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Abstract A future spaceborne P-band synthetic aperture radar (SAR) working system will be inevitably
influenced by ionospheric scintillation, which tends to cause azimuth decorrelation and azimuth-imaging
degradation. The scintillation phase error (SPE) history spatially varies by 2D scenes, and this leads to the
complexity of SPE estimation and compensation. In this paper, to address this problem, an approach based
on the extended scintillation phase gradient autofocus (ESPGA) technique has been proposed. ESPGA
is composed of the three modules: local estimation, overall estimation, and correction. First, it employs
the block PGA (BPGA) to estimate SPE associated with the local block. Second, by taking advantage of
information redundancy of SPE estimates, azimuth splicing and range interpolation are applied to estimate
the overall SPE distribution across the whole scene. Then, the estimation result corresponding to the overall
SPE is considered to compensate the spatial-variant SPE and mitigate scintillation impacts on the spaceborne
SAR images. Finally, a processing experiment based on a simulated image derived from an airborne P-band
SAR real scene is conducted to demonstrate the effectiveness of the proposed methodology.
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1

Introduction

Ionosphere is a plasma region located in the upper part of the Earth’s atmosphere, where the amount
of existing charged particles is sufficiently large to influence electromagnetic wave propagation [1]. The
usual assumption is that ionosphere is a relatively narrow layer in which a large number of ionized free
electrons are concentrated in the altitude range from 250 to 400 km, and thereby the ionospheric height
corresponds approximately to the barycenter altitude of the electron density profile [2], namely, 350 km.
In general, ionosphere can be divided into two main components. One is the homogeneous component
that is referred to as the background ionosphere that is characterized by a macroscopic spatial scale up to
few hundred kilometers and effects such as dispersion, group delay, phase advance, and Faraday rotation
(FR) [2–5]. The other component corresponds to the ionospheric irregularities on scales from several
meters to tens of kilometers, which may lead to ionospheric scintillations related to the signal amplitude,
phase, and polarization [3–8]. Scintillation is widely presented in polar caps and post-sunset sectors of
the equatorial zone, and its frequency is connected with the solar cycle and season of the year [8].
Note that in the context of the spaceborne synthetic aperture radar (SAR) systems, these ionospheric
effects are expected to influence propagation of SAR signals. More importantly, it is well known that
ionospheric impacts become stronger, as the signal frequency decreases, and thereby play the significantly
adverse role in relation to the future spaceborne P-band SAR systems [1–5]. However, the demand for
developing a system to account for the specific capabilities of the global biomass measurement and
sheltered target detection has been growing [9–11]. For example, we can mention an upcoming project
referred to as BIOMASS and planned by the European Space Agency (ESA) that is aimed at monitoring
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the global biomass [9, 10]. In regard to spaceborne P-band SAR imaging, the background ionosphere
may result in the range-imaging shift and deteriorations [2–4], and the ionospheric irregularities tend to
degrade the azimuth resolvability [12–21]. Therefore, exploring mitigation approaches with regard to the
ionospheric effects before launching a P-band SAR satellite is necessary.
On the basis of exterior measuring devises [22] or SAR data processing [23–26], a number of methods
for background ionospheric total electron content (TEC) estimation have been presented and profoundly
demonstrated; therefore, they have not been discussed in this paper. Even though the scintillation effect
can be alleviated to some degree by designing a dawn/dusk orbit [27], it cannot be absolutely avoided,
especially under conditions of high solar activity. From the viewpoint of SAR data processing two main
strategies exist. One is the FR-based retrieval of the phase error [28]; however, it can be applied to merely
polarimetric SAR modes and the high-latitude regions. The other is related to autofocus algorithms based
on the minimum entropy [29,30] and the phase gradient principle [31–33]; however, they have been verified
merely in the case of a small-size scene and have rarely considered the spatial variation of the scintillation
phase error (SPE). Considering the phase gradient autofocus (PGA) algorithm tends to demonstrate
good performance for SPE estimation with respect to the point target [33], in the present study, this
method will be adopted and developed to identify a more robust approach to mitigate the scintillation
impact on future spaceborne P-band SAR images.
Actually, the SPE configuration varies for diverse targets in a real scene [20, 21] and has been rarely
considered in the existent scintillation compensation approaches. In detail, the SPE history elements of
neighboring targets in azimuth are staggered and overlapped. Moreover, they slowly vary in neighboring
range bins. As a result, the classical PGA approach cannot be directly applied to a large-size SAR
image affected by the spatial-variant SPE. Therefore, the extended scintillation phase gradient autofocus
(ESPGA) approach has been proposed in this paper to address this issue. Considering the characteristics
of 2D spatial variation of SPE, ESPGA adopts the block division strategy and estimates SPE within each
divided block. To make full use of information redundancy across all blocks, ESPGA performs azimuth
splicing and range interpolation to retrieve an overall SPE distribution. Subsequent to this, it is possible
to compensate the spatial-variant SPE corresponding to a SAR image, and thereby the scintillation effects
on a SAR image can be mitigated.
This paper is organized as follows. Section 2 introduces the ionospheric scintillation impacts on spaceborne P-band SAR imaging. The classical PGA algorithm and its application to the SPE compensation
are presented in Section 3. ESPGA that deals with the estimation and compensation of the spatialvariant SPE across the SAR scene is introduced in Section 4, where three vital modules are presented in
detail. In Section 5, we implement a processing experiment to confirm the effectiveness of the proposed
methodology. Finally, we draw conclusion in Section 6.

