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ABSTRACT At the relatively low frequency of the P-band spaceborne SAR, the background ionosphere
is no longer treated as time-invariant, together with the spatial variation in the background ionosphere,
and complicates the spaceborne SAR imaging. In this paper, we systematically quantify the effects of the
spatiotemporally varying background ionosphere on the imaging performance of the P-band spaceborne
SAR. The signal model for a P-band spaceborne SAR is established in accordance with the range history
taking account of the Earth’s rotation, based on which the 2-dimensional (2-D) signal frequency spectrum
under the influence of spatiotemporally varying background ionosphere is derived. Then, the geometric
distortion and defocusing phenomenon in the range and azimuth directions are quantitatively evaluated. It is
found that the range shift is mainly determined by the constant component of the background ionosphere,
and the contribution from the spatiotemporally varying components of the background ionosphere is
non-negligible. In contrast, the azimuth shift has no dependency on the constant part of the background
ionosphere, but both the spatially varying and temporally varying components of the background ionosphere
could give rise to considerable azimuth shifts. Regarding the focusing quality, it is seldom impaired by the
background ionosphere for the P-band spaceborne SAR with a coarse spatial resolution on a decameter
scale. However, the high spatial resolution makes it difficult to maintain good focusing qualities, especially
at the high solar activity. Finally, numerical simulations in terms of the single-point target responses confirm
the theoretical analysis; simulations of responses of array-point targets, together with 2-D image shifts along
the satellite’s track, show the disparity of background ionosphere can further affect the imaging performance
of the P-band spaceborne SAR. In this respect, effects of spatiotemporally varying background ionosphere
deserve special care in the signal processing of a P-band spaceborne SAR.

INDEX TERMS P-band spaceborne SAR, spatiotemporally varying, background ionospheric effects,
geometric distortion, focusing quality, disparity of background ionosphere.

I. INTRODUCTION
Nowadays, the spaceborne Synthetic Aperture Radar (SAR)
is capable of observing the Earth’s surfacewith high accuracy,
making it an effective instrument for sensing the atmosphere,
terrain, and sea [1], [2]. In particular, there is a growing
interest in utilizing the P-band spaceborne SAR for mea-
suring forest biomasses and detecting the foliage-obscured
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targets [3]–[6]. However, it is well known that the spaceborne
SAR with an altitude higher than 400 km transmits and
receives the radio signal through most of the ionosphere.
Hence, the radio signal is inevitably affected by the iono-
sphere during the propagation, the extent depending on the
radar frequency [7], [8]. The ultra-high frequency (UHF),
particularly, experiences more adverse effects from the iono-
sphere; and thus, the imaging performance of the spaceborne
SAR operating at UHF is degraded due to the ionospheric
effects [7]–[24]. Therefore, it is important to understand those
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potential effects on the P-band spaceborne SAR imaging
before its data can be better used.

The radio signal at UHF suffers ionospheric effects such as
the Faraday rotation (FR), phase shift due to the background
ionosphere (non-turbulent), and signal scintillation given rise
by the ionospheric irregularity [7], [8]. More specifically,
the FR alters the amplitude and phase balance in the polari-
metric channels, which subsequently causes attenuation to
the radio signal and further changes scattering properties
of the surface compared to the case where the radio signal
is not affected by the FR [7], [9]–[11]. The background
ionospheric effects could induce phase shift, and bring about
imaging distortion in lines of image shift and defocusing
phenomenon [22]–[27]. The ionospheric scintillation would
lead to fluctuations in amplitude and phase of the signal,
and thus affect the imaging focusing of the spaceborne
SAR system [14]–[17], [24].

Until now, the background ionospheric effects have been
analyzed in the context of the ionospheric freezing model,
in which the ionospheric Total Electron Content (TEC)
is regarded as time-invariant during the synthetic aperture
time [13], [22]–[24], [28]. However, some studies concern-
ing the temporally varying background ionospheric effects,
such as in [25]–[27], showed that effect of the temporally
varying component of background ionosphere is in a negative
correlation to the center frequency. Therefore, this impact
becomes potentially significant at P-band due to the rela-
tively lower carrier frequency. Besides, the temporal varia-
tion of the background ionosphere is a natural phenomenon
that cannot be simply ignored. As a result, the ionospheric
freezing model may be not suitable for analyzing the back-
ground ionospheric effects on the P-band spaceborne SAR
imaging. Additionally, the spatially varying part of the back-
ground ionosphere also exerts an impact on the spaceborne
SAR imaging at UHF [22], [27]. Furthermore, the temporal
and spatial variations in background ionosphere simultane-
ously appear in reality, which further complicate background
ionospheric effects.

At present, the background ionospheric effects in
terms of geometric distortion and image defocusing
on the P-band spaceborne SAR are detailed analyzed
in [7], [11], [13], [22]–[24]. However, in those works, there is
little concern about effects of spatiotemporally varying part
of the background ionosphere. Besides, the coupled effects of
higher-order phase errors due to the background ionosphere
are seldom discussed. Moreover, the effect of the Earth’s
rotation, which can directly impact the range history and
further complicate the background ionospheric effects, is also
little investigated. Due to the deficiencies of those works,
it is necessary to conduct a systematical analysis about the
background ionospheric effects on the P-band spaceborne
SAR imaging.

This paper presents the spatiotemporal variation character-
istics of the ionospheric TEC, in accordance with which and
the range history taking account of Earth’s rotation, the sig-
nal model of the P-band spaceborne SAR is established.

Afterward, the 2-dimensional (2-D) spectrum in the envi-
ronment of the background ionosphere is derived. Based on
the 2-D spectrum, the spatiotemporally varying background
ionospheric effects on the P-band spaceborne SAR imaging
performance, including the geometric fidelity, and focusing
quality, are theoretical and numerical investigated.

The remainder of this paper is organized as follows:
Section II begins with a description of the ionospheric TEC
in line with the temporal and spatial variations; this yields
the phase error induced by the background ionosphere. Then,
in Section III, the signal model for a P-band spaceborne
SAR is established in accordance with the range history
taking account of the Earth’s rotation, based on which the
2-dimensional (2-D) signal frequency spectrum in the envi-
ronment of background ionosphere is derived. Section IV
quantitatively presents the imaging distortion of the P-band
spaceborne SAR under spatiotemporally varying background
ionospheric effects. Afterward, in Section V, imaging sim-
ulations in terms of the single-point target responses are
performed to verify the theoretical analysis; responses of
array-point targets and 2-D image shifts along the satellite’s
track are simulated to show the impact of disparity of the
background ionosphere. Finally, Section VI draws the con-
clusion of this paper.

II. PHASE ERROR DUE TO THE SPATIOTEMPORALLY
VARYING BACKGROUND IONOSPHERE
Due to the relatively lower center frequency, the tempo-
ral and spatial variations of background ionosphere should
be taken into account in the P-band spaceborne SAR.
To illustrate temporal variations in the background iono-
sphere, Figs. 1(a) and (b) show the vertical TEC (VTEC)
data acquired from the GPS observation data reported by
the Arecibo Observatory on February 06, 2014 (high solar
activity) and February 06, 2017 (low solar activity), respec-
tively [29]. From Fig. 1, we see that the temporal variation
in the VTEC during one day is considerable; this variation is
closely related to the solar activity conditions: the VTEC can
be larger than 100 TECU at the high solar activity. In contrast,
the VTEC only ranges from several to dozens of TECU at the
low solar activity. What’s more, the temporal variation in the
VETC at the high solar condition is more significant than that
at the low solar activity.

