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Abstract—The P-band spaceborne synthetic aperture radar
(SAR) is significantly affected by ionospheric scintillation.
Although the traditional phase gradient autofocus (PGA) can es-
timate and compensate for the scintillation phase of the single-
polarization SAR data, the quality of the refocused image will
degrade at the scene edge. In this article, a modified PGA based
on the weighted maximum likelihood (WML) estimator and data
division is proposed for full-scene image refocusing. First, a data
division strategy for scintillation corrupted image is introduced,
which is based on the prior scintillation information including its
power spectral density and autocorrelation function. Then, some
preprocessing steps including data selection, circular shifting, and
windowing are performed for suppressing the noise and clutter.
Finally, the scintillation phase is estimated by the WML estimator
with fewer iterations, and after the scintillation phase of all data
blocks is obtained, the distorted full-scene image is refocused. Us-
ing the generated wideband ionospheric scintillation model phase
screen, numerical simulations based on point targets and scenes
derived from real spaceborne SAR data are carried out. The evalua-
tion results about resolution, peak side-lobe ratio, integral side-lobe
ratio, correlation coefficient, and image entropy demonstrate the
effectiveness of the proposed algorithm.

Index Terms—Data division strategy, phase gradient autofocus
(PGA), scintillation effect, synthetic aperture radar (SAR),
weighted maximum likelihood (WML).

I. INTRODUCTION

S TATE-OF-THE-ART spaceborne synthetic aperture radar
(SAR) satellites in orbit are capable of operating in

S-, L-, C-, and X-bands [1]. As P-band allows penetration
through soil and vegetation canopy, the P-band spaceborne SAR
has been developing quickly in recent years, and one example
is the planned launch of a P-band SAR satellite (BIOMASS) in
2022 by the European Space Agency, which will focus on forest
biomass measurement [1]. Due to its long working wavelength,
P-band spaceborne SAR will suffer from various ionospheric
effects, including Faraday rotation (FR) [3], dispersion [4], and
scintillation [5].
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FR is a magnetoionic effect and it transfers signal energy
between polarizations [6]. Many estimators for FR correction
have been proposed, such as Bickel and Bates estimator [7],
Freeman’s estimator [8], Chen and Quegan estimator [9], and
so on [10]. The dispersion effect will introduce a frequency-
dependent phase to the SAR range signal, which leads to
range defocusing especially in high-resolution case [4], [11].
Normally, the contrast optimization autofocus method [12] or
multilook registration autofocus [13] can compensate for the
dispersion effectively. Different from the FR and dispersion
effects, caused by small-scale ionospheric irregularities, the
scintillation effect will induce random fluctuation phase error
in the azimuth signal, leading to azimuth defocusing, azimuth
shift and amplitude stripes in long-wavelength (P-band and
L-band) spaceborne SAR images, and these distortions become
stronger as the working frequency decreases [5], [14]–[16].
As the scintillation phase has randomly fluctuated, it is really
difficult to get the mathematical expression of the scintillation
phase in the SAR signal. Therefore, scintillation compensation
is a crucial issue in long-wavelength spaceborne SAR imaging.

The state-of-the-art method for estimating and compensating
for the SAR scintillation phase is the FR-based methodology, but
fully polarized SAR data are required [5]. For single-polarization
SAR, autofocus techniques are proposed for refocusing the
image distorted by scintillation, such as phase gradient autofocus
(PGA) [16]–[18] and the minimum-entropy method [19], [20].
PGA is a nonparametric autofocus method and mainly used
in airborne SAR motion compensation. PGA-based algorithms
are sensitive to the quality of initial input data, and a sample
selection technique has been widely used [21]. Besides, PGA
with data division is always performed for estimation and com-
pensation of the spatial variation phase error [21], [22]. Based
on the contrast measurement, quality PGA uses the high-quality
sample data to achieve a faster convergence than the traditional
PGA [22], which means that fewer iteration cycles are required.
Weighted least-squares based PGA [24] and weighted maximum
likelihood (WML) estimator [25] based PGA are proposed to
minimize the residual phase error and improve its robustness.
Since the scintillation effect will introduce random high-order
phase errors, PGA based algorithms become a good tool for
spaceborne SAR scintillation compensation.