2
2.1

Ionospheric scintillation impacts on spaceborne P-band SAR imaging
Wave scintillation theory

In case of the weak scintillation, the ionospheric turbulence can be generally assumed to be a thin screen
that changes the transionospheric signal phase and is well known as the phase screen (PS) [6]. The phase
error induced by PS is written as
Z
∆φ = −re λ

∆Ne dl,

(1)

where re is the classic electron radius, λ is the signal frequency, ∆Ne is the perturbation part of the local
electron density and integrated along the propagating path l. Once the waves propagate through the PS
to the ground, they will intervene with each other because of the decorrelated phase, which generates the
diffraction pattern at the ground. Then, the wave field can be calculated using the Kirchhoff’s diffraction
formula [8]. Under the assumption of forward scatter, the diffraction ramification of the electric field can
be presented as
 

ZZ
jk
k
2
U (ρ, z0 ) =
exp −j ∆φ (ρ′ ) +
|ρ′ − ρ|
d2 ρ′ ,
(2)
2πz0 sec θ
2z0 sec θ
where k is the wavenumber, z0 is the vertical distance between the PS and ground, θ is the incident angle
and ρ represents the transverse vector. The diffraction procedure will hardly change the phase structure
in the PS and introduce the amplitude scintillation [6].
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The Rino’s spectrum mechanism in [6] with a compact formulation will be adopted to describe the PS.
The 2D phase spectrum density function (SDF) and its corresponding Fourier couple well known as the
phase autocorrelation function (ACF) can be respectively written as
S (κx , κy ) =

re2 λ2 absec2 θ · Ck L(2π/1000)

∗

ℜ (ρ ) =

re2 λ2

,

(3)

K(p−1)/2 (κ0 ρ∗ )
,
2πΓ0 [(p + 1) /2]

(4)

[κ20 + (Aκ2x + Bκx κy + Cκ2y )]

and


2π
sec θGCk L
1000

p+1

(p−1)/2

ρ∗
2κ0

·

p+1

(p+1)/2

with the spatial vector denoted as
ρ∗ =

s

Cρx 2 − Bρx ρy + Aρ2y
,
AC − B 2 /4

(5)

where a, b represent the two anisotropic scales versus the unit, Ck L is the vertical integrated turbulence
strength at the 1 km scale, p is the spectrum index, κ0 = 2π/Lo is the spatial wavenumber corresponding
to the outer scale Lo , Kξ (·) refers to the modified Bessel function of the second kind, Γ0 (·) refers to the
Gamma function, G is the geometrical enhancement factor defined in [1], κx and κy represent the Fourier
wavenumbers along and across the ionospheric penetration point (IPP) track corresponding to spatial
separations ρx and ρy , respectively. The coefficients of A, B, C are related to the geometric relationship of
the satellite track, radio propagation and local geomagnetic field, and the interested readers can consult [1]
for mathematical derivation details. By calculating the limit of the ACF in (4) as ρ∗ → 0, we can obtain
a key parameter that measures the scintillation phase variance in the PS, which can be expressed as
2

∆φ
2.2

=

re2 λ2



2π
sec θGCk L
1000

p+1

·

κ−p+1
Γ0 [(p − 1) /2]
0
.
4πΓ0 [(p + 1) /2]

(6)

Scintillation-affected P-band SAR signal model

In SAR applications, the generation of the ionospheric transfer function (ITF) that includes both phase
and amplitude scintillations mainly has two steps [34–36]. The first step is the PS realization driven by
the phase SDF in (3), which can be presented as [34]


q
σ1 + jσ2
√
∆φ (ρx , ρy ) = IFT2
S (κx , κy ) ,
(7)
2
where σ1 , σ2 are the uncorrelated Gaussian random sequences consisting of the real and imaginary parts
of the complex noise, IFT2 {·} refers to the 2D inverse Fourier transformation operator. The second step
is the diffraction process to generate the one-way ITF that can be described as [36]
(
"
#)
κ2 + κ2y
† x
†
− jz tan θ (κx cos ϕ + κy sin ϕ)
, (8)
ξ (ρx , ρy ) = IFT2 FT2 {exp [j∆φ (ρx , ρy )]} · exp jz
2k cos θ
where ϕ is the squint angle, z † = z0 z1 /(z0 + z1 ) is the modification term for a spherical wave on the actual
condition [35], z1 refers to the distance of the radar to the PS, FT2 {·} is the 2D Fourier transformation
operator. It has proved in [35] that the analytical solution in (8) is equivalent to (2).
When the PS theory is applied to the SAR system, the two-way propagation satisfies the reciprocity
principle, and thereby the square ITF will be adopted [36]. As to the narrow-band system, the dispersive
characteristic of the SPE can be neglected [36]. Then, a SAR signal model influenced by the scintillation
impacts is presented as [37]
X
s (t, η) =
σT hT (t, η) · ξT2 (η; ρx , ρy ) ,
(9)
T

where the two-way scintillation error that includes both phase and amplitude fluctuations can be
presented as
ξT2 (η; ρx , ρy ) = AT (η; ρx , ρy ) · exp [jφT (η; ρx , ρy )] .
(10)
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Parameters of a spaceborne P-band SAR system

