IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 51, NO. 5, MAY 2013

3191

Ionospheric Correction of SAR Interferograms
by Multiple-Aperture Interferometry

Hyung-Sup Jung, Member, IEEE, Dong-Taek Lee, Student Member, IEEE, Zhong Lu, Senior Member, IEEE,
and Joong-Sun Won, Senior Member, IEEE

Abstract—Interferometric synthetic aperture radar (InSAR) is
a powerful technique that precisely measures surface deforma-
tions at a fine spatial resolution over a large area. However,
the accuracy of this technique is sometimes compromised by
ionospheric path delays on radar signals, particularly with
L- and P-band SAR systems. To avoid ionospheric effects from be-
ing misinterpreted as ground displacement, it is necessary to detect
and correct their contributions to interferograms. In this paper, we
propose an efficient method for ionospheric measurement and cor-
rection and validate its theoretical and experimental performance.
The proposed method exploits the linear relationship between the
multiple-aperture interferometry phase and the azimuth deriva-
tive of the ionospheric phase. Theoretical analysis shows that a
total electron content (TEC) accuracy of less than 1.0 x 10~4
TEC units can be achieved when more than 100 neighboring
samples can be averaged (multilooked), and the coherence is 0.5.
The regression analysis between the interferometric phase and the
topographic height shows that the root-mean-square error can
be improved by a factor of two after ionospheric correction. A
2-D Fourier spectral analysis indicates that the ionospheric wave
pattern in the uncorrected power spectrum has disappeared in
the power spectrum of the corrected interferogram. These results
demonstrate that the proposed method can effectively remove
ionospheric artifacts from an ionosphere-distorted InSAR image.
Note that the method assumes that there is no appreciable surface
displacement in the along-track dimension of the interferogram.

Index Terms—Advanced Land Observation Satellite (ALOS)
Phased-Array-type L-band Synthetic Aperture Radar (PALSAR),
interferometric synthetic aperture radar (InSAR), ionospheric
correction, ionospheric phase map, multiple-aperture interferom-
etry (MAI), synthetic aperture radar (SAR).
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I. INTRODUCTION

YNTHETIC aperture radar (SAR) interferometry is a pow-

erful technique that precisely measures surface deforma-
tions over a large area of thousands of square kilometers. It has
been successfully used to study earthquakes [1], [2], volcanic
eruptions [3], [4], glacier movement [5], [6], ground subsidence
[71, [8], water-level changes in wetlands [9], etc. However,
the accuracy of this technique is compromised by tropospheric
and ionospheric path delays on radar signals. Because both
effects cause phase distortions in radar images, SAR inter-
ferograms can contain topography and/or ground deformation
signals mixed with tropospheric and ionospheric artifacts [13],
[28], [29]. For the ionosphere, phase distortion depends on
the ionospheric total electron content (TEC) and the inverse
of the radar frequency [10]-[12]. L-band (24-cm wavelength)
SAR systems such as the Advanced Land Observation Satellite
(ALOS) Phased-Array-type L-band Synthetic Aperture Radar
(PALSAR) can suffer from more severe ionospheric phase
distortions than the X- and C-band SARs [13], [14]. To avoid
ionospheric effects being misinterpreted as ground displace-
ment, it is necessary to detect and correct their contribution to
interferograms.

The ionosphere’s influence on interferometric phase has
recently been well studied, and several remediation methods
have been proposed. These can be divided into three main
categories: 1) range split-spectrum method based on the
difference of the path delay between the two observations from
different wavelengths [14], [19]-[21]; 2) range group-phase
delay difference method [11], [14]; and 3) azimuth shift method
based on the relationship between the azimuth derivative of
the ionospheric effect and the azimuth displacement [11], [12].
The ionospheric influence on polarization through Faraday
rotation is not considered in this paper because its effects
on interferometric phase can be ignored, particularly for the
L-band SAR system [15]-[18].

