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Abstract: Due to geosynchronous synthetic aperture radar’s (GEO SAR) high orbit and low relative
speed, the integration time reaches up to hundreds of seconds for a fine resolution. The short
revisit cycle is essential for remote sensing applications such as disaster monitoring and vegetation
measurements. Three-dimensional (3D) scene imaging mode is crucial for long-term observation
using GEO SAR. However, this mode will bring a new kind of space-variant error in elevation. In this
paper, we focus on the analysis of the elevation space-variant error. First, the decorrelation problems
caused by the spatial variation are presented. Second, by combining with the SAR imaging geometry,
the elevation spatial variation is decomposed into two-dimensional (2D) space variation of range and
azimuth. Third, an imaging algorithm is proposed to solve the 3D space variation and improve the
focusing depth. Finally, simulations with dot-matrix targets and distributed targets are performed to
validate the imaging method.

Keywords: geosynchronous synthetic aperture radar (GEO SAR); three-dimensional (3D) scene
imaging; elevation spatial variation error; depth of focus

1. Introduction

Spaceborne synthetic aperture radar (SAR) is a radar system for ground observation
with satellite as the carrier. Compared with low earth orbit SAR (LEO SAR), geosyn-
chronous synthetic aperture radar (GEO SAR) has many advantages, such as high resolu-
tion, wide swath, being unaffected by national boundaries and meteorological conditions.
Since the first civilian SAR satellite “Seasat” was launched by the National Aeronautics
and Space Administration (NASA) in 1978 with a resolution of about 25 m, the current
Terra-SAR-X system has a resolution of 0.15 m [1,2]. For the special requirement compared
to LEO SAR, in 1978 the concept of GEO SAR was firstly proposed by K. Tomiyasu, and a
preliminary and approximate analysis was performed assuming a particular orbit [3]. GEO
SAR has bright application prospects in many significant research fields due to its ultra-
long synthetic aperture time, wide swath, long dwell time and short revisit cycles, such
as disaster monitoring and vegetation measurements [4,5]. The geosynchronous orbit can
offer a much more flexible satellite than a low earth orbit, such as near-circle, near-ellipse,
figure-8-like and some other complex tracks [6-8]. Recently, with the development of SAR
systems, GEO SAR signal processing has been paid more attention, but higher resolution
also means more complex challenges in SAR imaging.

As an import error source of spaceborne SAR, elevation spatial variation error has
attracted the attention of many people. Due to the asymmetric satellite flight trajectory in
the synthetic aperture time in the GEO SAR system, the range history changes of the targets
with the same slant range in the beam center but different elevations are diverse [9]. At the
same time, the Doppler chirp rate depends on the second derivative of the range history
model [10]. Therefore, the azimuth matching filter is related to the terrain elevation [11]
and only the azimuth matching filter of the reference point is matched, and other targets
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of different terrain in the scene will have distortion in the SAR imaging [8,12]. Given a
symmetrical sensor flight path, a corresponding point can always be found in the 3D space
of the irradiation scope, and the two have the same phase history in the received echo
signal. However, for the asymmetric satellite flight path, no such corresponding point can
be found, resulting in azimuth defocus. To sum up, for a target with a certain elevation
in the GEO SAR system, due to the asymmetric trajectory of the satellite in the synthetic
aperture time, the corresponding points that have exactly the same range history will not
be found, which will cause the azimuth defocus of the imaging results [9].