FIGURE 1. The temporal variation of the VTEC during one day on
(a) February 06, 2014, (b) on February 06, 2017, where different colors
correspond to 32 different GPS satellites.
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According to [30], [31], the VTEC temporal gradient
is standing at between 0.002 and 0.008 TECU/s under a
quiet ionospheric condition, and its size could ascend to
0.05 TECU/s, even 0.1 TECU/s at the high solar activ-
ity. However, few studies concern the 2nd-order temporal
derivatives of the background ionosphere, which is also of
vital importance to the P-band spaceborne SAR imaging.
To conduct a more focused analysis, we plot the 1st-order and
2nd-order temporal change rates of the VTEC on February 06,
2014 in Figs. 2 (a) and (b). Then time versus the 1st-order and
2nd-order derivatives of the VTEC on February 06, 2017 are
presented in Figs. 2 (c) and (d), respectively.

FIGURE 2. The change rate of VTEC against time over (a) first order,
(b) second order on February 06, 2014; The change rate of VTEC against
time over (c) first order, (d) second order on February 06, 2017.

As detailed in Fig. 2, different orders of the TEC temporal
change rates vary with the time, those temporal variations
are also related to the solar activity. At the high solar activ-
ity, the VTEC temporal gradient distributes from −0.01 to
0.01 TECU/s, and its maximum size can exceed 0.1 TECU/s.
Meanwhile, the 2nd-order temporal derivative of the VTEC is
ranged from−3×10−4 to 3×10−4 TECU/s2. Regarding the
VTEC at the low solar activity, the temporal gradient of the
VETC between −5 × 10−3 and 5 × 10−3 TECU/s accounts
to most of VTEC temporal gradients. Furthermore, there is
a narrower scope for the 2nd-order temporal derivative of the
ionospheric VTEC at the low solar activity in contrast to that
at the high solar activity.

It is expected that the spatially varying ionospheric TEC
can also affect P-band spaceborne SAR imaging, to be exam-
ined below. It was shown in [30], [32] that the spatial gradient
of the VTEC is about 2 × 10−2 TECU/km for a quiet iono-
sphere, and it can get even larger at the high solar activity.
Figs. 3 (a) and (b) respectively show the global distribution
of the ionospheric VTEC at 14:00 on February 06, 2014 and
that at 14:00 on February 06, 2017.

FIGURE 3. The global distribution of the VTEC (a) at 14:00 on
February 06, 2014 (b) at 14:00 on February 06, 2017. Data
in the figure are taken from [32].

As displayed in Fig. 3, the ionospheric VTEC varies
according to the location on the Earth. Also, the spatial
variation in the background ionosphere is also correlated
to the solar activity, which might pose a challenge to the
P-band satellite SAR imaging. For further check, based on
data collected from Fig. 3 (a), we plot the 1st-order and
2nd-order spatial change rates of the VTEC along the latitude
direction at different longitudes under the high solar condition
in Figs. 4 (a) and (b), respectively. Then, the 1st-order and
2nd-order spatial derivatives of the VTEC at the low solar
activity are drawn in Figs. 4 (c) and (d), with the TEC date
taken from Fig. 3 (b).

As illustrated in Fig. 4, the 1st-order and 2nd-order spatial
derivatives of the VTEC vary with the location on the Earth,
the degrees of which, like the temporal change rate, depend
on the solar activity. At the high solar activity, the spatial gra-
dient distributes from -0.04 to 0.04 TECU/km, and its max-
imum value can reach to about 0.08 TECU/km. Besides, the
2nd-order spatial derivative of the VTEC ranges from−2.5×
10−4 to 2.5 × 10−4 TECU/km2. As to the VTEC at the low
solar activity, the size of the spatial gradient is always smaller
than 0.02 TECU/km, while the magnitude of the 2nd-order
spatial change rate barely exceeds 2 × 10−5 TECU/km2.
It is noteworthy that there are similar trends for the 1st-order
and 2nd-order spatial derivatives of the VTEC along longitude
direction at the same time; besides, the spatial variations in
the background ionosphere with respect to the solar activity
at the other days have similar tendencies; they are not pre-
sented here for simplicity. Further, the spatial variation of
background ionosphere in the analysis above shows similar
characteristics as in the previous researches [27], [30]–[32].
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FIGURE 4. The change rate of VTEC against distance along latitude over
(a) first order, (b) second order, at 14:00 on February 06, 2014. The change
rate of VTEC against distance along latitude over (c) first order, (d) second
order, at 14:00 on February 06, 2017.

In fact, the spatial and temporal variations in the back-
ground ionosphere are highly correlated, making the variation
of the ionospheric TEC more complicated. To proceed with
this analysis, we may simply assume the spatially varying
component of the ionospheric VTEC being time-invariant
during a short period, i.e. the synthetic aperture time of the
P-band spaceborne SAR. Hence, the spatiotemporally vary-
ing VTEC can be expressed as a function of the azimuth
time η

VTEC(η) = VTEC0 + t1η + t2η2 + · · ·︸ ︷︷ ︸
Temporal-dependent term

+ s1ra(η)+ s2r2a (η)+ · · ·︸ ︷︷ ︸
Spatial-dependent term

(1)

where VTEC0 is the constant component of the spatiotempo-
rally varying VTEC; ti, i = 1, 2, . . . is the ith-order Taylor
series coefficients of the VTEC with respect to the azimuth
time, si, i = 1, 2, . . . is the Taylor series coefficients of the
spatially varying VTEC at various orders over the azimuth
distance ra, which is related to the azimuth time (or equiva-
lently, the synthetic aperture processing of the SAR system)
by

ra = Vionoη (2)

Viono, the relative beam velocity in the background iono-
sphere, takes the form of

Viono =
(∣∣Rg

∣∣+ Hiono
) ∣∣∣∣∣
〈
Rs,Rg

〉
|Rs|

∣∣Rg
∣∣ Vs

|Rs|
−
ωE × Rg∣∣Rg

∣∣
∣∣∣∣∣ (3)

where 〈, 〉 denotes the inner product; ωE = [0, 0, ωE ]T ; ωE
is the Earth’s rotational angular velocity; Rg is the ground
target’s position; Rs and Vs are the position and velocity

vectors of the satellite, respectively; Hiono is the height of the
ionosphere, setting it to 400 km in this study.

Eq. (1) state that the ionospheric TEC that affecting the
imaging performance of the spaceborne SAR is given rise by
the constant, temporally varying and spatially varying parts
of the background ionosphere. To confirm the validity of (1),
using the configuration parameters in Table 1, Fig. 5 shows
the contrast of the reported VTEC data with the simulated
VTEC data. By so doing, the change rates of the VTEC versus
the azimuth time are derived from the reported temporally
varying VTEC data at the argument of latitude (AOL) of 20◦

within a synthetic aperture time of 12 seconds; the spatial
derivatives of the VTEC are obtained per the reported spatial
varying VTEC data along the satellite’s track at the zero
azimuth time. The acquired parameters of the background
ionosphere are summarized in Table 2 and the correspond-
ing comparison is respectively drawn in Fig. 5 (a) and (b).
In both cases, the zero-azimuth time is set to 00:30 on
February 06, 2014, and reported VTEC data are provided
by the International Reference Ionosphere (IRI) 2012 [34].
The spatiotemporally varying VTEC data along the path of
satellite within 12 seconds reported by the IRI 2012 and those
simulated based on the background ionospheric parameters
in Table 2 are presented in Fig. 5 (c) for further comparison.
Note that these comparisons are just used for confirming the
time-invariant characteristics of the spatially varying compo-
nent of the VTEC during the synthetic aperture time of the
spaceborne SAR.

