy = Sppcos?Q) — Shhsinzﬂ.

For cross-polarization, a nonzero FR angle means that the measured scattering matrix will not be
invertible (M, # My,). Suppose that FR angle is the only error source and full-polarization SAR data
is available, then the FR angle can be easily estimated from (3). A robust algorithm has been proposed
to estimate the FR angle through circular polarization scattering matrix Z [9], as given by:

ZRr ZRL 17 ] [ My, My, ] [ 1 j ]
Z = =1 X x| . 4
[ Zir 2L ] [ j 1 My, My j 1 @)
Z1R = My — My + j X (M, + Moy 5)
ZRL - th - Mvh + ] X (Mhh + Mvv) (6)

From (3) and (4), FR angle () can be calculated by [9]:

1 . i 1
Q:_Z Xarg(Zry X Zj ), for 7 <Q< T (7)
where arg denotes the argument of a complex number and * represents the complex conjugate. From (7),
it can be seen that estimation of the FR angle becomes a phase estimation problem, which is a fairly
well-understood problem in radar polarization [46]. Further, a reduction in noise is required in order to
increase the quality of FR angle estimation. Some filtering methods can be used for the reduction.

2.2. Inversion of VTEC Distribution from the FR Angle

The linearly polarized signal will experience a rotation of the polarization plane by an angle () when
it propagates through the ionosphere layer. This angle is known as the FR angle [47]. The magnitude
of FR angle (), for a wave of frequency f, traveling vertically one way through the ionosphere can be
expressed as [48]:

|| Brcos@-secd -VTEC  2365x10*-B-cosf-sece- VTEC
 8m2cegm? f? B f?

®)

where ¢ and m are the charge and mass of an electron respectively; c is the speed of light; ¢ is the
permittivity of free space; B is the intensity of earth’s magnetic field, which can be calculated from
geomagnetic field data, such as International Geomagnetic Reference Field (IGRF) data; 0 is the angle
between the magnetic field and satellite pointing vector; ¢ is the SAR incidence angle; B - cos0 - sec¢ is
the magnetic field factor at a constant height (e.g., 400 km); and f is the radar frequency. Generally,
the value of B - cos0 - sec¢) depends on the geographic coordinates, orbit and imaging geometry of
satellite, and can be calculated from [11]. Once the FR angle is determined by (7), VTEC is calculated by:
f2
VTEC = Q- ——— ©)
2.365x 10% - B - cosO - sec

2.3. Mitigation of lonospheric Errors on SAR Interferogram

SAR signals travelling through the ionosphere layer are delayed along their paths by interactions
with the free electrons. This delay leads to a group delay and a phase shift, which are equal in
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magnitude, but opposite in sign. The ionosphere-induced phase shift ¢joy in a SAR interferogram

corresponds to [22]:
-7
PION * ——2'675?10 ' —Afofic (Cycle)

__ 1.687x10°° AVTEC :
= —T . W (Radlan)

(10)

where AVTEC is the difference in VTEC between master and slave SAR images. Once AVTEC
is determined, the ionospheric phase error ¢jon can be estimated from (10). However, as we
mentioned in the introduction, there are the residual long-wavelength phase signals, if directly using
the ionosphere-induced phase shift in (10) to correct the ionospheric effect on SAR interferometry.
This problem has also been observed by Kim [44]. The residual long-wavelength signals can be
attributed to the residual ionospheric phase noise according to their spatial characteristics. For the
residual ionospheric phase, it may result from the inaccurate parameters, e.g., geomagnetic field
parameters, system-dependent terms in FR estimation. To further improve the precision of ionospheric
correction, an integrated phase model is used in this study, as follows:

Pronor = (ag+ar-x+az-y+az-xy)-Qon+

(Bo+B1-x+Ba-y+Ba-xy + fa-h(x, ) an

where ap, @1, @y and a3 are the ionospheric model parameters, o, f1, . .. , P4 are the residual ionospheric
model parameters, x and y are the azimuth and range pixel location, and h(x, y) is the topographic
heightat (x, y). h(x, y) is involved in this process for mitigating the topography-dependent tropospheric
phase error. It should be noted that the integrated phase model in (11) can only mitigate the stratified
tropospheric delay, but can’t mitigate the turbulent tropospheric delay. For retrieving model parameters
in (11), least square estimation is used:

—

(e[ J-vo) e |- "

Cond(C) =IClI-ICH]

where pynw is the observed unwrapped phase, C is the designed matrix related with the pixel location
involved in the parameters estimation, [ ] is the parameters matrix, min means minimization,
T means matrix transpose, Cond (C) means the condition number of matrix C, || C || means the norm

of matrix C, and C~! means the inverse of matrix C. The model parameters [ 2 ] in (11) can be

easily estimated by (12). However, in order to obtain robust parameter solutions, high coherence
points with high-quality phase observations are selected to be involved in the parameter’s estimation.
This operation may reduce the distortion caused by the decorrelation noise. Then, phase observations
at the selected high coherence points are extracted to calculate the model parameters through (12).
After that, for further improvement of the stability of the solution, phase observations whose residual
errors are above three times the root mean square error are excluded from the parameter’s estimation.
This process may reduce the distortions caused by other errors, such as stratified atmospheric delay.
Finally, the updated phase observations are used to determine the model parameters. Once the model
parameters in (12) are calculated, ionospheric phase errors are removed from the original interferograms.

3. Experiment and Analysis

For the performance test of the proposed method, L-band Advanced Land Observation Satellite
(ALOS) Phase Array L-band SAR (PALSAR) full-polarimetric SAR images over high-latitude and
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low-latitude regions are processed. Table 1 lists the interferometric parameters for the collected SAR
images over the experimental regions.

Table 1. Interferometric parameters used in the experiment, where By stands for temporal baseline and
By, stands for perpendicular baseline.

No Master Slave Center Incident Center Center Bt Bp
) Frequency Angle Latitude Longitude (Days) (m)
1 01/04/2007 17/05/2007 1270 MHz 23.93° 62.47° —144.77° 46 6
2 26/03/2010 29/03/2011 1270 MHz 24.01° 100.56° 14.87° 368 1091

3.1. Case 1: High-Latitude Region

3.1.1. Experimental Region and Data

The experimental region with high latitude is located in Alaska, which is the largest state in the
United States by area and situated in the northwest extremity of the Americas (Figure 2a). Two L-band
full-polarimetric ALOS/PALSAR images acquired on 1 April 2007 and 17 May 2007 were collected in this
experiment. As shown in Table 1, the temporal baseline is 46 days and perpendicular baseline is 6 m.

For generating reference information about ionospheric variation at the SAR acquisition time,
the dual-frequency GPS data at a permanent station near Fairbanks is processed (the red star in
Figure 2a). This procedure is carried out by calculating the GPS carrier phase difference between
frequency L1 and L2. This difference can remove the tropospheric delays errors and GPS receiver
clock errors because they have the same effects on the observation for both frequency L1 and L2 [16].
Moreover, the inter-frequency difference in satellite clock offsets are so small that they can be neglected.
As for the receiver and satellite’s instrumental biases, they can be cancelled since they remain constant
over a short observation session. Finally, the cycle slips are detected and corrected using the algorithm
proposed by Blewitt [49]. After these operations, the residual phase components are mainly from the
ionospheric contribution. Figure 2b,c shows the time rate of changes of total electronic content (ROT),
an index to reflect the ionospheric variation) on 1 April 2007 and 17 May 2007, respectively, where SAR
acquisition time is marked with a dotted line. Figure 2b presents the clear ionospheric fluctuation from
5:00 to 18:00 UT and a peak value at about 7:00 UT. This suggests the strong ionospheric irregularities
over experimental area on 1 April 2007. Unlike Figure 2b,c shows the weak ionospheric irregularities,
indicating the background ionospheric condition on 17 May 2007. Additionally, the Auroral Electrojet
(AE) index, a quantitative measure of auroral zone magnetic activity, was obtained from the Super
Dual Auroral Radar Network (SuperDARN) (http://vt.superdarn.org/tiki-index.php?), as shown in
Figure 2d-e. It is found that the geomagnetic activity is relatively strong on 1 April, when the AE
value at the SAR-acquired time is about 600 nT. The geomagnetic activity is quiet on 17 May, when the
AE value at the SAR-acquired time is about 80 nT. This result provides another piece of evidence for
ionospheric irregularities on 1 April 2007 and the background ionospheric condition on 17 May 2007.
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Figure 2. Experimental region and Global Positioning System (GPS)-measured ionospheric variations
at Synthetic aperture radar (SAR) acquisition time. (a) Experimental area. The black rectangle denotes
the spatial coverage of SAR images and red pentagram shows the location of a dual-frequency GPS
station, (b,c) GPS-measured the time rate of changes of total electronic content(ROT) values on 1 April

and 17 May 2007, respectively, (d,e) AE variations on April and May 2007, respectively.