The range split-spectrum method exploits the dispersive na-
ture of radar signals to estimate the ionospheric contribution
[14], [19]-[21]. While topography, ground deformation, and
atmospheric artifacts are nondispersive, the ionospheric effect
is dispersive. Thus, the ionospheric effect can be separated
by observations at two different frequencies. This method can
theoretically be useful for interferometric SAR (InSAR) iono-
spheric corrections because it has been successfully used for
correcting the ionospheric contribution in GPS measurements.
However, the accuracy of the method for the required resolu-
tions is limited for the current SAR system due to its low range
bandwidth (14 or 28 MHz) [14].

The range group-phase delay difference method exploits the
differences in sign between the range group and phase delays
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caused by the ionosphere [11], [14]. This method estimates the
ionospheric effect by subtracting the range phase delay from the
range group delay. The range phase delay is calculated from
the unwrapped interferogram, while the range group delay is
obtained by estimating the local range displacement through
a correlation technique. This method is very time consuming
because it requires highly accurate coregistration and is not
good enough to correct the ionospheric effect from the L-band
ALOS PALSAR interferogram due to lower range resolution
[11], [14].

The azimuth shift method uses the rationale that the azimuth
derivative of the ionospheric phase distortion on radar interfero-
gram is linearly proportional to the azimuth displacement [11],
[12]. This method has been derived in [11] and implemented
in [12]. It calculates the azimuth derivative of the ionospheric
phase distortion from the azimuth displacement and then es-
timates the phase distortion through azimuth integration. The
potential of this method to correct the ionospheric effect is
great because the estimation of the azimuth derivative of the
ionosphere effect can be obtained at a higher spatial resolution
[11]. However, from the perspective of practical implementa-
tion, the integral constant for integrating azimuthal ionospheric
gradients has not been introduced, and a clear validation of
the ionospheric correction has not been carried out. Moreover,
this method is time consuming and has reduced sensitivity
because the offset tracking method is used in the determination
of azimuth offsets [22]-[24].

In this paper, we propose an efficient method utilizing
multiple-aperture interferometry (MAI) to measure and correct
ionospheric phase distortion by improving the azimuth shift
method. We also evaluate the theoretical and experimental
performances of the proposed method. The innovation of the
proposed method is to measure precise azimuth displacements
using MAI rather than the pixel offset tracking method. The
MALI technique utilizes azimuth split-beam InSAR processing
to create a MAI interferogram from the two different-looking
geometries [22], [23]. MAI represents a significant improve-
ment in measuring along-track displacement compared to the
pixel offset tracking method [24]. A theoretical analysis of
the standard deviation of the ionospheric phase measurement
from MAI is discussed and compared with theoretical standard
deviations from other methods. A test of the proposed method
on an ALOS PALSAR interferogram is followed by a regres-
sion analysis between the ionosphere-corrected interferometric
phase and topographic height and a 2-D Fourier spectral analy-
sis. In this test, comparison with other methods is not performed
because other methods are not good enough to correct the
ionospheric effect from an ALOS PALSAR interferogram.

II. METHODS

Because the ionospheric phase distortion on SAR interfero-
gram depends on the ionospheric TEC and the inverse of the
radar frequency [10], [11], high TEC and low radar frequency
cause significant ionospheric artifacts. The effect causes range
and azimuth pixel displacements on a SAR image as well as
phase distortion. We investigate the relationship between the
azimuth offset and the interferometric phase as well as the
relationship between the azimuth offset and the MAI phase. In
this section, we define the relationship between the ionosphere-
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distorted interferometric phase and MAI phase and propose an
efficient method to correct ionosphere-distorted interferograms.