Parameter

Specification

Radar altitude

700

km

Carrier frequency

500

MHz

Incident angle

30

◦

Squint angle

90

◦

System bandwidth

56

MHz

Doppler bandwidth

1223

Hz

Table 2

Unit

Scintillation parameters

Parameter

Specification

Unit

PS altitude z0

350

km

Outer scale Lo

10

km

Spectrum index p

3

–

Turbulence strength Ck L

1033

electrons2 /(m2 rad3 )

Anisotropic scale ratio a : b

1

–

Scintillation index S4

0.155

–

Scintillation phase variance ∆φ2

1.017

rad2

t and η refer to the fast and slow time, respectively; σT is the reflectivity of the target T ; hT (t, η) is the
ideal impulse response function (IRF); AT and φT are respectively amplitude and phase scintillations
of the two-way ITF, which are relative to the IPP location (ρx , ρy ) that depends on both satellite and
target positions. It can be observed that the azimuth decorrelation derives from the phase and amplitude
scintillations. In addition, the scintillation history is spatially varying for different targets in the whole
scene.
In order to further understand the scintillation impacts on spaceborne P-band SAR imaging, a pointscatterer simulation will be carried out based on the typical system parameters in Table 1 and scintillation
parameters in Table 2. We consider a P-band system with the designed resolution of 5 m both in ground
range and azimuth. Here, the PS is considered to be located at the height of 350 km [38,39]. The setting
of Lo = 10 km, p = 3, Ck L = 1033 refers to an intermediate scintillation status that shall be tolerable for
the PGA’s capability [33]. It has been reported in [40] that the irregularities tend to be sheet-like (a = b)
in high-latitude regions and rod-like (a > b) near the equator. Given a dawn/dusk orbit will be designed
in the future spaceborne P-band SAR mission, the azimuth decorrelation imposed by scintillation can be
greatly depressed in equatorial areas [27], despite the appearance of amplitude stripes mentioned in [18].
As a result, the high-latitude case as a = b remains to be considered and will be addressed in this paper.
According to [6] by using the above setting of scintillation parameters, an another key parameter S4 that
can be measured by exterior devices mentioned in [16] is calculated and has a value of 0.155. In addition,
the scintillation phase variance can be derived by using (6) and has a value of 1.017 rad2 . The coefficients
A, B, C can be respectively calculated as 1, 0, 1.29 for the PS simulation.
The simulation results are shown in Figure 1. The phase and amplitude fluctuations of the square
ITF are described in Figure 1(a) and (b), respectively. The standard deviation of the two-waypSPE in
Figure 1(a) is 120.16◦ that is broadly consistent with the theoretical value 115.56◦ calculated by 2 h∆φ2 i.
In Figure 1(c), it describes the SAR echo with the amplitude exhibition, which is decorrelated along the
synthetic aperture. In Figure 1(d), the scintillation-affected azimuth IRF is shown with a worse azimuth
resolution (Ares), the increases of the peak to sidelobe ratio (PSLR) and integrated sidelobe ratio (ISLR),
and the peak gain loss (PGL). By a comparison between Figures 1(e) and (f), it shows that the SPE is a
dominant ingredient that brings about the azimuth decorrelation, and the amplitude scintillation has few
contributions to azimuth-imaging degradations. Hence, it can be reasonable to estimate and compensate
the SPE, and generally neglect the amplitude scintillation for the scintillation mitigation.
2.3

The 2D spatial-variant scintillation history

As indicated in (9), the scintillation history is spatial-variant for different targets. In Figure 2, it presents
a description for this phenomenon by depicting the geometry of the SAR acquisition and PS, where the
target P0 shares the same range index with P1 and the same azimuth index with P2 . The separation of
P0 , P1 is ∆x in azimuth, and that of P0 , P2 is ∆y in range. It can be reasonably assumed that P0 has
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Figure 1 (Color online) A point-scatterer simulation of the scintillation impacts on spaceborne P-band SAR imaging. (a) The
phase fluctuation of the two-way ITF. (b) The amplitude fluctuation of the two-way ITF. (c) The scintillation-affected SAR echo.
(d) The scintillation-affected azimuth IRF compared with the ideal azimuth IRF. (f) The azimuth IRF only affected by the amplitude
scintillation. (e) The azimuth IRF only affected by the phase scintillation.
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(Color online) Geometry of the spaceborne P-band SAR acquisition in existence of the ionospheric scintillation.