However, most of the current studies only focus on the 2D space variation (range and
azimuth), and the study on the elevation space variation is not comprehensive enough.
For example, only the influence of elevation on focusing depth was studied even with-
out quantification, and the factors such as wavelength and synthetic aperture time were
not analyzed. For the compensation method is also through the sub-aperture method,
processing in each sub-aperture segment [10,11], which leads to the existence of errors:
focusing depth is poor (sub-aperture synthetic aperture time is short), stitching error and
difficulty are large, a little splicing error will cause a large phase error. Sergi et al. proposed
to compensate for the elevation error by dividing different azimuth sub-apertures and to
invert the elevation for the Terra SAR-X Staring Spotlight (S5T) mode, but the compensation
effect becomes worse with the increase of the sub-aperture [13]. One straightforward
approach is to perform a blockwise postfocusing, using an external DEM as suggested
in [10], an approach based on existing topography-dependent motion compensation ap-
proaches [11,14,15]. On the other hand, because the orbit altitude of GEO SAR is about
36,000 km, a more accurate slant range model is necessary [16-18], and the second-order
slant range model in geosynchronous orbit is no longer applicable. At present, some people
have proposed the high-order Taylor expansion slant range model in the GEO SAR imaging
algorithm [19-21], but it is only for the imaging of point targets and does not consider
the elevation space variation. Or, the simple classical second-order slant range model is
still adopted in some papers considering the elevation space variation [10-12], which will
introduce a large phase error in GEO SAR. In recent studies, there has not been an analysis
in GEO SAR that takes into account both the elevation space variation and the high-order
slant range model.

Based on the previous research results, this paper comprehensively considers the
use of high-order slant range model in the compensation of space-variant error caused
by elevation. The coefficients of this model are related to range, azimuth and elevation.
On account of Taylor expansion and series of inversion method [22], the high-order slant
range model is taken into signal model, and the relationship of target elevation and
location is considered, then the elevation spatial variation is decomposed to 2D range and
azimuth spatial variation [23,24]. An improved Range-Doppler Azimuth Chirp Scaling
(RD-ACS) algorithm is proposed by considering the high-order Taylor slant range model
of spatial variation into the imaging processing. After the elevation decomposition, range
spatially variant and azimuth time variant compensation are performed to achieve focusing
processing. This allows imaging processing in the frequency domain to compensate for the
3D space variation involving the elevation space variation, eventually allowing to realize
high-precision imaging.

The structure of this paper is as follows: Section 2 establishes the 3D scene image
geometric model. By considering the elevation into the echo signal model, the classical
second-order slant range model and the high-order Taylor expansion slant range model
are introduced into the echo signal, so that the influence of elevation can be determined
quickly and accurately from both qualitative and quantitative aspects. Section 3 analyzes
the influence of several factors such as elevation, different orbital positions, antenna sizes,
wavebands and incident angles on the phase history of the target and the corresponding
point, which provides reference for the practical application of GEO SAR. Section 4 dis-
cusses the imaging method of GEO SAR to compensate the elevation spatial variation error
for the purpose of deep focus. Section 5 outlines the simulation experiments of dot-matrix
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targets and cone scenario to validate the proposed method. Sections 6 and 7 summarize
this paper, including a discussion on future research.

2. Geometric Scene and Signal Modeling with Elevation Information

We established a geometric imaging model that takes elevation information into
consideration. Then, from the original echo signal, the effect of elevation information in
echo was analyzed. The echo signal is expressed as:

so(T,m) = Aows (T - M)wﬂ(ﬂ —1c)

1
exp(—j4efoR (1)) exp (jrk, (7 — 2R () /)?) W
where Ag is any constant, T is range time (fast time), # is azimuth time (slow time), . is
center deviation time, w, (-) is range envelope, w, () is azimuth envelope, f is radar center
frequency,K; is chirp rate, R(7) is instantaneous slant range, and c is the speed of light.

The 2D time-domain expression of echo signal is shown in Equation (1). The elevation
information mainly affects the instantaneous slant range, which plays a crucial role in the
SAR imaging algorithm. In the imaging processing of the GEO SAR system, since the
orbit of the satellite is elliptical during synthetic aperture time, the classical second-order
slant range model is no longer applicable, and an accurate slant range model must be
adopted, which means that the expression will be more complicated. In order to analyze
the effect of elevation on echo and subsequent imaging processing, we discuss it from both
qualitative and quantitative perspectives. From the qualitative analysis level, the classical
SAR imaging analysis process of second-order slant range is still adopted, but the elevation
is taken into account on the original basis, so that the influence of elevation can be quickly
analyzed. Then, an accurate high-order slant range expansion model was used to bring it
into the echo to get the 2D spectrum of the signal. The phase was decomposed to analyze
the influence of elevation on each decomposed phase, which provides theoretical support
for the compensation of spatial variation in the imaging in the Section 4. The influence
of elevation was quantitatively analyzed, and the correctness of the qualitative analysis
was verified. The illustration of the GEO SAR geometric model and signal model is shown
in Figure 1.