3.1.2. FR and VTEC Estimations

complex (SLC) format (L1 level). During this procedure, the system-dependent terms of A, el®,

For the collected SAR data with raw format (LO level), they have to be processed to the single look

R, and
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T in (1) are calibrated [50]. Then, measured scattering matrices M are formed from the full-polarimetric
SLC data. The linear polarization scattering matrix M is transformed into circular polarized scattering
matrix Z based on (4) and complex matrices of Z g X Zy, are created. For suppressing the noises
and preserving the same ground resolution in both of range and azimuth directions, multi-looking
operation of complex image with two looks in the range direction and 14 looks in the azimuth direction
is applied to the Z;gr X Z},, . To reduce phase noise, the Goldstein adaptive filter with a window size of
32 is applied to the multi-looked data [51]. Finally, FR angles from two images are produced by (7),
as shown in Figure 3.
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Figure 3. Faraday rotation (FR) angles. (a,b) FR angle maps from 1 April and 17 May 2007, respectively,
(c) the FR angle values in the profiles A-A’ of (a) and (b).

Figure 3a,b represents the spatial distributions of FR on 1 April 2007 and 17 May 2007, respectively.
Figure 3a shows that prominent inhomogeneity of FR distribution appears in the whole image,
particularly for the upper part of image, where a maximum value of 16.9° is observed. The mean
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value and standard deviation of FR angles are respectively 6.8° and 2.9° in Figure 3a. Compared to
Figure 3a, Figure 3b shows spatially homogenous FR angles. The standard deviation of FR angles in
Figure 3b is 0.18°. Figure 3¢ depicts the FR differences between profiles A-A’ of Figure 3a,b. It can
be observed from Figure 3c that a gradient is recorded for FR angles on 1 April 2007. Because the
system-dependent terms and noise have been calibrated and mitigated, the estimated FR angles in
Figure 3a,b are considered to be primarily introduced by the ionosphere. For Figure 3a, it can be
assumed that there are the ionospheric irregularities, which results in the FR angle inhomogeneity and
SAR image distortion. However, for Figure 3b, there is the weak ionospheric irregularities. On the other
hand, it is also observed from Figure 3a,b that there is a certain FR estimation error, particularly for
Figure 3b. According to FR estimation theory, this error may be caused by the calibration parameters,
such as channel imbalance f; and f,, crosstalk terms 07, 6,, 03 and 04, additional noise N, as well as
backscatter characteristics of the imaged surface.

Once FR angles are determined, the vertical total electronic content (VTEC) distribution can be
generated from (9). For this process, the geomagnetic field parameters are required. The eleventh
generation International Geomagnetic Reference Field (IGRF), which is a standard mathematical
description of the Earth’s main magnetic field [52], was used for this case. Using SAR acquisition time
and area, the geomagnetic field parameters are extracted from the IGRF and projected to the SAR
coordinate system. Then, the geomagnetic field factor B - cosO - sec¢ at a constant height of 400 km was
determined using geomagnetic field and SAR imaging geometry. Figure 4a shows the geomagnetic
intensity at a 400 km height on 1 April 2007, which varies from 0.466 to 0.478 Gauss (1Gauss = 10° nT).
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Figure 4. Vertical total electronic content (VTEC) maps inverted from FR angles. (a) B value of the
geomagnetic field on 1 April 2007; (b,c) VTEC maps on 1 April and 17 May 2007, respectively, (d) the
difference between (b) and (c).