TABLE 1. Configuration parameters of the satellite SAR.

TABLE 2. Parameters of the Spatiotemporally Varying Ionospheric VTEC.

As illustrated in Fig. 5 and Table 2, the spatially vary-
ing and temporally varying components of the VTEC can
be regarded as being independent of each other. Hence the
spatially varying component of the VTEC is treated as
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FIGURE 5. The comparison of the reported VTEC to simulated VTEC, where
(a) represents the temporally varying VTEC for the azimuth time at the
AOL of 20◦: (b) indicates the spatially varying VTEC as a function of the
AOL at the zero azimuth time, and (c) is the spatiotemporally varying VTEC
along the satellite’s path within a synthetic aperture time of 12 seconds.

time-invariant over a short period. Accordingly, (1) is capable
of handling the spatiotemporally varying VTEC.

For further ascertaining the spatiotemporal varying
background ionosphere on the signal of the P-band space-
borne SAR, the ionospheric TEC is written as

TEC(η) = TEC0 + k1η + k2η2 + . . . (4)

where TEC0 is the constant part of TEC(η), which can be
approximated by

TEC0 ≈ secψ · VTEC0 (5)

where ψ is the look angle of the spaceborne SAR.
In (4), ki, i = 1, 2, . . . is related to the ith-order change

rate of the TEC along the satellite path, which can be approx-
imately expressed by

ki ≈ secψ · (ti + siV i
iono) (6)

where superscript ‘‘i’’ represents the ith power.
The background ionosphere results in a phase shift to the

SAR signal [35]. If we treat the background ionosphere as
the only source of error due to ionosphere, then the roundtrip
phase error can be expressed by

1ϕiono(fτ , η) =
−4πA
c(fτ + fc)

TEC(η) (7)

where A ≈ 40.3, c is the light speed, fc and fτ are the center
frequency and range frequency, respectively.

III. SIGNAL MODEL OF P-BAND SATELLITE SAR
AND 2-D SPECTRUM UNDER EFFECTS OF
BACKGROUND IONOSPHERE
In this section, the signal model for a P-band spaceborne
SAR is built up based on the range history taking account of
the Earth’s rotation. Subsequently, the 2-D signal frequency
spectrum is derived by including the phase error related to
the effects of the spatiotemporally varying background iono-
sphere for further investigation.

Owing to the relatively low frequency, the range history
of the P-band spaceborne SAR should be a curved trajec-
tory. As a result, the equivalent linear model for the tra-
ditional imaging algorithm is no longer applicable in the
case of P-band spaceborne SAR, especially when the high
azimuth resolution is required. Besides, the Earth’s rotation
can change the range history (or Doppler parameters) and
ground velocity, thus it would further complicate the back-
ground ionospheric effects. Hence, we may expand the range
history taking account of Earth’s rotation into a Taylor series
at η = 0 up to the 4th-order.

R(η) = R0 + R1η + R2η2 + R3η3 + R4η4 + O(η5) (8)

where Ri, i = 1, . . . , 4 are Taylor series coefficients of the
range history in considering of the Earth’s rotation.

To validate the range model in (8), phase errors with a
look angle of 25◦ and with different real aperture lengths
(8 m, 24 m) due to the 4th-order Taylor series equation
are plotted in Fig. 6 (a) with respect to the spaceborne
SAR’s position. Configuration parameters of the spaceborne
SAR are given in Table 1. Note that the AOL is used to
describe the position of the spaceborne SAR in a Keplerian
orbit. For comparison, phase errors with a look angle of 45◦

and with various real aperture lengths against the AOL are
presented in Fig. 6 (b).

FIGURE 6. The phase errors caused by the 4th-order Taylor series
equation in the P-band spaceborne SAR with different real aperture
lengths and with look angles of (a) 25◦, (b) 45◦.

As revealed in Fig. 6, the phase error induced by the
4th-order Taylor series equation is always smaller than π /4,
even with a real aperture length of 8 m that corresponds to
an azimuth resolution on a meter scale. This suggests that the
4th-order polynomial range equation can adequately handle
the signal of the P-band spaceborne SAR with an azimuth
resolution on the meter scale. Hence, range history up to
4th-order in (8) is necessary and is adopted as the range model
of the P-band spaceborne SAR.
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From SAR imaging theory, all orders of Doppler param-
eters (or Taylor coefficients of the range history) can affect
the SAR imaging; on the other hand, all those parameters are
related to the AOL of the spaceborne SAR. For more rigorous
analysis, the Taylor coefficients of the range history with
different look angles (25◦, 35◦, and 45◦) from the 1st-order
to the 4th-order are calculated and presented in Fig. 7 as a
function of AOL, using the same set of simulation parameters
as in Fig. 6.

It can be identified from Fig. 7 that all orders of Taylor
coefficients of the range history vary with the varying AOL of
the spaceborne SAR. Besides, the effects of the spatiotempo-
rally varying part of the background ionosphere are correlated
to the Taylor coefficients of the range history [27]. Thus,
the spatiotemporally varying background ionospheric effects
are certainly different at different AOLs. Accordingly, it is
necessary to analyze such effects on the P-band spaceborne
SAR imaging at different AOLs.

FIGURE 7. The range history’s (a) 1st-order Taylor coefficient,
(b) 2nd-order Taylor coefficient, (c) 3rd-order Taylor coefficient,
(d) 4th-order Taylor coefficient, with respect to the AOL of
the spaceborne SAR.

Now that, the received point target signal in the 2-D time
domain is given by [36]

sr (τ, η) = wr (τ ) · wa(η) · exp
{
−j4π fcR(η)

/
c
}

· exp
{
jπKr

[
τ − 2R(η)

/
c
]2} (9)

where Kr is the frequency modulation (FM) rate of the radio
signal, wr (τ ) and wa(η) are the range and azimuth envelope
functions, respectively.