2.1. Signal Model Using the Second-Order Slant Range

We firstly established a classical SAR imaging geometric model and the elevation
information of the target was taken into account, as shown in Figure 2. The target P;
elevation is &, the look-down angle is 8, and the shortest slant range of the zero elevation
target Py and the target P; is Ry and R respectively.

After adding elevation information, it can be known obviously that the closest slant
range of the target decreases with the increase of elevation, while the effective velocity
increases linearly with the increase of elevation [25].
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Figure 1. The block diagram of the GEO SAR geometry and signal models.

Figure 2. Slant range history diagram in GEO SAR.
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From the perspective of signal model, the influence of elevation on imaging is ana-
lyzed by taking range-Doppler (RD) algorithm as an example. The echo after orthogonal
demodulation is shown in Equation (1), and the signal after range pulse compression is:

se(t,1) = Ao wr (7= 2 ) - wal — 1) - exp(—fAnfoR (1) /)

2
= Ao -y (7 — 2 — (2R B0 ) -y ( — ) - exp(—jaArtfoR (1) /)

where R(#) and R () represent the range history of Py and P.. It can be seen that range
migration occurs in the range-direction envelope compared with the zero elevation after
range compression. Similarly, the range equation is approximated to a parabola by referring
to the classical SAR processing. Then the range compression signal can be expressed as:

2012

) ep(—imip) 6)

2R 47TfoR
sre(T,1) = Ao - wr (T - 5’”) ~wa (1] = 11c) -@@(-J%

/2
where v) represents the effective velocity of P;. The azimuth chirp rate is K], ~ %{0 and the

chirp rate error increases as target elevation / increases. Resulting in the imaging results
azimuth defocuses, and the defocus becomes more serious with the increase of elevation.
Then by using the principle of stationary phase (POSP), the time-frequency relation in
the azimuth direction can be obtained as f;, = —K}#. The range migration in the range
A2Rf2
8v/2

migration error gradually increases with the increase of the target elevation.

Then the difference of the range migration compensation phase between the target P;
and the zero elevation reference point Py is:

4r )‘ZRofz 4r )‘2Rof2fT
Ay (fr, fy) = AR(fy) - CfT = 80’217 : CfT = 2CU/Z )
r T

Doppler domain can be obtained, that is AR(f;) =

. It can be seen that the range

It can be seen that this phase term is very small; it is proportional to the fast time
frequency and proportional to the square of the azimuth time frequency. After the range
migration correction is realized through interpolation, the matching filter of the zero
elevation target is used to focus the azimuth of the data in the range-Doppler domain, and
the signal is:

2R,

S(%,f1) = o107 = 222 ) Walfy  fie) - expl-

2 2
].471{*01%0 LI )

)-expljn(y — ¢

As can be seen from the above equations, the second exponential phase of the fo-
cused signal is the secondary phase of f;;, which will cause defocus in the azimuth direc-
tion, and the azimuth defocus will become more serious as & increases. By comparing
Equations (4) and (5), it can be seen that, compared with the range migration phase error,
the phase term of azimuth compression is larger, which will cause serious azimuth defocus.