However, the spatial variation effect of the scintillation phase
is not considered in the traditional PGA-based scintillation com-
pensation method [16], and the quality of the refocused image

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0002-4727-9980
https://orcid.org/0000-0001-8935-294X
https://orcid.org/0000-0002-6364-9806
https://orcid.org/0000-0002-9370-3965
mailto:zenghongcheng@buaa.edu.cn
mailto:zenghongcheng@buaa.edu.cn
mailto:yangweigigi@sina.com
mailto:wangpb7966@buaa.edu.cn
mailto:chenjie@buaa.edu.cn
mailto:chenjie@buaa.edu.cn


ZENG et al.: MODIFIED PGA FOR SPACEBORNE SAR SCINTILLATION COMPENSATION BASED ON THE WML ESTIMATOR AND DATA DIVISION 3939

will decrease significantly at the scene edge. Data division is
normally used for spatial-temporal irregularities defocused data
and has shown good performance [22]. So, standard PGA with
data division can be used for scintillation compensation on the
whole scene. But, the tradition data division strategy is proposed
for motion error compensation or whole scene SAR imaging
[21], [22], and the available data division strategy is not suitable
for scintillation corrupted image data. Besides, scintillation
phase estimation by data blocks is time-consuming, especially
in wide scene images. Moreover, much more iterations in tradi-
tional PGA will also affect the processing efficiency. Therefore,
to estimate and compensate for the scintillation phase efficiently,
fewer iterations, and suitable data division strategy are neces-
sary. In this article, motivated by the advantages of data division
and WML estimator, a modified PGA is proposed for full-scene
scintillation-distorted spaceborne SAR image refocusing.

The rest of this article is organized as follows. The background
of scintillation and its simulation in SAR is presented in Sec-
tion II, and details of the proposed modified PGA are provided in
Section III. In Section IV, simulations are carried out to validate
the effectiveness of the proposed algorithm, and conclusions are
drawn in Section V.

II. IONOSPHERIC SCINTILLATION AND ITS SIMULATION IN SAR

As the real spaceborne P-band data are unavailable, the scin-
tillation phase and scintillation distorted image simulation are
very important. Besides, using scintillation simulated data is
helpful to evaluate the performance of the scintillation correction
method. So, the scintillation phase screen and its simulation in
SAR will be presented in this section.

A. Scintillation and Phase Screen

Total electron content (TEC) varies on spatial scales extending
from a few meters to thousands of kilometers. The large-scale
structure of the ionosphere leads to dispersion. There are also
structures within ionosphere on scales significantly less than
the synthetic aperture, commonly referred to as irregularities.
Those spatial-temporal irregularities in the electron density of
the ionosphere will lead to scattering of the SAR waveform,
and introduce phase fluctuations, called the scintillation effect.
For scintillation, the phase delay variations across the synthetic
aperture are proportional to TEC variations, and can be obtained
from the TEC map, using [16]

ϕSCIN =
4πς

cf0
TEC (1)

where ς = e2/8π2ε0me = 40.3082m3/s2, TEC is the total elec-
tron content in the unit of TECU, c is the speed of light, and
f0 is the carrier frequency. As shown in (1), spatial-temporal
irregularities in the electron density of the ionosphere will cause
perturbations in the echo signal phase delay, which in turn lead
to SAR image distortion, including defocusing, spatial azimuth
shifts, and interferometric coherence reduction.