Figure 4b,c presents the spatial distributions of VTEC on 1 April 2007 and 17 May 2007, respectively.
It is observed that both Figures 3a and 4b show the stripe-shaped ionospheric anomaly in the upper
part of images and prominent inhomogeneity across the whole image, whereas Figures 3b and 4c
maintain uniformity across the whole image. This result is consistent with GPS-measured ionospheric
variation in Figure 2b,c. The maximum magnitudes of Figure 4b,c are 35.9 and 17.8 Total electron
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content unit (TECU), respectively. Furthermore, the mean and standard deviations are 14.1 and 6.2
TECU for the VTEC map of Figure 4b, respectively, and 12.2 and 0.37 TECU for the VTEC map of
Figure 4c, respectively. The small difference in mean value suggests that the background ionospheric
condition is similar at both SAR acquisition times. Figure 4d shows the VTEC differences between
two SAR acquisitions. The VTEC differences produce additional ionospheric phase errors on the
interferogram. Figure 5 presents the VTEC differences in profile A-A’ of Figure 4d, which indicates
that the ionospheric disturbance on the interferogram may be severe.

10 ! ! T T

Lo

=== \/TEC differences

VTEC differences (TECU)

| | | | | |
200 400 600 800 1000 1200
Azimuth line number
A A’

Figure 5. VTEC difference map in profile A-A’ of Figure 4d.

3.1.3. Mitigation of Ionospheric Effects on SAR Interferometry

The SAR interferogram was generated from two L-band full-polarimetric ALOS/PALSAR raw
data, which were acquired on 1 April 2007 and 17 May 2007. The ASTER Global Digital Elevation
Model (GDEM) with a resolution of 1 arc-seconds (30 m) was used to remove the topographic phase
(Figure 6). A complex multi-look operation of two looks in the range direction and 14 looks in the
azimuth direction, and an adaptive spectral filtering with a window size of 32 were applied to reduce
the interferometric phase noise. Moreover, the interferogram was unwrapped by the minimum cost
flow (MCF) method [53].

Figure 7 shows the Horizontal-Horizontal (HH)-polarized original and corrected interferogram.
Figure 7a represents the original interferogram, where the complicated phase patterns are observed.
The main contributions of these patterns might result from the ionospheric errors based on the presented
observation conditions. Figure 7b derived from (10) demonstrates the severe ionospheric effects. These
effects range from -23.2 to 47.5 rad., which correspond to line-of-sight (LOS) displacements of
—0.43 to 0.89 m. This error can severely degrade the precision of surface deformation monitoring or
DEM construction when using the INSAR technique. Figure 7c conveys the interferogram generated
by subtracting the ionospheric phase map (Figure 7b) from the original interferogram (Figure 7a).
As observed in Figure 7c, most long-wavelength signals in the original interferogram have been
successfully removed. This fact indicates that the estimated ionospheric phase successfully mitigates
the ionospheric phase distortion. However, the residual long-wavelength signal still remains, which
can be attributed to the residual ionospheric phase error. The residual ionospheric phase results from
the inaccurate parameters, such as the magnetic field factor and some systematic bias. Figure 7d shows
the residual-ionosphere-corrected interferogram, which is generated by subtracting the fitted residual
ionospheric phase in (11). However, as observed in Figure 7d, considerable amounts of ionospheric
phase error remain, particularly at the top and bottom parts of the interferogram. Finally, Figure 7e
shows the interferogram that is jointly corrected by the least square method from (11). The estimated
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model parameter is shown in Table 2. It can be clearly seen that the complicated fringes in original
interferogram have been removed. The remaining major error components of Figure 7e may be
attributed to the turbulent tropospheric delay.
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Figure 6. Simulated topographic phase used in this experiment.
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Figure 7. Horizontal- Horizontal (HH)-polarized original and corrected interferogram. (a) Original
interferogram, (b) ionospheric phase map derived from (10), (c) ionosphere-corrected interferogram by
subtracting Figure 7b from Figure 7a, (d) residual-ionosphere-corrected interferogram by subtracting the

fitted residual ionospheric phase from Figure 7a, (e) integration-corrected interferogram by subtracting
the fitted phase in (11) from Figure 7a.