2.2. Signal Model Using the High-Order Slant Range

The synthetic aperture time of the GEO SAR system can reach hundreds of seconds,
and the satellite trajectory is elliptical, as shown in Figure 2. P, represents the corresponding
point of the target P;. The corresponding point is located on the ellipsoid surface, the
distance between the target and the corresponding point at zero moment is equal to the
satellite, and the position vector of the corresponding point to the satellite at zero moment
is orthogonal to the satellite velocity vector. The corresponding point position coordinates
can be solved through the above three conditions. At the same time, the slant range history
of the target is relatively complex and requires a high-order slant range model with high
precision. In this paper, the fifth-order Taylor expansion slant range model is adopted.
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After the orthogonal demodulation of echo signal, the signal form is still as shown in
Equation (1), but the slant range model is represented by the Taylor expansion high-order
model, that is:

R(n) = Ro + kyy + kon® + kan® + kan* + ksip® (6)

The high-order model of Taylor expansion is obtained by the azimuth time Taylor
expansion of the numerical calculation model. For the solution of each order coefficient
ki, i =1,2,3,4,5 in the Taylor expansion model, the real slant range history can be directly
fitted, and the fitting parameters obtained are the coefficients of each order. The fitting is
related to the elevation of the target, and the coordinate solution of the corresponding point
is also related to the elevation, so it can be clearly seen that the elevation has an impact on
the slant range history. The stationary phase solution is obtained by series inversion [22].
The expression of stationary point can be found in Appendix A.

Then by put the stationary point into the Taylor expansion model, the final expression
in the 2D frequency domain can be derived, namely:

Solfeofy) = Welfe) - Wy(fy + (fe + fo) - 22) -exp(i - @(fe, fy)
Ofe,fy) ~ T am(EE Ry 4 g (fy 4 (fe e fr) 20

P (fy o+ (fe+ f) 20 -

3(9k2 —4koky) 4
+”W(ﬂy (fe+ fo) B)

4(27k3 24k2k3k4+4k2k5) Zkl 5
10243 (fet f2)" (fy + (fe+ fr)1)

where Wz (-) and Wj () represent the range and azimuth envelope in the frequency domain,
respectively. The phase expression is further decomposed:

q)(fnfq) zquc(fr)"‘qD{zc(f;y)'f‘cprcm(frzfq)‘f":bsrc(fﬂfﬁ)"":I)rec (8)

where @, (f) is the range compression phase, ®;(f;) is the azimuth compression phase,
Dyem(fr, fy) is the range migration phase, and the residual phase is ®,¢.. These expressions
can be referred to Appendix B.

Further, the range migration expression is as follows:

Achm(fiy) CDTCW (fT/fU) (9)

Am f
And the effective velocity in the high-order Taylor expansion model should be calcu-
lated according to the following formula [26]:

vr = 4/2Roky + K2 (10)

For the fifth-order slant range model shown in Equation (6), the elevation of the target
will affect Ry and the coefficients of each order. In order to intuitively and quantitatively
analyze the influence of the elevation, several groups of point targets with different el-
evations are set, and the target elevations are 200 m, 400 m, 600 m, 800 m, and 1000 m
in turn. It can be clearly seen that the elevation information has no effect on the range
compression phase. The influence of the elevation on the other decomposition phases is
mainly analyzed below.

Firstly, the phase error variation with elevation is analyzed when the classical second-
order slant range model and the fifth-order Taylor expansion slant range model are used as
the target’s true slant range history in the LEO SAR and GEO SAR systems. The result is
shown in Figure 3.
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Figure 3. The variation of phase error with elevation / caused by the different slant range model as the slant range course of
the target. (a) Second-order slant range model in the LEO system. (b) Fifth-order slant range model in the LEO system. (c)
Second-order slant range model in the GEO system. (d) Fifth-order slant range model in the GEO system.

It can be seen that in the GEO SAR system, the phase error introduced by the second-
order slant range model increases linearly with the elevation, while the error introduced
by the fifth-order slant range model is negligible. However, the error caused by the
second-order slant range model is still negligible in the LEO system.