The range Fast Fourier Transform (FFT) is operated to (9)
by virtue of stationary phase (POSP) [37]

sr (fτ , η) = wr (fτ ) · wa(η) · exp(−jπ f 2τ
/
Kr )

× exp
[
−j4πR(η)(fτ + fc)

/
c
]

(10)

Note that the signal model in (10) is given for the ideal
case. To deal with the effects of the background ionosphere,

it is obliged to take the phase error given rise by the spa-
tiotemporally varying background ionosphere into account.
By including the phase error in (7) into (10), the signal model,
which contains the effects of background ionosphere in line
with spatial and temporal variations, could be expressed as

sr_iono(fτ , η)

= wr (fτ ) · wa(η) · exp(−jπ f 2τ
/
Kr )

· exp
[
−j4πR(η)(fτ + fc)

/
c+ j1ϕiono(fτ , η)

]
(11)

By means of the azimuth FFT through POSP and the
method of series inversion (MSR) in [38], the signal in (11) is
turned to the 2-D frequency domain, the expression of which
is written as

sr_iono(fτ , fη) = wr (fτ )wa(fη) exp
{
j9(fτ , fη)

}
(12)

where the phase term is given by

9(fτ , fη) = 9r (fτ )+9a(fη)+9rcm(fτ , fη)

+9src(fτ , fη)+9res (12a)

where 9r (fτ ) associates with the range compression, 9a(fη)
is related to the azimuth compression,9rcm(fτ , fη) and
9src(fτ , fη) account for the range cell migration (RCM) and
secondary range compression (SRC), 9res is in connection
with the residual phase error. For the sake of simplicity,
specific forms of those phase terms are not all present here;
their expression and detailed derivation can be found in [26]
with additional details.

Generally, the residual phase error exerts little impact
on the imaging of the spaceborne SAR. Besides, the range
compression term plays a dominant role in range imaging.
By contrast, the azimuth imaging is simultaneously affected
by the azimuth compression, RCM, and SRC terms. In order
to differentiate effects of those three terms on the azimuth
focusing, shown in Fig. 8, we plot the corresponding phase
errors against the synthetic aperture time, using configura-
tions of the spaceborne SAR in Table 1 and background iono-
spheric parameters in Table 2. For simplicity but without loss
of generality, we set the look angle and system bandwidth of
the spaceborne SAR system to 45◦ and 6 MHz, respectively.
As demonstrated in Fig. 8, the phase errors due to the RCM

and SRC terms are far smaller than the phase error given
rise by the azimuth compression term under the effects of
background ionosphere. Thus, the RCM and SRC terms are
ruled out in the ensuing analysis related to azimuth imag-
ing. As a result, the background ionospheric effects on the
imaging performance of the P-band spaceborne SAR can be
respectively examined in terms of range imaging and azimuth
imaging in accordance with 9r (fτ ) and 9a(fη), respectively;
whose specifically expressions are given by

9r (fτ ) = 2π

{(
−
2R0
c
+

2A · TEC0

cf 2c
+

P21
2P2c

+
P31P3
4P32c

)
fτ

−
1

2Kr
f 2τ −

2A · TEC0

cf 3c
f 2τ +

2A · TEC0

cf 4c
f 3τ

}
(13)
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FIGURE 8. Under effects of spatiotemporally background ionosphere,
the phase errors due to azimuth compression, RCM, and SRC terms
against the synthetic aperture time.

9a(fη) = 2π

{(
P1
2P2
+

3P21P3
8P32

)
fη

+
c
fc

(
1

8P2
+

3P1P3
16P32

)
f 2η +

c2

f 2c

P3
32P32

f 3η

}
(14)

with

Pi = A
/
f 2c · ki + Ri, i = 1, 2, . . . (15)

where ki, i = 1, 2 . . ., the parameters related to the spatiotem-
porally varying part of the background ionosphere, are given
in (6).

To further examine effects of higher-order derivatives of
the background ionosphere in line of spatial and temporal
variations on the P-band spaceborne SAR imaging, we plot
the azimuth phase errors caused by different order derivatives
of the ionospheric TEC with respect to the synthetic aperture
time in Fig. 9, by using the same set of simulation parameters
as in Fig. 8.

Fig. 9 indicates that the azimuth phase error is mainly
induced by the 1st-order derivative of the ionospheric TEC,
while the 2nd-order derivative of the TEC exerts a relatively
small but non-ignorable impact on the azimuth phase error.
In contrast, the 3rd-order and 4th-order azimuth phase errors,
i.e. k3 and k4, are negligibly small. Thus, there is no necessary
to take them into account in the following analysis. As a
result, only the 1st-order and 2nd-order derivatives of the TEC
are included in what follows.

To maintain consistency with results in Figs. 1-4 and
previous studies about the spatiotemporal variation of the
background ionosphere in [25]–[27], [30]–[32], [39]–[41],
but without loss of generality, the background ionospheric
parameters at different solar activities are listed in Table 3 for
further analysis.

In the next section, we will quantitatively evaluate the
imaging distortion due to the background ionospheric effects
in line of (13) and (14) by using configuration parameters of

FIGURE 9. Under the effects of spatiotemporally background ionosphere,
the sizes of the azimuth phase errors due to different order derivatives of
the TEC with respect to the synthetic aperture time.

TABLE 3. Background Ionospheric parameters for simulation.

the P-band spaceborne SAR from Table 1 and background
ionospheric parameters in Table 3.

IV. THEORETICAL ANALYSIS OF THE BACKGROUND
IONOSPHERIC EFFECTS
The background ionospheric effects can adversely contribute
to the geometric distortion and defocusing phenomenon,
which is assessed in terms of range imaging and azimuth
imaging, respectively. Although background ionospheric
effects in terms of geometric distortion and image defocusing
in the range and azimuth directions are detailed analyzed
in [7], [8], [11], [12], [22]–[24]; yet there is little concern
about the effects of spatiotemporally varying parts of the
background ionosphere in those works. Also, the coupled
effects of higher-order phase errors due to background iono-
sphere on spaceborne SAR imaging are seldom discussed in
the previous analysis. For a more rigorous study, the spa-
tiotemporally varying background ionospheric effects on the
P-band spaceborne SAR are comprehensively discussed in
this section. We begin by discussing the imaging distortion
in the range direction.

A. IMAGING DISTORTION IN RANGE DIRECTION DUE
TO BACKGROUND IONOSPHERIC EFFECTS
According to (13), the imaging distortion under the effects of
the background ionosphere in the range direction embodies as
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geometric distortion related to the 1st-order phase error, and
defocusing phenomenon due to the higher-order phase errors
in the range compression term, to be detailed below.

1) GEOMETRIC DISTORTION IN RANGE DIRECTION
(RANGE SHIFT)
Due to the spatiotemporally varying characteristics of the
background ionosphere, the range shift consists of two
components:

1Lr = 1Lr0 +1Lr1 (16)

1Lr0 = A · TEC0

/
f 2c (17a)

1Lr1 =
P21
4P2
+
P31P3
8P32
−

R21
4R2
−
R31R3
8R32

(17a)

where 1Lr0 is the range shift under the ionospheric freezing
model, which is in consistency with the theoretical results
in [8], [22], [23]; 1Lr1 is related to the Doppler errors given
rise by the spatiotemporally-varying part of the background
ionosphere.

Fig. 10 shows1Lr0 with different look angles as a function
of the VTEC0. We observe that this range shift is positively
correlated with the VTEC0 as well as SAR look angle.
Besides, the range shift under ionospheric freezing model is
quite significant, with a magnitude of hundreds of meters.
Hence, this range shift must be considered in the signal
processing of the P-band spaceborne SAR for ensuring the
geometric accuracy in range direction.

FIGURE 10. Range shifts under the ionospheric freezing model with
different look angles as a function of the VTEC0.

To inspect the range shift induced by Doppler errors due to
the spatiotemporally varying part of background ionosphere,
range shifts1Lr1 with various look angles under the low solar
condition with respect to the AOL are drawn in Fig. 11 (a).
Then,1Lr1 with various look angles at the high solar activity
against the AOL are presented in Fig. 11 (b).