Appl. Sci. 2019, 9, 3871 120f19

Table 2. Estimated model parameters used to remove the ionsopheric errors.

ag a @ a3 Bo B P2 p3 B
-1.625 —0.0026 —0.0055 9.321x10°® -15504 —-0.016 —0.0125 449x10°% 7.97x10™*

3.1.4. Validation of Ionospheric Correction

Figure 8 presents the interferometric phase at the profile A-A’ in Figure 7a,c—e. It is found that the
integration-corrected interferometric phase becomes more stable, implying that the proposed method
can effectively mitigate ionospheric errors. For the whole images, the statistics show that the mean
standard deviations have reduced nearly a factor of eight times for corrected phase (2.5 rad) versus
original phase (21.6 rad), demonstrating the validation of our correction once more.
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Figure 8. Comparison among the interferometric phase in the profile A-A” in Figure 7a,c,d.

3.2. Case 2: Low-Latitude Region

3.2.1. Experimental Region and Data

The experimental region with low latitude is located in Thailand, which is a country at the center
of the Southeast Asian Indochinese peninsula (Figure 9a). Two L-band full-polarimetric ALOS/PALSAR
images acquired on 23 March 2010 and 29 March 2011 were collected in this region (Table 1). As Thailand
is located at a latitude of 15° N, which is directly under the north equatorial ionospheric anomaly
region, the phenomenon of ionospheric irregularities often occurs in this area. Figure 9b,c show the
International Global Navigation Satellite System (GNSS)Service (IGS) global vertical total electron
content (VTEC) maps at 16:00 (UT) on 23 March 2010 and 29 March 2011 (3 min after the SAR time),
respectively. It is clearly observed that the collected SAR images (black rectangle) lie in this ionospheric
anomaly region at the SAR-acquired time. Thus, it is predicted that the generated interferogram from
these two images will be contaminated by the ionosphere.
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Figure 9. Experimental region and the International Global Navigation Satellite System (GNSS) Service
(IGS) VTEC maps. (a) Experimental area; (b,c) IGS VTEC maps at 16:00 (UT) on 26 March 2010 and 29
March 2011, respectively. The black rectangle denotes the spatial coverage of SAR images.

3.2.2. FR and VTEC Estimations

The FR and VTEC maps are estimated over Thailand with the same procedure that was used for
Alaska. Figure 10a,b represents the spatial distributions of FR on 26 March 2010 and 29 March 2011,
respectively. It is found that both maps show the spatially homogenous FR angles, where the standard
deviations are 0.23° and 0.20° on 26 March 2010 and 29 March 2011, respectively. This observation
is different from the last experiment, where the prominent stripe-shaped FR distribution is found.
However, careful inspection suggests that there is a clear difference in FR magnitude between
Figure 10a,b: Figure 10b illustrates larger FR values than Figure 10a. Because the system-dependent
terms and noise have been calibrated and mitigated, this difference is considered to be primarily
introduced by the ionosphere. Figure 10c,d displays the spatial distributions of VTEC on 26 March
2010 and 29 March 2011, respectively. It is observed that both Figure 10c,d show a similar pattern with
Figure 10a,b. The maximum magnitudes of Figure 10c,d are 31 and 45 TECU, respectively. The mean
values are 25 TECU for Figure 10c and 41 TECU for Figure 10d, showing the comparable results with
Figure 9b,c. Due to the different VTEC magnitude, the additional ionospheric phase error may be
produced when the interferogram is formed from these collected SAR images.
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Figure 10. FR angles and VTEC maps. (a,b) FR angles on 26 March 2010 and 29 March 2011, respectively;
(c,d) VTEC maps on 26 March 2010 and 29 March 2011, respectively.