A. Ionospheric Effects and MAI Phase

The ionosphere-distorted interferometric phase shift ¢ron at
an oblique angle is defined as [11], [25]

4K 1
cf cosf

where K is a constant of 40.28 (m?/s?), c is the speed of light,
f is the radar frequency, 6 is the incidence angle, and ATEC is
the variation of TEC. The azimuth derivative of the ionospheric
phase d¢ion/dx is related to the azimuth displacement as
follows [11]:

P1rON = — ATEC (D

déion 4w
e « 3 Az 2)

where x is the azimuth, Az is the azimuth displacement, A
is the radar wavelength, and « is a system- and geometry-
dependent factor.

The azimuth displacement is also defined by the MAI phase
omar [22], [23], as given by

l

Ax = T PMAT (3)
™m

where [ is the effective antenna length and n is a normalized
squint that is a fraction of the full aperture width.

The relationship between the ionospheric phase azimuth
derivative d¢ron/dx and the MAI phase ¢pa; can be ex-
pressed as

dgron !
=—a-—- . 4
i a- OMAT )

Equation (4) indicates that the ionospheric phase derivative
in azimuth is linearly proportional to the MAI phase. Conse-
quently, the ionospheric phase is defined by the MAI phase as

l
¢1oN = —a - — - /¢MAId$ (5)
nA
and the TEC variation is also given by
cfcosf «al
ATEC = C— dz. 6
K /¢MA1 x (©)

This indicates that the ionospheric phase and the TEC vari-
ations can be estimated by integrating the MAI phase into
the azimuth direction. Therefore, assuming the MAI phase
entirely due to the ionosphere, we can measure and correct
the ionospheric phase from a SAR interferogram using a MAI
interferogram.

The measurement uncertainty can be derived from (4) as
follows:

o _ﬁ.m. 7
¢,ION—\/§ N TéMAIL (7)

where o4 maT and oy 10N are the standard deviations of the
MALI and the ionospheric phase, respectively, and A,, is
the multilooked azimuth pixel spacing of the interferogram.
Equation (7) is derived by assuming that the ionospheric phases
of two adjacent azimuth pixels on a radar interferogram are
independent variables [25].
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The standard deviation of the MAI phase ¢pa1 is defined
as [23]

Op MAT & _— (8)
¢ vNL v
where -y is the total correlation and N, is the effective look
number for MAI interferograms.
The standard deviation of the TEC variation o is
ATEC
calculated as

OATEC =

Finally, the measurement uncertainties of the TEC variation
and the ionospheric phase depend on the uncertainty of the MAI
phase.

B. Ionospheric Correction

From (4), it can be observed that the ionospheric phase
azimuth derivative is a linear function of the MAI phase. For
ALOS PALSAR, the achieved accuracy of the MAI is about
0.8% of the azimuth resolution and is twice as good as the
result obtained from the pixel offset tracking method (about
1.6% of the azimuth resolution) [24]. The improvement of the
MALI technique on the azimuth displacement measurement has
been demonstrated in [4] and [22]-[24].

After the InSAR and MALI interferograms are created and
coregistered, the relationship between the InSAR phase and the
MALI phase can be derived from (4)

Admsar(z,T)
AV

where 7 is the range, (3 is the offset value used to calculate the
reference phase of the MAI interferogram, A¢r,sar /Aay is the
InSAR phase azimuth derivative, the InSAR phase difference

Admsar is

=a- ouar(z,r) + 8 (10)

Adrusar(x,7) = dmsar(z + 1,7) — dmsar(z,r) (A1)
and the scaled MAI phase (]BM A1 1s defined as
- l
dmar(z, 1) = —— - dmar(w, 7). (12)

nA

The parameters v and 3 can be determined by a polynomial fit
using all of the coherent pixels. To improve the efficiency of
the parameter calculation, it is necessary to exclude any pixels
containing large surface deformation. Once these parameters
are estimated, we can calculate the ionospheric phase ¢;oN as

x

oron(x,r) = Z [(Ol . QEMAI(UJ‘) + ﬁ) : Aaz] +C(r) (13)

u=1

where C' is the integral constant that varies along the range
position. The integral constants are unknown because they are
in the ionospheric phase at x = 0. Therefore, while these con-
stants cannot be determined directly, they can be estimated from
the InSAR interferogram by assuming a correlation between an
InSAR and an ionospheric phase. Finally, the corrected InNSAR
phase dA)InS AR can be obtained by