The scintillation effect is a random process and is often found
to have a power law scale-size spectrum [5], [26]. To make

Fig. 1. Phase screens generated by WBMOD. (a) Strong. (b) Medium.

stochastic processing feasible, the phase screen theory is intro-
duced, which assumes that the vertical effects can be integrated
to form a phase screen, a two-dimensional (2-D) surface at a
nominal constant height. The wideband ionospheric scintillation
model (WBMOD) from NorthWest Research Associates [27] is
widely used in scintillation simulation. To generate the phase
screen, the following information is needed: basic information
about satellite orbit and SAR parameters, planetary disturbance
index (Kp), Zurich sunspot number (Rz), and confidence interval
(CI) for CkL. Two simulated phase screens using power law spec-
tra derived from the WBMOD are presented in Fig. 1, with 30°
looking angle, 98° inclination angle, 100 MHz signal bandwidth,
a sun-synchronous orbit with local ascending time at 06:00,
and a scene center at a boreal location (60°N, 110°W). As the
scintillation phase is a random process, the actual scintillation
phase simulation realizations depend on the random seed used
in the simulation. So, even the scintillation parameters are same,
the structure of the scintillation disturbance is totally different
in its details under the condition of different seeds. The strong
case of the simulated phase screen (CkL CI = 90%, Rz = 62.8,
Kp = 7) is presented in Fig. 1(a), whereas the medium case
(CkL CI = 90%, Rz = 62.8, Kp = 3) in Fig. 1(b). It should
be noted that the background ionosphere is set to zero, as only
scintillation effect is of concern in this article. Then, based on the
generated scintillation phase screen, the scintillation effect can
be simulated in SAR, which will be presented in Section II-B.

As the autocorrelation function (ACF) can be used to charac-
terize the inherent correlation of the random scintillation phase,
the ACF and its 2-D profile for the strong scintillation case are
presented in Fig. 2. As shown, the fluctuation phase caused by
scintillation changes sharply along with both range and azimuth
directions and the variation of the scintillation phase along each
direction is also different. For example, the width of the strong
scintillation in Fig. 1(a) is about 3 km when the peak energy of
the azimuth profile of ACF decreases by 3 dB, which is twice
the width in the range direction. Therefore, the spatial variation
of scintillation should be considered, if the PGA methods are
used for scintillation compensation. Besides, according to the
Wiener–Khinchin theorem, the power spectral density (PSD) of
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Fig. 2. ACF of the strong scintillation in Fig. 1(a). (a) 2-D ACF. (b) Azimuth
and range profile of this ACF.

a stationary random process is the Fourier transform of its ACF.
Based on Riono’s form, the PSD of the scintillation phase can
be modeled by [12], [14]

PSD (κ) = T ′
(√

κ2
0 + κ2

)−p

(2)

where κ is the spatial scale wavenumber, κ0 is the outer scale
wavenumber, p is the power law index, and T′ is decided by
the classical electron radius, wavelength, geometric factor, look
angle and the integrated strength of ionospheric turbulence.
Hence, the ACF of the scintillation phase can also be obtained
based on the PSD form in (2).

B. Scintillation Simulation in SAR

To assess the distortions of the scintillation effect and the
performance of the scintillation correction method, using well-
characterized simulated scintillation SAR image is very impor-
tant. In this section, scintillation simulation in a scintillation-free
SAR single-look complex (SLC) image is presently based on the
phase screen theory, and its processing flow is shown in Fig. 3.

As shown in Fig. 3, the scintillation-free SAR SLC image
should be refocused at the height of the phase screen first and
obtained as a decompressed SLC image. The processing detail
is as follows:

Siono = IFFTA [FFTA (Sslc) · exp {jφ (fa, Riono)}] (3)

where Sslc is the focused SAR image, Siono is the refocused data
at the height of phase screen, FFTA(·) is the Fourier transform
along the azimuth direction, IFFTA(·) is the inverse Fourier
transform, and the decompression function φ(fa, Riono) is given
by [5]

φ (fa, Riono) =
4π

λ
(Rref −Riono)