The phase error variation of each decomposition phase with elevation is analyzed
below. In the geometric model shown in Figure 2, the phase difference ®,, — ®,, between
target P; and target Py was selected as the research object in order to obtain the influence
of elevation & on each decomposition phase of the echo signal and correspond to the
qualitative analysis in Section 2.1. However, in the SAR imaging processing, targets within
the irradiation range are projected to the slant range of the antenna upward. In fact, the
phase error introduced by the elevation is the phase difference ®,, — @, between the
target P; and its corresponding point P. Therefore, this paper also analyzes the phase error
introduced by the target elevation information in the focusing process of SAR image, and it
analyzes it from each decomposed phase.

In order to correspond to qualitative analysis, the following results show several
groups of 2D spectral decomposition phase difference of the echo between different el-
evation targets and zero elevation target: azimuth compression phase, range migration
phase and residual phase and the change of effective velocity with elevation, as shown
in Figure 4.
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Figure 4. Decomposed phase error at five groups of elevation. (a) Azimuth compression phase error varies with azimuth
frequency. (b) Range migration phase error varies with azimuth frequency. (c) Magnification of the middle curve selected in
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It should be noted that in order to facilitate the study of the variation trend of phase
error with various factors, the error refers to the maximum error within the synthetic time.

It can be seen that the azimuth compression phase error, range migration phase error,
residual phase error and effective velocity gradually increase with the increase of the target
elevation. Range migration phase error has a linear relationship with the range frequency
and a quadratic relationship with the azimuth frequency. It can also be seen that the
residual phase error term is large, but the phase error is a certain value and does not vary
with the frequency. The above results are consistent with the qualitative analysis.

The following is the analysis of the decomposition phase error of the target and the
target correspondence point varies with elevation. The result is shown in Figure 5. In the
following analysis, unless otherwise stated, the error between the target and the target
correspondence point is studied.

It can be concluded from the phase decomposition of the echo signal’s 2D spectrum
that, compared with the corresponding point of each target, the azimuth compression
phase error and range migration phase error both increase with the increase of the target
elevation, and the residual phase error is small and can be ignored. Range migration phase
error is almost not affected by the azimuth frequency, so the coupling relationship between
range and azimuth can be ignored and the azimuth time variant error also can be ignored
when compensating the error. As can be seen from the results, the error variation between
the target and the corresponding point is almost consistent with the result of zero elevation
as the reference point, and is also almost consistent with the variation trend predicted
by qualitative analysis. Although the range migration phase error is also small and can
be ignored, it is still taken into account in the imaging error compensation in Section 4.
However, the large phase error of azimuth compression caused by elevation must be taken
into consideration, otherwise it will cause serious azimuth defocus.
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Figure 5. Decomposed phase error at five groups of elevation: (a) Azimuth compression phase error
varies with azimuth frequency. (b) Range migration phase error varies with azimuth frequency.
(c) Range migration phase error varies with range frequency. (d) Residual phase error varies with
elevation. (e) Effective velocity varies with elevation.

3. Error Analysis Introduced by Elevation under Different System Parameters

In the modeling part, the 2D spectrum of the original echo signal has been decomposed,
and the effects of the elevation for the azimuth compression phase, range migration phase
and the residual phase are all analyzed. Next, system parameters and the elevation within
the scene are taken as independent variables, and the phase history difference between
the target and the corresponding point is taken as the dependent variable to be analyzed.
We changed the independent variables to analyze the variation trend of the dependent
variable. It provides theoretical basis for GEO SAR system design and compensation
algorithm proposal.

In this section, the difference of elevation influence between GEO SAR and LEO
SAR is first analyzed, and the reason why elevation space variation is not necessary to be
considered in LEO SAR is explained. Then, in the case of different orbital types, different
position distributions on orbit, different azimuth antenna sizes, different wave bands and
different incidence angles, the influences of target elevation on the overall phase error are
analyzed. Figure 6 lists the factors mentioned above.
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3.1. Elevation Effect Comparison Between LEO and GEO SAR

The difference between GEO SAR and LEO SAR is the satellite’s orbital altitude. GEO
SAR has an orbital altitude of about 36,000 km. The paper will compare GEO SAR and LEO
SAR with an orbit of 792 km to analyze the influence of elevation. The synthetic aperture
time also varies due to the significant difference in orbital altitude. A new synthetic aperture
time calculation method is proposed [27]. The variation trend of synthetic aperture time
with antenna azimuth size in GEO SAR and LEO SAR is given below. In the following
error analysis, if there is no special explanation for some parameters, system parameters
are shown in Table 1.