the same integrated aperture with P2 . In the rectilinear track of low orbit satellites, the neighboring two
targets in the same azimuth line, such as P0 and P1 described in Figure 2, on one hand, have ITFs with
an overlapped segment, and the staggered separation is ∆ρx , which can be calculated by
∆ρx = ∆x · Vi /Vg ≈ ∆x,

(11)

where Vg is the ground velocity and Vi is the scanning velocity of the beam center at the PS height. The
approximation in (11) derives from Vg ≈ Vi in case of the low orbit. On another hand, the ITFs of P0 and
P2 are with a distance of ∆ρy apart from each other, which can be calculated by ∆ρy = ∆y · z1 /(z0 + z1 ).
It indicates that the ITFs of P0 and P2 shall be spatially correlated, and the correlation degree depends
on ∆y and the heights of the PS and satellite.
In a viewpoint of the SPE, we study its spatial variation via an 11 × 11 target-array scene with a
size of 10 km × 10 km, and other simulation parameters are based on Tables 1 and 2. Hence, we set
∆x = ∆y = 1 km for neighbouring targets in azimuth or range; by calculation, neighbouring ITFs are
with a staggered distance of ∆ρx ≈ 1 km and an across-track separation of ∆ρy = 0.5 km. Figure 3(a)
describes a wrapped phase fluctuating distribution of the simulated two-way ITF. Figures 3(b) and
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Figure 3 (Color online) The spatial-variant SPE. (a) The wrapped phase fluctuation (deg) of the two-way ITF for the whole
10 km×10 km scene. (b) The unwrapped SPEs of the eleven targets in the center range bin with a neighbouring azimuth interval
of 1 km. (c) The unwrapped SPEs of eleven targets in the center azimuth bin with a neighbouring range interval of 1 km.

(c) depict the SPEs varying in azimuth and range, respectively. It can be calculated in Figure 3(b),
neighbouring SPEs are staggered at a distance of about 1.0546 km, which validates the correctness of the
theoretical calculation based on (11). It can be observed in Figure 3(c) that the SPE is slowly varying for
targets located in the same range line and neighbouring SPEs are correlated with each other. It strongly
needs a statistical evaluation of the spatial-variant SPE.
In statistics, the SPE correlation versus the spatial separation ∆ρ can be modeled as [20]
*
+
P
n φ (ρn ) φ (ρn + ∆ρ)
,
(12)
Φ (ρ) = pP
P 2
2
n φ (ρn )
n φ (ρn + ∆ρ)

where h·i refers to the mathematical expectation. Based on the theorem of large numbers, it has
Φ (∆ρ) → ℜ (∆ρ)/ℜ (0),

(13)

which is just the normalized phase ACF. When it is projected onto the ground, the spatial separation is
magnified by ∆r = σ · ∆ρ with σ = (z0 + z1 )/z1 . According to the parameters in Tables 1 and 2, the SPE
correlation is numerically computed and shown in Figure 4. Owing to the setting of a = b, Φ (∆r) displays
approximately consistent preferential scales in both two directions, and the slight difference derives from
the incident angle. Given a threshold for the SPE correlation as Φ (∆r) = 0.707, we can obtain the alongand across-track correlated length factors of 1.976 and 2.279 km, respectively, as marked in Figure 4(b).
As a result, it can be reasonably considered that a 2 km × 2 km SAR scene has the approximately
accordant SPE, and tends to be feasible for the PGA application.

3
3.1

PGA
The classical PGA algorithm

The PGA is one of the most widely applicable autofocus algorithms, and its original form was proposed in
order to operate the motion compensation for the airborne SAR spotlight data [41]. Under the assumption
of the range-invariant phase errors and in presence of isolated strong scatterers in a SAR image, the PGA
employs the coherent addition of several range bins to restrict clutter energy and improve the estimation
accuracy. The standard PGA steps are depicted as follows. Firstly, it is necessary to sift out range bins
with the high signal-to-clutter-ratio (SCR). Secondly, identify the strongest azimuth index in each range
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Figure 4 (Color online) The SPE correlation versus the spatial separation of the target at the ground. (a) The 2D distribution
and (b) the profiles along- and across-track.

bin and shift it to the image center to eliminate the linear component of the phase. Thirdly, a symmetrical
window function should be imposed around the strongest index in order to enhance the SCR. After these
steps, the deramped signal of a point target in the range-compressed domain can be modeled as [41]
s (η) = |s (η)| · exp {jφε (η)} + v (η) ,