⎛
⎝
√
1−

(
faλ

2v

)2

− 1

⎞
⎠

(4)
where Rref is the reference range, Riono the range to the phase
screen, fa the azimuth frequency, λ the signal wavelength, and
v the satellite velocity. Once the SAR image is refocused at the

Fig. 3. Processing flow of the scintillation simulation in SAR.

phase screen, the simulated phase screen can be added directly
by multiplying the scintillation phase, given by

Sph = Siono · exp {jϕscin} (5)

where Sph is the distortion image, and ϕscin is the 2-D phase
screen which is based on a power law irregularity spectrum
derived from the WBMOD model. Finally, the focusing plane
of SAR is reversed from the phase screen layer to the ground
level, and the final SAR image Sdis with scintillation is

Sdis = IFFTA [FFTA (Sph) · exp {−jφ (fa, Riono)}] . (6)

Therefore, the distortions introduced by ionospheric scintil-
lation are simulated by the superposition of a phase screen at a
given effective height between the scene and orbit path.

III. MODIFIED PGA ALGORITHM BASED ON WML AND DATA

DIVISION

The PGA is based phase error redundancy. However, due to
spatial variation of the scintillation phase, the traditional PGA is
really difficult to estimate the scintillation phase precisely at the
edge of the SAR imaging scene. Considering phase fluctuation,
2-D block processing is recommended, but it will seriously
affect the processing efficiency. In addition, iterations in PGA
are time-consuming as multiple repeated processing steps are
involved. Therefore, it is crucial to propose an efficient modified
PGA algorithm for scintillation estimation and compensation in
spaceborne SAR.

A. Traditional PGA for Scintillation Compensation

The original PGA was proposed for airborne spotlight SAR
image focusing, and PGA and its improved version have been
widely used for motion compensation or high-order phase er-
rors compensation. By modifying the standard PGA, it can be
suitable for scintillation phase estimation. The processing flow
is presented in Fig. 4, and the key steps are summarized as
follows [8]. First, windowing and circular shifting are performed
to remove the linear phase and enhance the signal to clutter
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Fig. 4. Processing flow of the traditional PGA.

ratio (SCR) of the selected range gates. Then, phase gradient
estimation is performed based on the linear unbiased minimum
variance estimator, given by

φ̇(n) =

∑
k=0

Im
[
Ṡk(n) · conj [Sk(n)]

]
∑
k=0

|Sk(n)|2
(7)

where φ̇(n) denotes the gradient of the phase error, Sk(n) is

the Doppler-domain signal in the kth range gate, Ṡk(n)denotes
its gradient, conj(·) is the conjugated function, and Im(·) is the
operation taking the imaginary part. Next, phase correction is
performed with the estimated phase φ̂(n), which is the integra-
tion of the phase gradient φ̇(n). Finally, all above-mentioned
processing steps are repeated, as iteration is necessary for con-
ventional PGA.

B. Modified PGA

As analyzed in Section II.A, the spatial variation of scintilla-
tion should be considered. In tradition, PGA with data division
can be used to compensate for the spatial variation phase error
[22]. So, the data division is first introduced into the modified
PGA to compensate for the spatial variation of the scintillation
phase. Here, the strategy of the data division is important, which
will directly affect the efficiency of the PGA. Besides, the
number of iterations will also affect its efficiency. To improve the
efficiency and performance of the modified PGA, the following
ideas are considered:

1) divide the image data into multiple blocks;
2) a criterion for range gate selection, as poor-quality data

will degrade the estimation and too much range gates will
degrade the estimation efficiency;

3) reduce the number of iterations.
Therefore, motivated by the advantages of data division and

WML estimator, a modified PGA algorithm is proposed in the
following, where data division is performed for spatial variation
phase compensation and WML estimator is performed for im-
proving convergence speed. As shown in Fig. 5, the modified
PGA including four stages: 2-D data division, preprocessing,
phase estimation, and scintillation correction.