As is evident in Fig. 11, the range shift induced by the
Doppler errors depends on the solar activity: the size of1Lr1
is smaller than 1 meter at the low solar activity, where it

FIGURE 11. The range shifts 1Lr1 against the AOL with various look
angles at (a) low solar activity, (b) high solar activity.

can be up tens of meters at the high solar activity. Interest-
ingly, the range shift caused by Doppler errors also shows
an obvious dependency on the location of the satellite: it
almost disappears at 90◦ and 270◦ of the AOL but peaks at
0◦ and 180◦ of the AOL. Furthermore, a comparison between
Fig. 10 and Fig. 11 shows that the constant component of
the background ionosphere dominates the range shift, while
the range shift induced by Doppler errors is relatively small,
yet it is still non-negligible at the high solar activity, with
respect to the geometric accuracy. Thus, it is difficult to
detect the correct position of the ground target along the
range direction in the presence of spatiotemporally varying
background ionosphere, if no compensation is done.

2) DEFOCUSING PHENOMENON IN RANGE DIRECTION
As seen in (14), the quadratic and cubical terms of the range
compression term are only correlated with TEC0, both of
which can affect the range focusing. To a certain extent,
the main lobe of the signal is broadened as a result of the
range Quadratic Phase Error (QPE); meanwhile, the side-
lobe is risen, and thus, the range resolution is degraded. The
asymmetrical side-lobe appears if the range Cubical Phase
Error (CPE) is sufficiently large. The degradation in range
resolution due to the range QPE is discussed in [7], [22].
Afterward, based on the signal model, [23] had probed into
the effects of range QPE and CPE on the range focusing of
the P-band spaceborne SAR separately. The results in [23]
show the range QPE could lead to poor focusing quality in
the range direction. Further, there is a ghost target in range
direction of the P-band spaceborne SAR when the signal is
affected by the effect of range CPE only [23].

For comprehensive measuring effects, the range QPE and
CPE on range imaging are given below

QPEr =
πAB2

cf 3c
TEC0 (18)

CPEr =
πAB3

2cf 4c
TEC0 (19)

Eqs. (18) and (19) state the range QPE and CPE are positively
correlated to the TEC0. Besides, the system bandwidth and
center frequency are also responsible for the range QPE, as
well as the range CPE. As a rule of thumb, the threshold value
for the range QPE is π /4; by contrast, the CPE’s threshold
value should be π /8.
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The range QPEs of the P-band spaceborne SAR
with various look angles and with system bandwidths
of 6 MHz and 50 MHz against the VTEC0 are illustrated
in Figs. 12(a) and (b), respectively. Then the range CPEs with
various look angles and with system bandwidths of 6 MHz
and 50 MHz are drawn in Figs. 12 (c) and (d) as a function of
the VTEC0. The rationale to choose these two system band-
widths is as follows: The spaceborne SAR of the BIOMASS
mission operates at a bandwidth of 6 MHz [4]; the system
bandwidth of 50 MHz is chosen for a comparison with the
analysis in [23].

FIGURE 12. The QPEs as a function of VTEC0 with various look angles and
with system bandwidths of (a) 6MHz and (b) 50 MHz. The CPEs as a
function of VTEC0 with various look angles and with system bandwidths
of (c) 6MHz and (d) 50 MHz.

As revealed in Fig. 12, the degree of effect of the range CPE
is smaller than that of the range QPE. Also, neither the range
CPE nor range QPE exceeds its threshold value at a system
bandwidth of 6MHz, suggesting both the rangeQPE andCPE
exert little impact on the range focusing of the P-band space-
borne SAR with a coarse range resolution. In view of larger
system bandwidth, say, 50 MHz, the thresholds for the range
QPE and range CPE are easily exceeded even at the relatively
low solar condition. Furthermore, it can be observed that the
impacts of the range QPE and CPE are positively correlated
to the look angle of the spaceborne SAR. In this case, the
larger bandwidth and look angle are, the more difficult to
retain good image quality for the P-band spaceborne SAR in
the environment of background ionosphere.

B. IMAGING DISTORTION IN AZIMUTH DIRECTION DUE
TO BACKGROUND IONOSPHERIC EFFECTS
In light of the azimuth compression term in (14), the deriva-
tives of the TEC could lead to Doppler errors, and even-
tually cause imaging distortion in azimuth imaging. More
concretely, the phase error due to the linear term of (14)
gives rise to azimuth shift, whereas the higher-order azimuth
phase errors, if potentially large enough, would bring

about the defocusing phenomenon. At present, there is lit-
tle study concerning the effects of spatiotemporally vary-
ing part of the background ionosphere on the azimuth
imaging of the P-band spaceborne SAR, though similar
researches are carried out with respect to the L-band high
orbit SAR [25]–[27], [30], [40]. To conduct a careful check,
the geometric fidelity and focusing quality in azimuth direc-
tion under the effects of spatiotemporally varying background
ionosphere are elaborated below.

1) GEOMETRIC DISTORTION IN AZIMUTH DIRECTION
(AZIMUTH SHIFT)
According to (15), the Doppler errors can induce an image
shift in the azimuth direction, which is signified as

1La = Vg

(
P1
2P2
+

3P21P3
8P32

−
R1
2R2
−

3R21R3
8R32

)
(20)

where Vg is the ground velocity, defined by

Vg =
∣∣Rg

∣∣ ∣∣∣∣∣
〈
Rs,Rg

〉
|Rs|

∣∣Rg
∣∣ Vs

|Rs|
−
ωE × Rg∣∣Rg

∣∣
∣∣∣∣∣ (21)

Eq. (20) states that the azimuth shift no longer follows the
proportionality to the first-order gradient of the TEC as a
result of the contribution from high order Doppler errors due
to background ionospheric effects. Also, the definition of the
ground velocity in (21) suggests the Earth’s rotation can also
impact the azimuth shift.

To ascertain the respective contribution of the temporally
and spatially varying parts of the background ionosphere on
the azimuth shift, (20) can be further divided into two parts:

1La = 1Lat +1Las (22)

where 1Latis related to the temporal variation in the back-
ground ionosphere, which can be expressed by

1Lat = Vg ·

(
T1
4P2
−

R1
4R2
+

3T 2
1 T3

16P32
−

3R21R3
16R32

)
(23)

where Ti = 2A
/
f 2c · ti · secψ + Ri, i = 1, 3.

1Las, the azimuth shift given rise by the spatially varying
part of the background ionosphere, is given by:

1Las = Vg ·

(
S1
4P2
−

R1
4R2
+

3S21S3
16P32

−
3R21R3
16R32

)
(24)

where Si = 2A
/
f 2c · siV

i
iono · secψ + Ri, i = 1, 3. Detailed

derivations of (22)-(24) can be found in the appendix.
For a closer look, we plot the azimuth shifts 1Lat with

various look angles as a function of the AOL, at the low
and high solar activities in Figs. 13 (a) and (b), respectively.
Similarly, the azimuth shifts 1Las with different look angles
at different solar activities are plotted in Figs. 13 (c) and (b).
Finally, the whole azimuth shifts against the AOL under
various solar conditions are presented in Figs. 13 (e) and (f),
respectively.
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FIGURE 13. 1Lat against the AOL at (a) low solar activity, (b) high solar
activity. 1Las against the AOL at (c) low solar activity, (d) high solar
activity. The whole azimuth shifts against the AOL at (e) low solar activity,
(f) high solar activity.