Grasar (2, 7) = ¢rsar (z,7) — ¢ron(z, 7). (14)
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Fig. 1. Multilooked ALOS PALSAR images acquired on (a) January 17 and
(b) March 3, 2008. (c) and (d) High-resolution images show over areas outlined
by boxes in (a) and (b) that suffer from severe ionospheric distortions called
azimuth streaking.
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Fig. 2. Detailed processing flow of the proposed method.

III. RESULTS
A. Test Data and Processing

The performance of the proposed method was tested on an
ALOS PALSAR interferometric pair acquired on January 17
[Fig. 1(a) and (c)] and March 3, 2008 [Fig. 1(b) and (d)].
The test site is located near Tonle Sap Basin, Cambodia. The
January 17 image has strong ionospheric distortions causing
shifts in azimuth pixel positions often referred to as azimuth
streaking [Fig. 1(a) and (c)]. These data pairs are ideal to
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TABLE 1
CHARACTERISTICS OF INTERFEROMETRIC PAIR USED IN THIS STUDY. 1)ch7f, fpc,e» AND fpc,p DENOTE THE FORWARD,
AVERAGE, AND BACKWARD DOPPLER CENTROIDS, AND A fp g IS THE SUBAPERTURE PROCESSING BANDWIDTH. 2B, Is
THE PERPENDICULAR BASELINE OF THE FORWARD-LOOKING INTERFEROGRAM, AND AB | IS THE PERPENDICULAR
BASELINE DIFFERENCE ESTIMATED BY THE SECOND-ORDER POLYNOMIAL MODEL PROPOSED IN THIS STUDY

Beam Incidence fDC fl) fDC cl) fDC bl) AfD Sl) BJ_2) ABJ_2)
Master Slave ’ ’ ’ ’
Mode | Angle (deg.) | (Hz) (Hz) (Hz) (Hz) (m) (m)
17/01/2008 | 03/03/2008 | FBS 38.7 4512 | 469 | -3574 | 801.3 | 267.4 | 0.009

D fpes» fpec and fpep, denote the forward, average, and backward Doppler Centroids, and Afp g is the

sub-aperture processing bandwidth. 2 B | is the perpendicular baseline of the forward-looking interfero-
gram, and AB | is the perpendicular baseline difference estimated by the second order polynomial model
proposed in this study.

Fig. 3.

Range ——8 —

(a) InSAR interferogram, (b) MALI interferogram, (c) ionospheric phase map, and (d) TEC variation map used to validate the experimental performance

of the proposed method. Note that the one fringe in the MAI interferogram represents between 0 and 0.2 7r. The area of coherence loss is uncolored.

test the performance of the proposed method because of the
following reasons: 1) Interferometric coherence is high due to
the small perpendicular baseline (about 267 m) and the short
time separation (46 days), and 2) there is a strong ionospheric
signal.

The detailed processing flow of the proposed method is sum-
marized in Fig. 2. There are five processing steps: 1) creation
and coregistration of an unwrapped InSAR and an unwrapped
MALI interferogram; 2) estimation of an InSAR phase azimuth
derivative (A¢mmsar/Aaz) map using (10) and (11); 3) de-
termination of « and § from the ionospheric phase azimuth
derivative map and the scaled MAI interferogram using (10);
4) generation of an ionospheric phase map from an azimuth
integral of the scaled MAI interferogram using (13); and
5) generation of the corrected InSAR interferogram by subtract-
ing the ionospheric phase map from the InSAR interferogram
using (14).