1) 2-D data division: The first stage is image 2-D data division
to reduce the influence of spatial variation of the scintillation
phase in PGA processing. Different from the existing data di-
vision strategy, the scintillation phase has randomly fluctuated.

Fig. 5. Illustration of the proposed modified PGA algorithm.

As known, the PSD or ACF can be used to describe the fluc-
tuation of the random phase. So, we divide the image data in a
new manner in this article, as the block length is dependent on
the ACF of scintillation phase. Normally, the ACF is not known
before estimation. However, based on research on scintillation,
the PSD of phase screen can be modeled in Rino’s form [14],
given some prior information such as signal wavelength, phase
spectral index, turbulence outer scale, and so on. So, all phase
screens have the same ACF structure if the scintillation parame-
ters are same. Then, the ACF can be obtained by the scintillation
PSD information through their Fourier transform relationship.
By setting the threshold for ACF peak energy reduction, such
as 3 dB, the width of each divided block in azimuth and range
directions can be decided. For example, as shown in Fig. 2, the
width of azimuth profile of the ACF is about 3 km, and about
1.5 km for the range profile, using the 3-dB threshold. Thus,
in this case, the image data can be divided into multiple blocks
with an area of 3 km × 1.5 km. Since the scintillation phase
in medium and weak phase screen cases changes slowly, the
number of data blocks will be greatly reduced.

Therefore, this new data division strategy can be used in PGA
processing, and it should be decided before the scintillation
phase compensation. In practice, the PSD of ionospheric scin-
tillation can be obtained based on the local forecast information
of the ionosphere.

2) Preprocessing: The preprocessing stage is implemented
for suppressing the influence of noise and clutter. Based on
the selection criterion (high average power [16] or Qk in [21]),
sample selection is first performed, which will significantly re-
duce the processing time and improve the efficiency of the phase
estimation. In the next, circular shifting is performed for shifting
the strongest scatter to the azimuth center time and removing
the linear phase of the scintillation phase. Then, windowing is
adopted to further suppress the influence of noise and clutter
signal on PGA estimation kernel. Usually, a center-symmetric
window function with a varying window size is used. In the
first iteration of phase estimation, a large window size is usually
employed to try to capture the complete scintillation phase error,
and the following iterations will work on a smaller window size.
Finally, azimuth fast Fourier transform is applied to transform
the data into the azimuth frequency domain.
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3) Phase estimation: Phase estimation is the core of the
proposed method. In traditional PGA, tens of iterations are
needed and the convergence speed is very slow. As presented
in [25], the WML estimator has a nice performance on phase
error estimation and convergence speed. So, the WML estimator
is introduced into the modified PGA. By SCR weighting, the
WML estimator can significantly enhance the contribution of
high-quality data and reduce the interference of low SCR data.
Using the WML estimator, high precision phase error estimation
can be achieved by several iterations or just one iteration for a
slowly varying phase for an even lower computation load. In
detail, first, the normalized SCR weights can be calculated by
[23]

wk =
w′

k
K−1∑

k=0

w′
k

1
w′

k
= 1

2·SCRk
+ 5

24·(SCRk)
2

(8)

where K is the number of range gates, and SCRk is the SCR of
the kth range gate given by

SCRk =
dk

4 (2ck2 − dk)− 4ck
√
4ck2 − 3dk

(9)

where

ck =
1

Na

Na−1∑
n=0

|Sk(n)|, dk =
1

Na

Na−1∑
n=0

|Sk(n)|2

and Na is the azimuth sample number. Then, the WML estima-
tion result is given by [24]

ˆ̇
φWML(n) = arg

K−1∑
k=0

wk · [conj [Sk(n)] · Sk(n+ 1)] (10)

where arg(·) represents the angle of a complex number. Then,
the scintillation phase can be compensated using the estimated
ˆ̇
φWML(n). For the next iteration, azimuth IFFT is performed first,
and then the processing flow starts with circular shifting with the
new compensated data.