Table 1. System parameters.

Parameter Value Parameter Value
Semi-major axis 42,164.17 km Right ascension of 115°
ascending
Eccentricity 1x 1078 Perigee 270°
Orbital inclination 60° True anomaly 90°
Carrier frequency 1.25 GHz Antenna size 30m x 30m
Squint angle 0° Incident angle 35.2°
Pulse duration 2.5 us Chirp bandwidth 30 MHz

As can be seen from Figure 7 the synthetic aperture time is very short at low orbit,
only a few seconds, whereas in the GEO system, the synthetic aperture time is thousands
of seconds. Therefore, during the irradiation of the target, the curved flight trajectory
of the satellite in the low orbit mode can be approximately regarded as linear motion,
while the satellite trajectory in the GEO mode is ellipsoidal. Figure 8 shows the flight
trajectories of satellites with a synthetic aperture time of 2 s in LEO mode and 2000 s in
GEO mode, respectively:
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Figure 8. Satellite trajectories. (a) LEO Mode. (b) GEO Mode.

It can be seen that in LEO SAR mode, the synthetic aperture time is very short, and the
trajectory of the satellite when the target is irradiated is almost a straight line, while in GEO
SAR, the trajectory is elliptical. It is precisely because the trajectory of the corresponding
satellite in the synthetic aperture time is asymmetric about the zero Doppler plane that the
corresponding point of the target at a certain elevation cannot be found, and the azimuth
defocus is formed. The following theoretical analysis shows that LEO SAR can find a
corresponding point while GEO SAR cannot find a corresponding point.

Firstly, it is assumed that there are corresponding points in both modes, and the
slant range history geometric model of target and the corresponding point is as shown in
Figure 2.

In the case of LEO SAR, referring to Figure 2, it is known that at moment ¢, the
distance between the target P; and the corresponding point P; to the satellite is equal,
i.e. Ry = Rp. When the satellite runs to moment t3, according to the previous analysis, its
trajectory is approximately linear, and the motion distance of the satellite can be seen as
v(t3 — t); the distance between the target and the corresponding point to this satellite is
R(t3) and R;(t3), and the range history can be calculated by the following formula:

R(n) = \/R% + v%y? (11)

In light of Equation (11), R(t3) = Ra(t3), such corresponding point does exist. The
slant range history from the target to the satellite and from the corresponding point to the
satellite are the same at different times.

In GEO mode, the orbit of the satellite is elliptical. Under these circumstances, the
change of the satellite position with time cannot be treated as the linear trajectory ap-
proximation like the low-orbit mode, and the change of the position coordinates needs
to be obtained through six orbital elements of the system: the elliptic orbit semi-major
axis, orbital eccentricity, orbital inclination, right ascension of ascending, perigee and true
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anomaly. Assuming such corresponding points exist in GEO mode, the slant range history
of target with a certain height and its corresponding point to the satellite can be obtained
within the synthetic aperture time, as shown below:

N 12
R(n) = [ |Psat(17) — Pt

= — (12)
Ry(17) = Peat (1) — Pe

where Py (77) represents the satellite coordinate vector which changes with azimuth time
in GEO mode, and can be obtained by six orbital elements. R, (7) represents the slant range
history from the corresponding point to the satellite. The orbit of the satellite calculated
from the orbital element is ellipsoidal, and at the non-zero moment, there is a difference in
the slant range history between P; and P.. The phase error caused by the difference in slant
range history is:

5 = " (R(7) ~ Ra(1)

Then the variation trend of phase error between corresponding point and target with
height & is analyzed at different orbital altitudes (corresponding to different synthetic
aperture times). The result is shown in Figure 9.