The InSAR interferogram is created by a complex multilook
operation of 20 x 40 looks (~110 m x 125 m) in range and

azimuth directions. It is smoothed using an adaptive filter
[26] with a window size of 32 to reduce phase variance. The
multilook operation is applied using a two-step strategy as
follows: 1) 4 x 8 looks before the flat-Earth and topographic
phase corrections and 2) 5 x 5 looks after the corrections to
reduce phase noise [23].

The MALI interferogram is created by Jung’s MAI approach
[23]. For the MAI processing of this interferometric pair, the
forward, average, and backward Doppler centroids of 451.2,
46.9, and —357.4 Hz, respectively, and the subaperture pro-
cessing bandwidth of 801.3 Hz are calculated by MAI azimuth
common band filtering [23]. A normalized squint of 0.5 and
an effective antenna length of 8.9 m, respectively, are used
for this calculation. The MAI characteristics of this pair are
summarized in Table I. Forward- and backward-looking single-
look-complex images are created from radar raw signal data,
and then forward- and backward-looking interferograms are
generated, and multilooked and smoothed by the same multi-
look factor and filter used for the InSAR processing. The final
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Fig. 4. Theoretical standard deviation of the TEC variation measurement. The
ALOS PALSAR system parameters f = 1.270 GHz and PRF = 2160 Hz and
the values [ = 8.9 m, n = 0.5, a = —2.72 x 10~% m~1, and Ny, = 100,
400, and 1600 are used for this theoretical analysis. The parameter o is
estimated from the real interferometric pair used in this study.

MALI interferogram is generated after residual flat-Earth and
topographic phase corrections are applied [23].

After the InSAR and MAI interferograms are created, coreg-
istration can be accomplished by simple translation as they have
the same relative geometry. Fig. 3(a) and Fig. 3(b) show the
ionosphere-distorted InNSAR and MAI interferograms, respec-
tively. As shown in Fig. 3(a) and (b), the azimuth streaks on the
InSAR and MALI interferograms are oblique to the range direc-
tion. The positive and negative maxima of the MAI phase are
about +0.85 rad, corresponding to along-track displacements
of about 1.2 m.

B. Theoretical Analysis

A theoretical standard deviation of the TEC measurement
is shown in Fig. 4. The ALOS PALSAR system parameters
f =1.270 GHz and PRF = 2160 Hz and the values [ = 8.9 m,
n=05 a=-272x10"% m™!, and Ny = 100, 400, and
1600 are used for this theoretical analysis. The parameter «
is estimated from the interferometric pair used in this study.
The look numbers Ny, of 100, 400, and 1600 are determined
by average window sizes of 10 x 20, 20 x 40, and 40 x
80 pixels, respectively. As shown in Fig. 4, the standard de-
viation of the TEC variations rapidly increases as the total
decorrelation increases. When correlation « is 0.9, the standard
deviations of the TEC variations (caTgrc) are approximately
3.4 x107°,1.7 x 1075, and 8.6 x 10~® TEC units (TECU) for
N, =100, 400, and 1600, respectively. Assuming a moderate
interferometric coherence of v = 0.5, the standard deviations
of the TEC variations are less than 1.0 x 10~* TECU for
Ny =100, 400, and 1600. Considering that the accuracy re-
quirements in ionospheric correction are about 0.22 TECU for
topographic mapping and about 0.007 TECU for deformation
monitoring [25], our result indicates that the performance of
ionospheric correction by the proposed method largely exceeds
the required accuracy. An accuracy of 0.1 TECU for ALOS
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Fig. 5. Variations of the InSAR phase azimuth derivative with respect to the
scaled MAI phase.

PALSAR fine-beam single-polarization images can be achieved
using the range group-phase delay difference and the range
split-spectrum methods for N; = 4000 and a correlation of
v = 0.5 [11], [14]. Therefore, the proposed method meets the
required accuracy of ionospheric correction for topographic
mapping and deformation monitoring and is also superior to
other ionosphere correction methods, assuming no deformation
in azimuth.