4) Scintillation correction: After all iterative processing of
all blocks of data is completed, the scintillation phase screen
is obtained by superposing the estimated phase error of each
iteration, the scintillation phase error is then compensated ac-
cordingly and the finely refocused full-scene image is obtained
by IFFT at the end.

IV. EXPERIMENTAL RESULTS AND PERFORMANCE ANALYSIS

In this section, numerical simulations are carried out to
demonstrate the performance of the modified PGA algorithm
for long-wavelength spaceborne SAR, using first simulated data
for point targets, and then real spaceborne data corrupted by
the simulated scintillation effect. Using well-characterized sim-
ulated data, the scintillation effect and the performance of the
proposed algorithm can be accurately evaluated by resolution,
peak side-lobe ratio (PSLR), integral side-lobe ratio (ISLR),
correlation coefficient, and image entropy.

TABLE I
LIST OF SIMULATION PARAMETERS FOR POINT TARGETS

TABLE II
IMAGING QUALITY ANALYSIS IN STRONG AND MEDIUM SCINTILLATION CASES

A. Results Using Simulated Point Targets

The effectiveness of the proposed algorithm is demonstrated
first, with the listed parameters in Table I and simulated scin-
tillation phase screen in Fig. 1. Considering the effect of strong
scintillation in Fig. 1(a), the distorted image and its refocused
version are presented in Fig. 6. As shown, the point targets are
totally defocused along azimuth due to the scintillation effect,
whereas all targets are refocused correctly after compensation.
Here, based on the analysis in Sections II and III, the image
data is divided into six blocks (two blocks in azimuth and three
blocks in range). It should be noted that the number of iterations
in traditional PGA is 20, but in the proposed PGA is 2∼3. So, the
processing efficiency of the proposed modified PGA algorithm
is better.

Moreover, azimuth profiles of the center target B with scin-
tillation free (red line), distorted by medium scintillation or
strong scintillation (blue line), and its refocused result (black
line) are presented in Fig. 7. In the medium case, the sidelobes
change significantly but the main lobe is almost unchanged, as
the small random phase mainly degrades PSLR and ISLR, but
not resolution [16]. However, the azimuth signal is defocused
as the scintillation phase fluctuates violently in the strong case,
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Fig. 6. Imaging results of point targets with strong scintillation. (a) Image
with scintillation. (b) Compensation result by the proposed algorithm.

which is consistent with the analysis in [16]. Besides, as shown
in Fig. 7, the azimuth signal is refocused well by the proposed
algorithm in both medium and strong cases. But the residual
phase error after PGA in the strong case is a little larger, and
the residual phase error is random, which mainly affects the
sidelobes.

For comparison, the refocused imaging results of targets A, B,
and C by the traditional PGA and the proposed one are presented
in Fig. 8. As shown by the contour plot, all point targets are
refocused by our proposed algorithm, and the center target B
can be refocused as well using the traditional PGA. However,
the phase error redundancy is invalid in scintillation, and the
residual phase error after traditional PGA becomes large at the
edge of the scene. Thus, targets A and B cannot be refocused
accurately by the traditional PGA. Moreover, the azimuth res-
olution, PSLR, and ISLR for each target with scintillation-free,
scintillation, compensated by PGA, and compensated by the
proposed algorithm are listed in Table II. All these indicate a
quality imaging result by our proposed algorithm, which has
adapted to the full-scene requirement effectively.

B. Simulated Scintillation Effect With Spaceborne Real Data

Based on the real spaceborne SAR data (TerraSAR and
ALOS-2), which is degraded by the simulated scintillation
phase, experiments are carried out to examine the effectiveness

Fig. 7. Azimuth interpolation profile of target B. (a) Medium scintillation case.
(b) Strong scintillation case.

of the proposed modified PGA. In the following, P-band and
L-band image distortions due to scintillation are presented and
the compensation results using traditional PGA and proposed
modified PGA are presented.