(14)

where φε (η) is the phase error owing to the motion perturbation, and v (η) is the contribution of the
other scatterers considered as clutter. Furthermore, the phase gradient estimation is carried out in the
Doppler domain by using the linear unbiased minimum variance estimator, which is presented as [41]
P
Im {ṡm (n) · conj [sm (n)]}
φ̇ε (n) = m
,
(15)
P
2
m |sm (n)|
where sm (n) is the azimuth signal in the frequency domain at the sampling number n and in the mth
range bin, ṡm (n) is its gradient, conj [·] takes the conjugated value, Im {·} takes the imaginary part,
and φ̇ε (n) means the phase gradient estimation. At last, an integration operator is performed by (15) to
obtain φ̂ε (n), which is then utilized for the phase correction by multiplying exp{−jφ̂ε (n)} on the Doppler
data. Note that we can remove the linear part for ∆φ̂ (n) to avoid introducing the image shift. It then
follows by repeating the above steps until the phase error estimation is lower than a given threshold.
Various improved PGA algorithms, such as the quality PGA [42], the weighted maximum likelihood
PGA [43], the phase curvature autofocus [44], aim at improving the processing efficiency or adapting
to the stripmap SAR data. Some studies deal with the spatial variation phase error caused by motion
disturbance [45–48]. Nevertheless, the influential mechanism of the ionospheric scintillation differs from
that of the motion perturbation that generally has an analytical signal model for the payload track and
can be in an assistance of a navigation system. In addition, the SPE spatial-variation is much more
notable than the motion phase error both in two dimensions. As a result, the above strategies for the
motion error cannot be directly used for the spatial-variant SPE compensation.
3.2

The PGA application in scintillation mitigation

Suffering from the scintillation impacts instead of the motion error, the signal model of the point target
T modulated by the two-way ITF in (14) should be rewritten as
s (η) = |s′ (η)|·exp {jφT (η; ρx , ρy )}+v (η) ,

(16)

with a modification of the signal amplitude as
|s′ (η)| = |s (η)| · AT (η; ρx , ρy ) ,

(17)

which is considered as an integral signal amplitude. As a result, it is still satisfied with the PGA principle
despite the existence of the amplitude scintillation.
First of all, the PGA is applied to the scintillation mitigation for the point-scatterer data in Figure 1,
and the processing result is illustrated in Figure 5. It shows that the SPE estimation is highly consistent
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Azimuth position (m)
(b)
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log10(Ck L)
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ISLR (dB)

PSLR (dB)

Azimuth resolution (m)

Figure 5 (Color online) An example of the PGA application to the SPE compensation. (a) The SPE estimation without the
constant and linear parts. (b) The corrected azimuth IRF compared with the ideal azimuth IRF. After the compensation, the Ares
is 5.06 m, the PSLR is −12.14 dB, the ISLR is −7.10 dB, and the PGL is −0.25 dB

log10(Ck L)

log10(Ck L)

Figure 6 (Color online) The azimuth-imaging performance before (black lines) and after (red lines) the scintillation compensation
by the classical PGA. Statistical indicators are generated by the Monte-Carlo simulations with 200 repetitions, which are depicted
by mean values (solid circles) and standard deviations (fluctuating range bars). (a) Ares, (b) PSLR, (c) ISLR, (d) PGL.

with the injected SPE, which eliminates the constant and linear parts of the SPE. After the correction,
as shown in Figure 5(b), the azimuth IRF is refocused with a nearly ideal mainlobe, and the sidelobes’
performance is hugely improved, and the peak power is retrieved. For the performance of SPE estimation
and compensation, the PGA cannot deal with the random parts of the SPE, and the residual SPE leads
to residual random sidelobes.
In order to further understand the PGA performance in mitigating the scintillation impacts on spaceborne P-band SAR imaging, an analytical work similar to [33] was carried out by using the system
parameters in Table 1. The Monte-Carlo simulation is adopted for a point scatterer, and the statistical factors are illustrated in Figure 6. It indicates that before the mitigation, the four factors are as a
whole deteriorated with the increasing Ck L; the ISLR and PGL will persistently worsen on condition of
Ck L > 1033 . The four indexes are mostly improved after the compensation, except intensively fluctuating
in case of Ck L = 1034 (S4 in this case can reach 0.496). The reason for this phenomenon is that, the PGA
strongly depends on the selection of the strong scatterer, while the point scatterer is seriously scattered
on condition of highly turbulent ionosphere, which leads to the failure in selecting a strong scatterer. To
sum up, the PGA has a robust performance when the Ck L parameter is not larger than 1033 .

4

ESPGA

The above section mainly investigates the essential capability and limitation of the PGA in terms of the
SPE estimation and compensation. It is an ideal condition aiming at the point scatterer. In fact, the SPE
is highly spatial-variant in both range and azimuth directions, as shown in Figure 3, and thus intervenes
with each other when operating the classical PGA for the whole scene, which leads to the failure of the
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(Color online) The flow chart of ESPGA.

SPE estimation. As to this issue, this paper devises a novel approach called ESPGA. The flow chart is
shown in Figure 7 and begins with the input of a P-band SAR single look complex (SLC) image affected
by the ionospheric scintillation impacts. It can be mainly divided into three processing modules; they are
the local estimation, the overall estimation and the SPE compensation, and will be respectively discussed
in Subsections 4.1–4.3 in detail.
4.1