As seen in Fig. 13, the azimuth shift is positively correlated
with the SAR look angle. The positions of the spaceborne
SAR, i.e. the AOL, also exert a considerable impact on
the azimuth shift. Clearly, the spatially varying part of the
background ionosphere plays a dominant role in determin-
ing the azimuth shift. Meanwhile, 1Lat, the azimuth shift
given rise by temporal derivatives of the TEC is far from
ignorable, ranging from several meters under the low solar
condition to dozens of meters at the high solar activity. This
suggests that neither the temporally varying component nor
the spatially varying component of the background iono-
sphere can be neglected in the signal processing of the P-band
spaceborne SAR.

2) DEFOCUSING PHENOMENON IN AZIMUTH DIRECTION
In what follows, the background ionospheric effects on the
azimuth focusing are analyzed by examining the azimuth
QPE and CPE, which are expressed as:

QPEa =
πc
2fc

∣∣∣∣∣ 1
8P2
+

3P1P3
16P32

−
1

8R2
−

3R1R3
16R32

∣∣∣∣∣B2D (25)

CPEa =
πc2

4f 2c

∣∣∣∣∣ P3
32P32

−
R3
32R32

∣∣∣∣∣B3D (26)

where BD is the Doppler bandwidth that is in a negative
correlation to the real aperture length in the azimuth direction.

According to the SAR imaging theory, the threshold for the
azimuth QPE is π /4, while that for the azimuth CPE is π /8.

As detailed in (25)-(26), the Doppler errors due to effects
of spatiotemporally varying part of background ionosphere
could impact the azimuth focusing. Also, the azimuth reso-
lution (or the real aperture length) would contribute to the
defocusing phenomenon in the azimuth direction to a certain
extent.

For a rigorous analysis, presented in Figs. 14 (a-b), we
plot the azimuth QPEs with various real aperture lengths
(8 m and 24 m) against the SAR look angle at low and high
solar activities, respectively. Similarly, azimuth CPEs under
different solar activities are plotted in Figs. 14 (c) and (d) as
a function of the SAR look angle.

FIGURE 14. The azimuth QPEs with various real aperture lengths against
the SAR look angle at (a) low solar activity, (b) high solar activity. The
azimuth CPEs various real aperture lengths against the SAR look angle at
(c) low solar activity, (d) high solar activity.

Fig. 14 demonstrates that the azimuth QPE and CPE are
positively dependent on the SAR look angle, but both are
inversely proportional to the real aperture length. Besides,
the azimuth CPE barely exceeds the threshold of π /8 regard-
less of solar activities, indicating that the azimuth CPE is not
a problematic issue for the azimuth focusing of the P-band
spaceborne SAR. Regarding the impact of the azimuth QPE,
it is related to the solar activity and azimuth resolution:
the azimuth QPE is always smaller than its threshold when
the background ionosphere varies slowly. At the high solar
activity, the azimuth QPE of the spaceborne SAR with high
azimuth resolution can easily exceed the threshold of π /4 and
thus defocus the azimuth imaging, the degree of which also
increases with the increasing look angle. In contrast, only
when the look angle is larger than 40◦ would the azimuth
focusing of the P-band spaceborne SAR with a coarse
azimuth resolution be affected by the background ionospheric
effects.

So far, we have analyzed the background ionospheric
effects on the P-band spaceborne SAR imaging. It is observed
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the geometric accuracy and focusing quality are impacted,
especially at the high solar activity. To further confirm the
theoretical analysis, numerical simulations using point target
responses, in terms of the single-point target and array-point
targets, as well as simulations of 2-D image shifts along the
track of the satellite, are conducted in the next section.

V. NUMERICAL ILLUSTRATIONS OF IMAGING
DISTORTION DUE TO BACKGROUND
IONOSPHERIC EFFECTS
This section would, based on the satellite configurations
in Table 1 and background ionospheric parameters in Table 3,
illustrate point target responses in terms of the single-point
target and array-point targets under background ionospheric
effects. Afterward, the 2-D image shifts given rise by the
background ionosphere along the track of the satellite are
simulated to analyze the background ionospheric effects in
the environment of the discrepancy of the background iono-
sphere. First, the single-point target response in the environ-
ment of background ionosphere is simulated with respect to
the single-point target, to be elaborated next.

A. NUMERICAL ILLUSTRATIONS OF SINGLE-POINT
TARGET RESPONSE
Figs. 15 (a) and (b) present range profiles of the single-point
target response of the P-band spaceborne SAR with a system
bandwidth of 6 MHz at the low and high solar activities,
respectively. To conduct a comparative analysis with respect
to the analysis in [23], and further quantify the background
ionospheric effects on the range imaging with the resolution
on meter scale, we plot the range profiles of the single-
point target response with a system bandwidth of 50 MHz
in Figs. 15(c) and (d), respectively. In both cases, the look

FIGURE 15. The range profiles of the single-point target response with a
system bandwidth of 6 MHz at (a) the low solar activity, (b) the high solar
activity. The range profiles of the single-point target response with a
system bandwidth of 50 MHz at (c) the low solar activity, (d) the high
solar activity.

angle of the P-band spaceborne SAR is set to 25◦. To assess
the image quality, we compared both the ideal and real res-
olutions in range direction, peak to sidelobe ratio (PSLR)
and range integrated sidelobe ratio (ISLR) of the 1-D range
profile, whose numeric values are given in Table 4.

TABLE 4. Evaluations of the 1-D range profile of the P-band spaceborne
SAR with a look angle of 25◦.

As revealed in Fig. 15 and Table 4, the geometric distortion
in terms of the range shift is correlated to the solar activity.
Further comparing Fig. 15 (a) and (b) with Fig. 15(c) and (d),
we find the range shift with a larger bandwidth is more
serious, a phenomenon given rise by the asymmetry of the
side-lobe due to the effect of the range CPE. As to the
range focusing quality, it is related to the system bandwidth:
For a system bandwidth of 6 MHz, the range resolution is
almost unaffected and the range PSLR and ISLR are highly
desirable in the spite of the solar activity. Regarding a system
bandwidth of 50 MHz, it is difficult, if not impossible, to
have a focused image in the range direction, even when the
background ionosphere changes slowly. Interestingly, unlike
the results in [23], there is not a ghost target in the range
direction in such a situation, though the range profile becomes
asymmetrical. The reason for this difference is that the range
imaging is jointly affected by the range QPE and CPE; how-
ever, the degree of impact of the range QPE is larger than
that of the range CPE. As a result, the range imaging is fully
defocused under the effect of range QPE before it is affected
by the range CPE.

Now inspection of azimuth imaging distortion of the
P-band spaceborne SAR under effects of the background
ionosphere is in order. In so doing, we simulate the
azimuth profiles with a look angle of 25◦ and a real aper-
ture length of 24 m at the low and high solar condi-
tions in Figs. 16(a) and (b), respectively. For comparison,
Figs. 16(c) and (d) present the azimuth profiles at the low
and high solar activities. The real aperture length and look
angle of the spaceborne SAR are set to 8 m and 25◦ respec-
tively. Measures of merit for the image quality of the azimuth
profiles are summarized in Table 5.