(13)

6 Orbit altitude792000Km 2000 Orbit altitude36000000Km
O - :
synthetic aperture time1.0448s synthetic aperture time788.2974s
° synthetic aperture time1.3066s| . o 1500 synthetic aperture ime986.0049s p
v 40 ||~ synthetic aperture timel.7438s o -~ synthetic aperture time1316.5033s
e synthetic aperture time2.6229s 2 synthetic aperture time1982.6713s
= 5 Y
5} ° © 1000 - 3
s 20 o o7 A E B o Lo
= o e e = 500 o e e
500 1000 1500 2000 0 500 1000 1500 2000
Elevation/ m Elevation/ m

(a)

(b)

Figure 9. (a) LEO Mode phase error. (b) GEO Mode phase error.

It can be seen that in LEO SAR mode, the phase error caused by elevation can almost

be ignored, while in GEO SAR mode, the error is severe and will cause serious defocus of
the imaging results. Additionally, there is a linear relationship between phase error and
elevation. Figure 10 shows the imaging results and performance analysis of a point target

with an altitude of 1800 m in two orbital modes:

Range

Azimuth

(a)

Figure 10. Cont.

Azimuth

(b)
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Figure 10. (a,c) LEO Mode imaging result. (b,d) GEO Mode imaging result.

As can be seen from Table 2, in the LEO mode, the error caused by elevation variation
has almost no impact on the imaging, while in the GEO mode, the error will cause azimuth
defocusing and seriously affect the imaging quality, which must be taken into consideration.

Table 2. Performance parameters.

Mode Main Lobe Broadening PSLR/dB ISLR/dB
LEO 1.0625 —13.9454 —10.9699
GEO 1.4375 —5.1536 —6.0431

Note: PSLR, peak side lobe ratio; ISLR, integral side lobe ratio.

3.2. Influence of Orbit and Different Position Distributions on Orbits

GEO SAR is a type of spaceborne SAR system in a geosynchronous orbit with a certain
inclination and eccentricity with the typical footprints of type “~”, type “8” and type “O”.
Changing the orbital inclination and eccentricity of the orbital parameters, i.e., setting
the large orbital inclination and small orbital eccentricity, setting zero orbital inclination,
and setting the small orbital inclination and large orbital eccentricity to obtain the typical

footprints of type “8”, type “~” and type “O”, the results are shown in Figure 11. The
parameters of the three orbits are shown in Table 3.

60 Footprint ' Footprint
6 — —
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40
0.5
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Q ~ Q
3 2
20 20
£ B \ k5
20 g h
0.5
-40
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-60 e — -1
0 10 20 30 40 50 -150 -100 -50 0 50
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6
4+ ]
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[ [ \
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Figure 11. Different footprints. (a) Type “8” orbit. (b) Type “~” orbit. (c) Type “0” orbit.
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Table 3. System parameters.

Orbital Parameters Type “8” Type “-” Type “O”
Inclination 60° 0° 7.4°
Eccentricity 0 0.1 0.1
Perigee 270° 270° 270°

After obtaining different footprints, the influence of elevation on phase error under
various orbits is analyzed, that is, the largest difference of phase history between the target
and the corresponding point.

It can be seen from Figure 12 that the phase error in the “8”-shape orbit gradually
increases with the target elevation. When the elevation is less than 336.9 m, the phase error
is less than 45°, and the elevation spatial variation effect is light. In the shapes of “~” and
“0”, the phase error also gradually increases with greater elevation, but the error between
these two orbitals is very large compared to the “8”-shape track, and Figure 11 shows
that these two kinds of orbit’s latitude coverage is small, not suitable for a wide swath of
observation. Therefore, the rest of this study is focused on the “8”-shape track.

type *“8” orbit 6 type “-” orbit 6 type “o0” orbit
200 ~ type “8 o 10 yp , 5 x10 yp
o o o ’ o e
5200 - 54 ° 52 o
& P = =} o
(] . -~ (0] Q >
o o ) B ° )
Z 100 (339.6459)] - £ 21 .
= ~e = = e
a o A ~ .
08 0¢ 0
0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
Elevation/ m

Elevation/ m Elevation/ m

(a) (b) (c)

Figure 12. Phase error under different footprints. (a) Type “8” orbit. (b) Type “-” orbit. (c) Type “0” orbit.