Local estimation of the SPE

In presence of the spatial-variant SPE in a real SAR scene with a size larger than the correlated scene
size mentioned in Section 2, the block division strategy is employed, and its necessity mainly reflects
on two aspects. On one hand, it ensures the SPEs for each point within the block are approximately
uniform. On the other hand, the selection of strong scatterers within a block under a comparatively
uniform background of the SCR, benefits the selection of the scatterers with high quality but with the
moderate brightness in the whole image. The block size is a key factor that affects ESPGA processing
efficiency and effectiveness. A large-size block will be faced with the spatial-variant SPE and brings
about the invalid SPE estimation, while numbers of small-size blocks decrease the efficiency, and it is
difficult for each block to obtain strong scatterers. Fortunately, it can be determined by the correlated
length denoted in Subsection 2.3. Furthermore, enough range blocks should be provided for an accurate
interpolation in the next module, and hence the range size of each block should be a bit smaller than the
range correlated length.
The PGA is then carried out for each block. However, the spatial-variant SPE still exists to decrease
the accuracy of SPE estimation. In particular, the PGA is more susceptible to the staggered variation of
the SPE in azimuth than its slightly variation in range. As a result, the classical PGA should be modified
for the block implementation, which is named the block PGA (BPGA) estimation, on the premise that
the range variation of SPE within each block can be ignored.
Figure 8 shows the BPGA diagram which is performed according to the specific steps in Algorithm 1.
It firstly begins with a masked image with the original image size for each block in order to maintain
the Doppler sampled number (Na , Nr denote the sampled numbers in azimuth and range, respectively),
and this masked image is then applied to selecting those range bins with the stronger maximums by a
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Figure 8 (Color online) The BPGA diagram of the whole (left) and block-masked (right) images exhibited with the selected
range bins.

principle:
A (J) > α · max {A (J)} ,

0 <α < 1,

(18)

where α is the amplitude threshold which is set as 0.5 in this paper. Considering that the SPE is varying
and staggered in azimuth, the classification as to range bins is performed to find a group with the largest
number, where azimuth indexes of the maximums are very close to each other and meet J1 − J2 < JT ,
where JT is the interval threshold. As described in the right figure of Figure 8, the red lines and points
indicate the ramification after the selection and classification. At last, by operating the classical PGA
for these range bins, we will achieve an SPE estimate for this block with an average azimuth index of the
group. Note that the ineffective SPE estimates beyond the Doppler bandwidth should be eliminated.
Algorithm 1 BPGA estimation
1: Divide the SAR image into M ×N blocks;
2: for each estimation block do
3:
Get a block-masked image with the original image size of Na ×Nr ;
4:
Find the amplitude maximums A and record their azimuth indexes J for each range bin;
5:
Choose those range bins with strong maximums that satisfy the amplitude threshold in (18);
6:
Classify the above sifted maximums by clustering their azimuth indexes. If two maximum indexes are satisfied with the
interval threshold, they are a group. Count the number of each group;
7:
Choose range bins of a group with the largest number to implement the classical PGA, and save the result of the SPE
estimation for each block and average azimuth index of this group;
8: end for

4.2

Overall estimation of the SPE

Although it is feasible to mitigate each block-masked image by using the relevant BPGA-estimated SPE,
the holistic SAR image will be discontinuous in the block junction. Furthermore, we can make full use of
the information redundancy to retrieve a 2D SPE distribution covering the whole scene. And this module
is called as the overall estimation of the SPE.
Figure 9 shows the overall estimation diagram, including the azimuth splicing and range interpolation,
and the detail is given in Algorithm 2. For each block range bin, it starts with acquiring the neighbouring
SPE estimates, denoted as φ̂1 and φ̂2 ; they are closely overlapped with each other. As to the splicing, it is
important to learn about the knowledge of the staggered distance. It can be calculated in accordance with
(11) in premise of the given equivalent PS height that is generally unknown for the real data processing,
nevertheless. An another method for estimating the staggered index L is a maximization process by using
the correlated function f versus the presumed length l, which can be presented as


P


· φ̂2 (i)
i φ̂1 (l+i)
n
o
n
o ,
L = arg max f (l) = arg max
(19)
l
l 
norm φ̂ (l+1 : end) · norm φ̂ (1 : end − l) 
1

2

where ‘end’ represents the length of the relevant SPE array, ‘:’ represents the index range, and norm {·}
means taking the 2-norm of a 1-D array.
According to the estimated staggered index L, it is considered that φ̂1 (L+1 : end) is closely overlapped
with φ̂2 (1 : end − L). Even though the linear parts have been eliminated for φ̂1 and φ̂2 when implementing
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(Color online) The diagram of the overall estimation.

Algorithm 2 Overall estimation
1: for each block range bin do
2:
for each BPGA result do
3:
Get or renew the two neighboring SPE estimates waiting for splicing;
4:
Estimate the staggered distance of the two SPEs based on a maximization process in (19);
5:
Eliminate the linear component discrepancy of the overlapped parts of the two SPEs;
6:
Average the overlapped two segments to obtain a public one, and generate an integral SPE line by an end-to-end splicing
according to (20);
7:
Eliminate the linear component of the SPE line;
8:
end for
9: end for
10: Interpolate in range for an integral 2D SPE distribution.