As can be seen from Fig. 16 and Table 5, the azimuth
shift is persistently significant to an unacceptable level for
most applications. Besides, the azimuth focusing quality is

123192 VOLUME 8, 2020



Z. Xu, K.-S. Chen: Numerical Study of the Spatiotemporally-Varying Background Ionospheric Effects

FIGURE 16. The azimuth profiles of the single-point target response with
a real aperture length of 24 m at (a) the low solar activity, (b) the high
solar activity. The azimuth profiles of the single-point target response
with a real aperture length of 8 m at (c) the low solar activity, (d) the high
solar activity.

TABLE 5. Evaluations of the 1-D azimuth profile of the P-band
spaceborne SAR with a look angle of 25◦.

correlated to the solar activity: At the low solar activity,
the azimuth resolution is little impacted and there is almost
no impact on the azimuth PSLR and ISLR regardless of the
real aperture length of the spaceborne SAR. Under the high
solar condition, the focusing quality also depends on the
azimuth resolution: Regarding the P-band spaceborne SAR
with a larger real aperture length, the azimuth resolution is
adversely degraded and the PSLR of the azimuth profile is
unacceptable, but both degrees of which are relatively small.
By contrast, the azimuth focusing is profoundly distorted for
the P-band spaceborne SAR with a small real aperture length
in the presence of background ionosphere. It is laborious
to yield a well-focused image under such a situation. This
confirms that the azimuth focusing of the P-band spaceborne
SAR is profoundly impacted by the background ionospheric
effects at the high solar activity.

At this point, imaging distortions of the P-band spaceborne
SAR are theoretically analyzed and numerically validated

based on the background ionospheric parameters in Table 3.
However, the distribution of background ionosphere is inho-
mogeneous, thus the background ionosphere changes along
the track of the satellite; the spatiotemporal variations of
the ionospheric TEC might be different at different positions
in the image scene. This characteristic could lead to diver-
sities of image distortions of the P-band spaceborne SAR.
To be comprehensive in analyzing spatiotemporally varying
background ionospheric effects, the next two subsections
proceed discussions in detail from simulations of responses
of array-point targets in the image scene, and 2-D image shifts
along the satellite’s track, respectively.

B. NUMERICAL ILLUSTRATIONS OF RESPONSES OF
ARRAY-POINT TARGETS
In this sub-section, in company with satellite configurations
in Table 1, simulations of the array-point targets are per-
formed. At present, it is quite difficult to acquire the spa-
tially varying and temporally varying parts of the background
ionosphere, simultaneously. By comparison, the IRI model
can offer parameters of the background ionosphere in line
with the spatiotemporal variation [34]. Thus, the IRI model is
used for providing background ionospheric parameters. It is
noteworthy that there are series of IRI models; IRI 2012 is
adopted in this analysis. Now, the imaging distortion of the
array-point targets can be analyzed, to be discussed below.

Fig. 17 (a) shows the geographic coordinates of array-
point targets, i.e., five-point targets, that placed in the image
scene, based on which the spatiotemporally varying VTEC
data within 10 seconds reported by the IRI 2012 are presented
in Fig. 17 (b) by using the same set of parameters as in Fig. 5.
For further analysis, the background ionospheric parameters
derived in accordance with the reported TEC data, as listed
in Table 6. Then, the simulated VTEC data calculated from
the parameters in Table 6 are also depicted in Fig. 17 (b).
In this case, the scene center (0 km, 0 km) corresponds to
a look angle of 30◦ and a squint angle of 0◦.

TABLE 6. Parameters of the spatiotemporally varying Ionospheric VTEC at
five-point positions.

Results in Fig. 17 show that the background ionospheric
parameters change with the variation of the target’s position,
especially the constant component of the ionospheric TEC.
Additionally, Table 6 demonstrates the temporally varying
part of the background ionosphere increases the ionospheric
TEC; by comparison, the ionospheric TEC decreases due to
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FIGURE 17. (a) Schematic diagram of geographic coordinates of the
five-point targets in the image scene. (b) The contrast of the reported
VTEC and the simulated VTEC, where the symbol ‘X’ represents the VTEC
data reported by IRI 2012 while the solid line is the VTEC data simulated
from the parameters in Table 6.

spatially varying part of the background ionosphere. This
phenomenon indicates the variation in the background iono-
sphere becomes further complicated due to the coupled spa-
tial and temporal variations of background ionosphere.

Next, the point target responses in free space at those
five positions are simulated and presented in Fig. 18 (a).
For comparison, the point target responses under background
ionospheric effects are shown in Fig. 18 (b), using the param-
eters in Table 6. For more detailed inspection, the range
and azimuth profiles of the responses of five-point targets in
free space and those in the environment of the background
ionosphere are depicted in Fig. 19. In both cases, the system
bandwidth and real aperture length of the spaceborne SAR
are set to 6 MHz and 24 m, respectively.

According to the results in Fig. 18 and Fig. 19, it is
observed the background ionospheric effect exerts little
impact on the focusing quality of the P-band spaceborne
SAR in such a situation, but it can induce 2-D image
shifts to responses of array-point targets. A careful check
of Fig. 19 shows that the maximum range shift appears at

FIGURE 18. Responses of five-point targets (a) in free space, (b) under
background ionospheric effects.

position D with a value of 76.23 m, whereas the range shift at
position B is minimal, with a size of 75.58 m. In comparison,
the azimuth shift peaks at position E, while it is minimized
at position C; specifically, the azimuth shifts at those two
positions are −10.85 m and −10.21 m respectively. There-
fore, the degrees of the 2-D image shifts change according to
the respective positions of those five-point targets. This phe-
nomenon is attributed to the different background ionospheric
data at those five positions.

In order to understand more of the spatiotemporally vary-
ing background ionospheric effects on the imaging perfor-
mance of the P-band spaceborne SAR with a metric scale
resolution in the case of array-point targets, we set the system
bandwidth and real aperture length to 50 MHz and 8 m,
respectively. Subsequently, comparisons of point target
responses in free space and those under background iono-
spheric effects are displayed in Fig. 20. Only the 1-D profile
is considered in this case.

As illustrated in Fig. 20, there is a serious defocusing
phenomenon in the range imaging; further, the range profile
becomes asymmetrical and the range shift is even more seri-
ous compared to the range profiles in Fig. 19. As explained
in the aforesaid analysis, this phenomenon is given rise by
the asymmetry of the side-lobe because of the impact of
the range CPE. In contrast, the azimuth imaging is little
defocused but the azimuth shift is persistently significant.
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FIGURE 19. Responses of five-point targets in free space (gray dash line) and those under background ionospheric effects (black solid line), the 1st row
represents range profiles, the 2nd row indicates azimuth profiles. The bandwidth and real aperture length are 6 MHz and 24 m, respectively.

FIGURE 20. Responses of five-point targets in free space (gray dash line) and those under background ionospheric effects (black solid line), the 1st row
represents range profiles, the 2nd row indicates azimuth profiles. The bandwidth and real aperture length are 50 MHz and 8 m, respectively.