First, P-band distorted SAR image compensation experiment
on the city area scene is carried out based on TerraSAR data (ID:
TSX1_SAR_20120717T225339). Although the spaceborne P-
band data are unavailable, the scintillation corrupted SAR sce-
nario data in P-band can be simulated using the method shown in
Fig. 3, with the listed P-band parameters in Table I and simulated
strong scintillation phase in the condition of P-band in Fig. 1(a).
Here, without considering the different scattering characteristics
in different signal bands, we can assume this simulated scintil-
lation distorted data as the result of P-band data. The original
data has a size of 3000 × 3000 pixels, with a pixel spacing of
1.9 m in azimuth and 0.9 m in ground range. The distorted image
affected by the strong scintillation is presented in Fig. 9(a),
and as shown, the image is totally defocused in azimuth. Then,
the traditional PGA with no data division and the proposed one
are applied to the distorted image, and the refocused images are
presented in Fig. 9(b) and (c). In the proposed algorithm, the
image data is divided into four blocks (two blocks in azimuth
and two blocks in range), and the contrast measure Qk is 0.4. As
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Fig. 8. Autofocusing results of target A/B/C. (a), (c), and (e) Contour plots
of target A/B/C with traditional PGA. (b), (d), and (f) Contour plots of target
A/B/C with the proposed modified PGA.

the enlarged images in Fig. 9 shown, the images after traditional
PGA compensation are refocused, but the quality of the image
processed by the modified algorithm is much better, and the
side lobe of the strong target in this image is not obvious. The
main reason is that the proposed algorithm considers the effect
of the spatial scintillation phase, and its residual random phase
error is much smaller than the traditional PGA, which mainly
leads to increased sidelobes. Besides, the azimuth of a strong
target in this image is also presented in Fig. 9(d), and as the
blue line shows, the target is totally defocused due to strong
scintillation, and it can be refocused by those two algorithms.
But the sidelobes in traditional PGA (black line) are much higher
than those in the proposed one (green line), which seriously
corrupts the image quality.

Moreover, L-band distorted SAR image compensation exper-
iment on Amazon rainforest is also carried out based on HH
polarization PALSAR-2 data (ID: ALOS2011247000-140808-
HBQR1). In this experiment, it is assumed that the PALSAR-
2 data is scintillation-free, and a simulated extremely strong
scintillation phase screen in L-band is introduced into the real
PALSAR-2 data. As shown in Fig. 10, the scintillation phase in
L-band is much smaller than that in P-band, as the scintillation
phase is proportional to the signal wavelength. The original

Fig. 9. Experimental results of real city area scenario. (a) Distorted image with
strong scintillation. (b) Refocused image with traditional PGA. (c) Refocused
image with the proposed algorithm. (d) Azimuth profile of a strong target in this
image.
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Fig. 10. Generated phase screen in L-band (simulation parameters: CkL CI =
90%, Rz = 142.1, Kp = 7).

data has a size of 3000 × 3000 pixels, with pixel spacing of
about 3m in both sides, and a point-like target exists in this
image area. Based on the ACF of the simulated scintillation
phase screen, the image data is divided into six blocks (three
blocks in azimuth and two blocks in range), and other PGA
parameters setting are the same as the first experiment. Then, the
experimental results about the distorted image, refocused image
with traditional PGA, and refocused image with the proposed
algorithm are presented in Fig. 11, and the interpolation contour
map of this point-like target is also presented in each image
result. As shown in Fig. 11(a), the scintillation will affect the
azimuth focusing and the target may totally defocus in a strong
scintillation case, even in L-band. Although the azimuth signal
is trying to refocus by the traditional PGA, the residual phase
error caused by the scintillation effect is still large, and as shown
in Fig. 11(b), the point-like target is still defocused in azimuth in
this strong scintillation case. For the proposed modified PGA, the
spatial scintillation phase can be compensated considering the
ACF of scintillation as the data division strategy. So, as shown
in Fig. 11(c), the distorted image is refocused well, and enlarged
image and the interpolation contour result show that the target
is focused into a point-like target.