the classical PGA, their overlapped parts may leave a slight discrepancy of linear components, which will
influence the splicing performance. In this step, φ̂1 (L + 1 : end) − φ̂2 (1 : end − L) is fitted to obtain the
linear coefficient; then φ̂2 is subtracted by this linear component to achieve φ̂′2 . Subsequently, as shown
in Figure 9, the four segments of φ̂1 and φ̂′2 are spliced by the following operator:
n
h
io
φ̂12 = φ̂1 (1 : L) ⊕ 0.5 × φ̂1 (L + 1 : end) + φ̂′2 (1 : end − L) ⊕ φ̂′2 (end − L + 1 : L) ,
(20)

where ⊕ represents the end-to-end splicing of two arrays. Note that the average is beneficial to improving
the SPE estimation accuracy of the overlapped part. The linear component should be removed for φ̂12 .
It follows by that φ̂1 is renewed by φ̂12 and φ̂2 is renewed by φ̂3 . After the splicing operation for all block
range bins, at last, the range interpolation is implemented to retrieve an integral SPE distribution, which
can be presented as φ̃ and will be used for the following step of SPE compensation.
4.3

SPE compensation

The last module uses the integral SPE estimate to accurately compensate the spatial-variant SPE. The
specific details are described in Algorithm 3. It begins with the SAR image masked by each range line,
which aims at compensating the affected SAR image by using the spatial-variant SPE estimation and
ensuring the image continuity. For the ith range line, the masked image Ii′ is corrected in range-Doppler
domain by the indexed SPE estimation presented as φ̃i . The whole process of the correction module can
be presented as
Na
Na
n
n
oo
X
X
I=
Ii =
IFFTa FFTa {I ′ i } · exp −jφ̃i ,
(21)
i=1

i=1

where FFTa {·} is the azimuth fast Fourier transformation operator, and IFFTa {·} is its inverse operator.

5

ESPGA processing experiment

Currently, because of the lack of the spaceborne P-band SAR real data, we attempt to begin with an
airborne P-band SAR scenario that is as close as possible to an actual spaceborne P-band SAR acquisition
to validate the effectiveness of the proposed ESPGA algorithm. The scintillation-affected spaceborne Pband SAR raw data can be generated according to the signal model described in (9). Each azimuth
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(a)

(b)

Figure 10 (Color online) Exhibitions of the simulated spaceborne P-band SAR image derived from an airborne P-band SAR real
scene. The azimuth direction is denoted by the red arrow. The simulated scene size is 20 km × 20 km with the samplings of 4000 ×
4000 in azimuth and ground range. (a) The ideal SAR image in absence of the scintillation effects and (b) the scintillation-affected
SAR image.

Algorithm 3 SPE compensation
1: Generate a zero matrix I with the image size;
2: for each range line do
3:
Generate a subimage masked by each range line;
4:
Operate the azimuth FFT;
5:
Search the index scope corresponding to this range line in the SPE distribution;
6:
Multiply the subimage by the conjugated exponential indexed SPE the in range-Doppler domain;
7:
Operate the azimuth IFFT;
8:
Accumulate the compensated subimage into I;
9: end for

signal received from in-beam radiated pixels is modulated by the corresponding radar cross section and
the two-way ITF; the latter is defined according to the IPP location derived from the satellite data and
target positions. In fact, it is organized as a double loop body for the computer simulation realization
based on the azimuth index and image pixels. The simulation for a point-scatterer or a point-array
scene can be easily realized with high accuracy; however, it will be computationally extensive in terms
of simulating an extended-area scene. To improve the simulation efficiency, first, parallel processing by
means of cluster computers with several CPUs can be beneficial. Second, approximation is implemented
to enable the pixel points in the same range line sharing the consistent along-track IPP coordinates,
so that the IPP coordinate needs not be calculated for every pixel, which helps to reduce the overall
computation amount. By adopting these two strategies, simulation of the spaceborne P-band SAR raw
data considering a large-size extended-area scene is feasible. The simulated SAR raw data is then focused
by using the range-Doppler (RD) imaging algorithm [37]. The system and scintillation parameters are
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Figure 11 (Color online) The selection of strong scatterers (red circles) by using a uniform threshold for the whole image (left)
and by using the proposed BPGA strategy (right).

Correlated function

Phase estimation (°)

Phase error 1
Phase error 2
Spliced phase error
X: 470
Y: 0.754

Index

Index

(a)

(b)

Figure 12 (Color online) (a) The splicing for two SPE estimates and (b) the correlated function reaching the maximum at the
staggered distance.