3.2.3. Mitigation of Ionospheric Effects on SAR Interferometry

To mitigate the ionospheric effect, the proposed method is applied to the data from Thailand.
Figure 11 shows the HH-polarized original and corrected interferogram. Figure 11a, displaying the
original interferogram, indicates that main phase contribution is from the ionospheric error based on
the presented long-wavelength characteristics. Figure 11b shows the residual-ionosphere-corrected
interferogram, which is generated by subtracting the fitted residual ionospheric phase in (11) from
Figure 11a. It is found that most long-wavelength signals have been successfully removed. However,
the residual long-wavelength signal still remains, which can be attributed to the ionospheric phase
error. Figure 11c conveys the interferogram generated by subtracting the ionospheric phase map from
the original interferogram. As observed in Figure 11c, most of the long-wavelength signal remains,
which is mainly from the residual ionospheric phase error. Figure 11d shows the interferogram that
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is jointly corrected by the least square method from (11). It can be clearly seen that almost all the
long-wavelength signals have been successfully removed from Figure 11a, demonstrating the reliability
of the proposed method. The residual phase in Figure 11d may be from the turbulent tropospheric
phase delay and topographic phase error.
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Figure 11. HH-polarized original and corrected interferogram. (a) Original interferogram, (b) residual-
ionosphere-corrected interferogram by subtracting the fitted residual ionospheric phase from Figure 11a, (c)
ionosphere-corrected interferogram by subtracting ionospheric phase from Figure 11a, (d) integration-corrected
interferogram by subtracting the fitted phase in (11) from Figure 11a.

3.2.4. Validation of Ionospheric Correction

Figure 12 presents the interferometric phase at the profile B-B’ in Figure 11a,c,d. It is observed that
the integration-corrected interferometric phase is close to zero, while the other two show the obvious
phase error. The statistics shows that the standard deviations have reduced nearly a factor of 28 times
for integration-corrected phase (0.46 rad) versus original phase (12.83 rad) in this case. Both results
demonstrate the validation of our correction.
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Figure 12. Comparison among the interferometric phase in the profile B-B” in Figure 11a,c,d.
4. Conclusions

With the increasing interest in the use of low-frequency SAR systems, such as L- and P-bands, the
influence on SAR interferometry due to the ionosphere continues to become significant and therefore
limits further development of the InNSAR technique. In this situation, this paper presents an efficient
FR-based method to mitigate the ionospheric phase errors on polarimetric SAR interferograms.
Compared with the existing methods, the proposed method uses an integrated phase model, which
can correct the ionospheric errors as well as residual ionospheric phase errors caused by inaccurate
parameters on SAR interferometry, and thus improve the correction precision. For the performance
test, L-band ALOS/PALSAR full-polarimetric SAR images over high-latitude and low-latitude regions
are processed. Based on this study, the following conclusions are summarized:

(1) Ionospheric phase error on full-polarimetric SAR interferometry is effectively mitigated by the
proposed FR-based method. Using inversed VTEC distribution from FR angles, an integrated phase
model is used to jointly mitigate the ionospheric phase errors. The experimental results show that
most ionospheric phase errors are removed from the original phase. These results validate that the
FR-based method can effectively mitigate the ionospheric phase errors.

(2) The VTEC distribution with high spatial resolution is successfully mapped from the
full-polarimetric SAR data. In this study, the high-spatial-resolution VTEC distribution is inversed
from FR angles. When comparing with the GPS-measured ionospheric variations, we found that they
are basically consistent. These results prove that it is possible to map the high-spatial-resolution VIEC
distribution from the full-polarimetric SAR data.

Although the reliability of the FR-based method has been proven by two experiments, there are
still some limitations. The first is the FR estimation error due to the inaccurate calibration parameters,
such as channel imbalance f1 and f2, crosstalk terms 01, 62, 63 and 64, additional noise N, as well as
backscatter characteristics of the imaged surface. Since the ionosphere-induced phase shift in (10) is
derived from the estimated FR, this error will inevitably introduce bias in the ionospheric correction
when using (11). Another limitation is the imprecise geomagnetic field parameters, such as the intensity
of earth’s magnetic field. In this study, the geomagnetic field parameters are derived from the IGRF,
which is a standard mathematical description of the Earth’s main magnetic field. In other words, it is
difficult to obtain the actual local geomagnetic activity, resulting in the imprecise estimation of VTEC.
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Although the proposed method can correct part of residual ionospheric phase error caused by the
inaccurate calibration parameters and imprecise geomagnetic field parameters, it is difficult to remove
them completely, particularly for the small-scale residual ionospheric phase. The final limitation is
that some useful phase signals with long-wavelength characteristics may be removed when using
our proposed method, such as interseismic deformation. Therefore, multi methods, such as range
split-spectrum based method, range/azimuth offset based methods, as well as the FR based method,
will be fused in the future to improve the precision of the ionospheric correction on SAR interferometry.
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