Moreover, as mentioned in [16] and [28], better focusing re-
sults in a smaller entropy and a larger correlation coefficient. So,
the index of mean and deviation values of correlation coefficient
[5] and image entropy [20], [28] are evaluated using the original
scintillation-free image, distorted image and refocused images
of those above-mentioned experiments. Here, the definition of
correlation coefficient γ between two SLC SAR images S1 and
S2 is

γ =
|〈S∗

1 · S2〉|√〈S1 · S∗
1〉
√〈S2 · S∗

2〉
(11)

where 〈·〉 is the mean over a region of the image. Based on
the definition, the correlation result between the original image
and compensated images after traditional PGA and modified
PGA are shown in Fig. 12. As shown in Fig. 12(b), most areas
of this image become more correlated, which demonstrates the
effectiveness of the proposed modified PGA.

Fig. 11. Experimental results of rainforest scenario with PALSAR-2 data.
(a) Distorted image with strong scintillation. (b) Refocused image with tradi-
tional PGA. (c) Refocused image with the proposed algorithm.

Besides, the definition of image entropy ε is

ε =
∑
i

∑
j

|S (i, j)|2∑
i

∑
j

|S (i, j)|2 ln

∑
i

∑
j

|S (i, j)|2

|S (i, j)|2 (12)

where S(i, j) denotes the element in the ith row and the jth column
of the image.

Then, the evaluation results based on the correlation coef-
ficient and image entropy based on those two experimental
results are listed in Table III. As listed, the reduction of image
entropy and the increase of correlation coefficient both indicate
improvement of image quality by the proposed modified PGA.
Therefore, the proposed modified PGA can refocus the scintilla-
tion distorted full-scene long-wavelength (P-band and L-band)
spaceborne SAR image, and it has greater visual experience and
evaluation index, compared with the tradition PGA.
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Fig. 12. Correlation coefficient results based on the first experiment data.
(a) Correlation between original and traditional PGA. (b) Correlation between
original and modified PGA.

TABLE III
EVALUATION RESULTS

1CorCoe: correlation coefficient between the original and distorted or refocused images.

V. CONCLUSION

Considering the 2-D spatial variation characteristics of scin-
tillation phase, a modified PGA algorithm for scintillation com-
pensation in spaceborne SAR has been proposed in this article,
which borrows the idea of 2-D data division and WML esti-
mator. In this article, motivated by the data division, the 2-D
data division is introduced in the modified PGA, which makes
the compensation of the spatial variation of the scintillation
phase possible. Besides, a new data block division strategy is
introduced according to the prior scintillation information about
the PSD and ACF, and the length of each data block is the length
that the peak energy of ACF decreases by a threshold, such as
3 dB. Therefore, in the proposed modified PGA, data division
based on the introduced strategy is performed first. Then, some
preprocessing steps including data selection, circular shifting

and windowing are performed to suppress noise and clutter.
In the next, the WML estimator is introduced for scintillation
phase estimation, which can achieve near-convergence focusing
with only a few or just one iteration and improve the efficiency
of the modified PGA. At last, the scintillation phase screen is
obtained and the distorted full-scene image is finely refocused.
As demonstrated by numerical simulations of points targets and
real scene with WBMOD phase screen, the proposed algorithm
has a good performance on full-scene image refocusing.

Compared with the traditional PGA for scintillation compen-
sation, the proposed modified PGA can refocus the scintillation
corrupted image more effectively, considering the new data
division strategy and WML estimator. Moreover, unlike the
FR-based methodology, the proposed algorithm also provides a
robust solution for refocusing a single polarimetric SAR scintil-
lation distorted image. Our future work will focus on measuring
of scintillation phase screen based on sub-aperture processing
and PGA.
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