This indicates the azimuth focusing of the P-band space-
borne SAR is not affected by the background ionospheric
effects at the low solar activity, which is in consistent with
the theoretical analysis. What’s more, comparisons of results
in Fig. 20 show that the diversities of the background iono-
sphere at different positions can lead to different 2-D image
shifts, though the focusing qualities very little at different
positions. So, it is obliged to investigate the 2-D image shifts
along the track of the satellite for clarifying the contribution
of the discrepancy of the background ionosphere.

C. 2-D IMAGE SHIFTS ALONG THE TRACK OF THE
SATELLITE
Currently, the spatial resolution on a decameter scale is pre-
ferred in the mission of the P-band spaceborne SAR [4], [5].
Thus, the focusing quality is not impaired under this circum-
stance; in contrast, the geometric distortion in terms of image
shift is far from ignorable. Further, results in Figs. 19 and 20
show that the effects of the discrepancy of the background
ionosphere along the satellite’s track should be considered.

In this subsection, the 2-D image shifts along the satellite’s
track with look angles ranging from 25◦ to 45◦ are separately
investigated. By so doing, the entire satellite’s track is divided
into a series of sub-tracks under the synthetic aperture time
and satellite configurations in Table 1, based on which the
background ionospheric parameters for the given SAR look
angles within the sub-track are obtained through the IRI
2012 model. Subsequently, the image shift within the sub
track and that along the entire track of the satellite can be
acquired accordingly.Without loss of generality, the synthetic
aperture time that contributes little to the 2-D image shifts
is set to 3 seconds; the initial visit time is set to 00:00 on
February 06, 2014.

Fig. 21 (a) and (b) respectively presents the range and
azimuth shifts along the track of the P-band spaceborne SAR,
from which we observe that the 2-D image shifts with a fixed
SAR look angle are different at different AOLs. Besides,
the variation in the azimuth shift and that in the range shift is
not synchronous along the satellite’s track, making the com-
pensation for the background ionospheric effects even more
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FIGURE 21. With the look angle ranging from 25◦ to 45◦, (a) the range shift along the satellite’s track, (b) The azimuth shift along the
satellite’s track. The black dashed line indicates the track of the satellite during one cycle, and two magenta lines represent the boundaries
of the spatial coverage.

complicated. Moreover, both the range shift and azimuth
shift vary with the varying look angle of the P-band satellite
SAR at a specified position, the degrees of which are quite
noticeable. As the SAR look angle with a scope from 25◦ to
45◦ corresponds to a swath of image scene over hundreds of
kilometers, thus it can be concluded that the disparities of the
background ionosphere in such a large image scene can affect
the 2-D image shifts to a certain extent. However, comparison
of Fig. 21 to Figs.19 and 20 shows that in the image scenewith
a swath on the order of tens of kilometers, though there are
some impacts for the diversities of the background ionosphere
on the 2-D image shifts, yet the degree of which is relatively

small to the whole image shift. Consequently, the diversities
of the background ionosphere in the image scene with a swath
on this order might be ignored unless a very high geometric
accuracy is desirable.

It becomes clear that the P-band spaceborne SAR is
adversely affected by the effects of the spatiotemporally vary-
ing background ionosphere and it is necessary to compensate
for such effects. However, TEC data reported by the IRI
model is the monthly averaged data [42]; besides, the TEC
data estimated by the GPS networks or similar systems has
low sensitivity regarding the change rate of the background
ionosphere [43]. Hence, neither of those methods can meet
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the compensating requirement of phase error induced by the
spatiotemporally varying background ionosphere. It might be
a candidate method to compensate for such effects by retriev-
ing ionospheric TEC data from the signal of the spaceborne
SAR [43]–[45], which would be the priority of such studies.

VI. CONCLUSION
In this paper, the effects of the spatiotemporally varying
background ionosphere on the P-band spaceborne SAR imag-
ing are analyzed. The imaging distortions in terms of the
geometric distortion and defocusing phenomenon in range
and azimuth directions are evaluated. It is found that, at P-
band, both the range shift and azimuth shift due to effects of
the spatiotemporally varying part of background ionosphere
are considerable with respect to the geometric accuracy. As to
the focusing quality, it is seldom affected by the background
ionospheric effects for the P-band spaceborne SAR with a
coarse resolution on a decameter scale. Regarding the P-band
spaceborne SAR with resolution at metric level, the range
focusing is persistently affected. In contrast, only when the
background ionosphere changes quickly, the azimuth focus-
ing is affected in such a situation. Numerical simulations in
terms of the single-point target responses confirm the theoret-
ical analysis. Simulations of responses of array-point targets,
together with 2-D image shifts along the satellite’s track,
show that the diversities of the background ionosphere can
further affect the P-band satellite SAR imaging, the degree
of which is positively correlated to the swath of the P-band
spaceborne SAR. Before closing, it is noteworthy that com-
pensating for such spatiotemporally varying phase error is a
challenging but necessary task if better use of P-band SAR
data is in demand. Such interesting work becomes a priority
in our future research.

APPENDIX
DERIVATION OF AZIMUTH SHIFTS CAUSED BY
SPATIALLY AND TEMPORALLY VARYING PARTS
OF THE BACKGROUND IONOSPHERE
The azimuth shift caused by the spatiotemporally varying
background ionospheric effects is

1La = Vg

[(
P1
2P2
−

R1
2R2

)
+

(
3P21P3
8P32

−
3R21R3
8R32

)]
(A1)

Taking account of the definition of P1, the first term in the
bracket of (A1) can be expressed as

P1
2P2
−

R1
2R2
=
A
/
f 2c · k1 + R1

2P2
−

R1
2R2

(A2)

Substituting (6) into (A2), one can obtain

P1
2P2
−

R1
2R2
=

A
/
f 2c · secψ · (t1 + s1Viono)+ R1

2P2
−

R1
2R2

=
2A
/
f 2c · secψ · t1 + R1

4P2
−

R1
4R2

+
2A
/
f 2c · secψ · s1Viono + R1

4P2
−
R1
4R2

(A3)

As a result, (A2) can be divided into two parts:

P1
2P2
−

R1
2R2
=

(
T1 + R1
4P2

−
R1
4R2

)
+

(
S1 + R1
4P2

−
R1
4R2

)
(A4)

where T1 = 2Af −2c · t1 secψ + R1, S1 = 2Af −2c ·

Vionos1 secψ + R1.
Similarly, the second term in the bracket of (A1) takes the

following form:

3P21P3
8P32

−
3R21R3
8R32

=

(
3T 2

1 T3
16R32

−
3R21R3
16R32

)

+

(
3S21S3
16R32

−
3R21R3
16R32

)
+1res (A5)

where T3 = 2Af −2c · t3 secψ + R3, S3 = 2Af −2c ·

V 3
ionos3 secψ + R3, 1res is the residual error. It can be cal-

culated that the size of this residual error is negligibly small
(generally smaller than 10−5 m), thus it exerts little impact on
the azimuth shift.

As a result, the azimuth shift due to the background iono-
spheric effects can be finally written as:

1La = 1Lat +1Las (A6)

where

1Lat = Vg ·

(
T1
4P2
−

R1
4R2
+

3T 2
1 T3

16P32
−

3R21R3
16R32

)
(A7)

1Las = Vg ·

(
S1
4P2
−

R1
4R2
+

3S21S3
16P32

−
3R21R3
16R32

)
(A8)
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