C. Results of lonospheric Correction

After the InNSAR and MAI interferograms are created and
coregistered, the azimuth derivatives of the InSAR phase
Admsar /A, are calculated. The parameters « and [ in
(10) are estimated by polynomial fitting between the azimuth
derivative of the InSAR phase and the scaled MAI phase
defined by (12). Fig. 5 shows the variations of the InSAR phase
azimuth derivative with respect to the scaled MAI phase. While
the fluctuations in azimuth derivative of the InSAR phase are
large, the fluctuations of the scaled MAI phase are small. This
difference is due to the lower precision of the InNSAR phase
azimuth derivative and the higher precision of the scaled MAI
phase. To overcome the low precision of the InSAR phase
derivative in azimuth, an iterative approach is used to estimate
the parameters v and 3. These parameters are calculated by
first-order polynomial fitting and updated by removing outliers
using the conventional significance level of 0.05. The updates
continue until outliers do not exist. For this ALOS pair, the
parameters « and /3 are estimated as —2.72 x 107 m~! and
—1.07 x 107 rad, respectively. Once these parameters are ob-
tained, the ionospheric phase derivative map can be generated
from the scaled MAI phase if large azimuth displacements due
to ground deformation are negligible.

The ionospheric phase map is generated by the azimuth
integration of the azimuth derivative of the ionospheric phase
using (13) [Fig. 3(c)]. This integration is implemented by the
accumulation of the ionospheric phase derivative along the
azimuth presented in (13) and requires an efficient method
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Fig. 6. Integral constants (gray diamonds) before and (black diamonds) after

the correction of discontinuities.

to estimate the integral constants that are a function of range
location. The azimuthal accumulation map is first generated by
the summation of the ionospheric phase derivative in azimuth
without considering integral constants, and a difference map is
generated by subtracting the azimuthal accumulation map from
the InSAR image.

The integral constants can be estimated by averaging the
difference map in azimuth direction, because the correlation
between the InSAR and the ionospheric phase can be assumed.
For more efficient estimation, the aforementioned iterative
tactic used for the parameter estimation is applied to the de-
termination of the integral constants. This calculation largely
depends on the correlation between the ionospheric and the
InSAR phase, which can be compromised by the tropospheric
artifact, topographic height error, surface deformation, etc.
Thus, the integral constants can be distorted if the correlation
is not high enough and can have the discontinuities if the cor-
relation difference between adjacent azimuth lines is high. The
integral constants estimated by this approach are represented
by the solid gray diamonds in Fig. 6. The integral constants
include some discontinuities due to the high correlation dif-
ference. These discontinuities can cause azimuth stripes on
the ionospheric phase map if they are not corrected. In this
paper, the stripes are detected from the range gradients of the
ionospheric phase map using the approach proposed in [27].
The integral constants are corrected using the adjacent integral
constants. The corrected integral constants are shown as the
black diamonds in Fig. 6.

The final ionospheric phase map is generated by the az-
imuthal integration of the ionospheric phase azimuth derivative
using corrected integral constants [Fig. 3(c)]. This map has
wave patterns that are oblique to the range direction and is
converted into the TEC variation map using (1) [Fig. 3(d)].
The positive and negative maxima of the TEC variations are
about £0.2 TECU [Fig. 3(d)]. As previously mentioned, an
accuracy of 0.1 TECU requires a multilook number of about
4000 for the range group-phase delay difference and the range
split-spectrum methods. Thus, for the PALSAR system with
the properties of this interferogram, the MAI technique yields
more accurate results at a finer resolution compared with other
methods.
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Fig. 7. (a) Corrected InSAR interferogram and (b) the corresponding colored
shaded relief map.

Fig. 7 shows the corrected InSAR interferogram and the col-
ored shaded relief map. As shown in Fig. 7(a), the ionospheric
wave patterns that are oblique to the range direction have been
removed, and a topography-dependent phase pattern is visible.
The topography-dependent pattern is a tropospheric artifact that
is often closely related to topographic height [28]. Thus, for
a quantitative validation of the proposed method, we compare
the global Shuttle Radar Topography Mission digital elevation
model [Fig. 7(b)] with the uncorrected and corrected InSAR
interferograms.