set according to Tables 1 and 2. Figure 10 denotes the simulated spaceborne P-band SAR images
with a scene size of 20 km × 20 km and the samplings of 4000 × 4000 in azimuth and ground range,
respectively. The ideal SAR image is shown in Figure 10(a), and the scintillation-influenced image is
shown in Figure 10(b). The red rectangle area is highlighted for a more detailed illustration. It indicates
that the ionospheric scintillation can considerably defocus a spaceborne P-band SAR image because of
the azimuth decorrelation.
Next, we discuss the specific steps of the ESPGA realization for the considered scintillation-affected
image. The 20 km × 20 km SAR image is affected by considerable 2D spatial variation of SPE, because
the correlation scene size of SPE for the setting has been obtained to be merely 2 km × 2 km, as shown
in Table 2. Obviously, we can obtain this priori information by implementing the PGA pre-estimation in
future real data processing. Therefore, the first module of ESPGA is initiated from the 10 × 20 blocks
in azimuth and range, and the number of range block is 20 to ensure the range interpolation accuracy.
Figure 11 presents the process of selecting strong scatterers by using the uniform principle for the whole
image and by applying BPGA with α = 0.5, JT = 10. It demonstrates the BPGA’s superiority in selecting
strong scatterers for every divided block and further selecting a group with the largest number and close
azimuth index, which confirms the accuracy of the SPE estimation.
Then, after applying BPGA, the azimuth splicing step is executed for each block range bin and splicing
of two phase errors is implemented as shown in Figure 12(a), on the basis of the fact that the staggered
index of 470 is derived from the correlated function, as depicted in Figure 12(b). In practice, a buffer
region will be set for the overlapping sides because the SPE estimates corresponding to the two sides may
be invalid, as shown in Figure 12(a). In the buffer region, it is preferable to set the value of one of the
SPE estimates rather than using the average. Finally, it can be seen that the phase error is well-spliced
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Figure 13 (Color online) Integral SPE lines after BPGA and azimuth splicing. (a) The first to fifth, (b) the sixth to tenth,
(c) the eleventh to fifteenth and (d) the sixteenth to twentieth SPE lines, versus the blue, green, red, cyan and purple, respectively.

(a)

(°)

(b)

(c)
Figure 14 (Color online) Integral SPE distribution covering the holistic scene. (a) The wrapped SPE injected into the ideal
image exhibited with the eliminated constant and linear components of every SPE along-track line; (b) the SPE estimation by
ESPGA; (c) the differential of the simulated and estimated SPE.

with a good continuity. In Figure 13, the splicing results of 20 block range bins are presented. Each SPE
line is aligned according to the noted azimuth indices, and zero-padding is implemented for both sides of
the SPE line. In future cases of real data processing, SPE information in the zero-padding area can be
obtained by processing two neighboring SAR acquisition images.
After applying azimuth splicing, range interpolation is employed to obtain an integral 2D SPE distribution across the whole scene. Figure 14 represents the comparison between the simulated SPE, estimated
SPE, and their differential. It indicates that the result of the overall estimation is broadly consistent with
the simulated SPE. Note that the largest inconsistency observed from both sides of the along-track is
because of the side loss of the SPE estimation and the relevant zero-padding process. Figure 15 represents
the probability density diagrams for the simulated and residual SPEs. It can be seen that the residual
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Figure 16

(Color online) Probability density diagram for simulated and residual SPEs.

(Color online) The spaceborne P-band SAR image after the SPE compensation by using the proposed ESPGA.

0
Figure 17

1

(Color online) The correlation coefficient before (left) and after the mitigation (right).

SPE closely exhibits as a normal distribution with a standard deviation of 42.9◦ , and the standard deviation of the simulated SPE is 102.9◦, which confirms that ESPGA is robust and capable of obtaining
the overall SPE estimate for spaceborne P-band SAR images.
By utilizing the overall SPE estimate represented in Figure 14(b) to compensate the spatial-variant SPE
and mitigate the scintillation effects, the compensation result is obtained as presented in Figure 16. It
can be seen that after applying ESPGA, the scintillation-affected SAR image represented in Figure 10(b)
is improved because of better azimuth resolvability, as shown in Figure 16. To further validate the
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effectiveness of ESPGA, the correlation coefficient is calculated between Figures 10(a) and (b) and between
Figures 10(a) and 16. The results of the correlation coefficient estimation are presented in Figure 17 and
indicate that the corrected image is more similar to the unaffected image compared with the scintillationmitigated image, which confirms once again that ESPGA is effective.

6

Conclusion

In this paper, we mainly explore the scintillation impact on spaceborne P-band SAR images. Specifically,
we focus on estimating the spatial-variant SPE that is characterized by staggered overlapping in azimuth
and the slow variation in range. To mitigate this issue, the ESPGA algorithm is proposed to estimate and
compensate the SPE across a holistic SAR real scene. The algorithm is composed of the three modules:
local estimation, overall estimation, and SPE compensation. On the basis of simulation, the effectiveness
of the ESPGA algorithm is validated. The main contributions of the present paper are summarized as
below.
• We demonstrate that the spatial-variant SPE may affect the efficiency of applying PGA to the SPE
estimation. Moreover, the spatial-variant SPE implies information redundancy in terms of both azimuth
and range.
• The proposed ESPGA algorithm provides an integral framework for applying PGA to the spatialvariant SPE estimation by taking into consideration the issue of how to estimate and compensate the
overall SPE, which will be a reference process for other autofocus algorithms.
• The proposed ESPGA algorithm also provides several strategies based on key techniques, such as
BPGA and azimuth splicing, whose applicability is confirmed by the simulation process. In the near
future, we will further validate the proposed approach and apply it to a mass of real spaceborne P-band
SAR data.
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