Fig. 8 shows the variations of the uncorrected and corrected
InSAR phases with respect to topographic height over two
representative areas marked with A—A’ and B—B’. The un-
corrected InSAR phase is more scattered than the corrected
phase (Fig. 8). In B—B’, the uncorrected InSAR phase ranges
from about —8 to —2 rad, while the corrected phase is between
about 1 and 3 rad. The root-mean-square errors (rmses) for the
regression results reduce from 0.80 to 0.36 rad for A—A’ and
from 1.46 to 0.34 rad for B—B’. This reduction in dynamic
range suggests suppression of the ionospheric component.

A 2-D Fourier analysis also illustrates the reduction of wave
energy from the interferogram (Fig. 9). Fig. 9(a), (b), and (c)
shows the 2-D power spectra of the uncorrected and corrected
interferograms and ionospheric phase map, respectively. To
generate these power spectra, a Hanning window is applied
to the data, as well as zero-mean normalization and zero
padding, prior to 2-D Fourier transformation. An oblique line
[Fig. 9(a)] that is normal to the ionospheric wave pattern
shown in Fig. 3(a) characterizes the power spectrum of the
uncorrected interferogram. However, this oblique line is absent
in the corrected power spectrum [Fig. 9(b)], indicating that
the corrected InSAR interferogram does not include the iono-
spheric wave pattern. The power spectrum of the ionospheric
phase map is characterized by the same oblique line as the
ionospheric artifact, as well as a horizontal line [Fig. 9(c)].
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The horizontal line is parallel to the range direction and is
caused by subtle azimuth integral artifacts [Fig. 9(c)]. However,
this line is not present in the power spectrum of the corrected
interferogram because its magnitude is much smaller than that
of the oblique line caused by the ionosphere artifact. Thus, the
azimuth integral artifact can be ignored in the corrected InSAR
interferogram.

Regression and the 2-D Fourier spectral analyses demon-
strate that the proposed method can extract a precise iono-
spheric phase map and correct the InSAR interferogram.
Therefore, the proposed method can effectively correct strong
ionospheric phase distortions in the L-band SAR systems such
as ALOS PALSAR or other low-frequency SAR systems.

IV. CONCLUSION

In this paper, we have presented an efficient method to
measure and correct ionospheric phase artifacts in an InSAR
image using the MAI interferogram. We have also evaluated
the theoretical and experimental performances of the proposed
method. Our ionospheric correction processing procedure in-
cludes the following steps: 1) creation and coregistration of an

InSAR and a MAI interferogram; 2) estimation of an azimuth
derivative map of the InSAR phase; 3) determination of o and
[ parameters; 4) generation of ionospheric phase screen; and
5) creation of the corrected InSAR interferogram. Based on our
theoretical analysis, the standard deviation of TEC variations
is less than 1.0 x 10~* TECU for Ny = 100, 400, and 1600,
when a moderate interferometric coherence of ~ = 0.5
is considered. These results indicate that the proposed method
can map the TEC variation at an accuracy that far exceeds the
required accuracy for topographic mapping (0.22 TECU) or
deformation monitoring (0.007 TECU). Experimental tests on
an ALOS PALSAR interferometric pairs were conducted by a
regression analysis of the ionosphere-corrected interferometric
phase and topographic height as well as a 2-D Fourier spectral
analysis. In the regression analysis, the rmse is improved by a
factor of two to four after the ionosphere correction. In the 2-D
Fourier spectral analysis, an oblique line that is normal to the
ionospheric wave pattern in the power spectrum of uncorrected
interferogram is absent in the power spectrum of the corrected
image. These results demonstrate that the proposed method can
be effectively applied to correct ionospheric phase distortions
in InSAR images.
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