Now we analyze the effect of the elevation on the phase error at different locations in
the orbit. There is a corresponding relationship between latitude argument w and footprint,
as shown in Figure 13. Perigee is set as 45°, and the true anomaly starts from 0° and
increases by 45° in a total of 8 groups. Then, the phase error changes along with the
elevation at several distribution positions marked in the orbit, as shown in Figure 14, are

analyzed.
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Figure 13. Different distribution on the footprint of type “8”.
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. (a-h) represent the curve of the phase error at different latitude argument on the orbit along with the elevation.

It can be seen from Figure 13 that the footprints in the shape of “8” are symmetric.
Except for the two overlapping points at latitude = 0° (w = 90° and w = 270°), the errors of
the other two points with the symmetry of longitude lines are the same. When w = 360°,
the footprints are located at the equator, and the phase error at this position is the smallest.
It can be seen that the position is conducive to conducting some research on elevation
direction. Therefore, the analysis following in this paper will set w = 360° for research.

3.3. Influence of Different Azimuth Antenna Size, Different Wave Bands and Different
Incidence Angles

It is well-known that the synthetic aperture time is affected by the azimuth antenna
size, wavelength, and the incident angle [24]. Therefore, it is necessary to analyze the
change of phase error with elevation under the influence of different azimuth antenna
sizes, wavelengths and incident angles.

Firstly, the influence of antenna size on the elevation spatially variant error is analyzed.
We also discuss the variation of the synthetic aperture time and azimuth resolution with
the antenna size. Four sets of antenna sizes and four sets of elevation parameters were
selected for direct analysis of the error variation curves with elevation and antenna sizes.

As can be seen from Figure 15, with the increase of antenna size, the azimuth resolution
deteriorates. By comparing Figure 15a,¢, it can be seen that with the increase of antenna
size, synthetic aperture time becomes shorter and elevation spatial variation error also
decreases. Since the antenna is between 5 and 15 m in size, the synthetic aperture time
drops rapidly, so in order to reduce the complex elevation error compensation in some
special cases (e.g., terrain elevation is small), the azimuth antenna can be set above 15 m.
Therefore, the appropriate azimuth antenna size can be selected according to different
requirements (the balance between resolution and elevation spatial variation error).
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Figure 15. (a) Synthetic aperture time varies with antenna size. (b) Azimuth resolution varies with
antenna size. (c¢) Phase error varies with elevation and antenna size. (d) Phase error varies with
elevation at different antenna sizes. (e) Phase error varies with antenna size at different elevations.

Next, we analyze how the synthetic aperture time and azimuth resolution vary with
signal frequency, and how signal frequency and elevation affect the phase error. Four
groups of common bands, namely, L band (1.5 GHz), S band (3 GHz), C band (4 GHz) and
Xband (9.5 GHz), and four groups of different elevations were set to get the change trend
of phase error with elevation and frequency respectively.

It can be seen from Figure 16 and the relation between wavelength and signal fre-
quency that the longer wavelengths result in longer synthetic aperture time, better resolu-
tion and larger error. The phase error is proportional to the elevation and has a nonlinear
relationship with the frequency. As can be seen from Figure 16e, within the frequency scope
of 4 GHz, the error caused by elevation changes sharply with frequency, while over 4 GHz,
the change is relatively gradual. In the process of system design, when the application
demand is independent of terrain elevation and the elevation is small, the high-frequency
band can be selected without considering the elevation space variation error. Now, let
us analyze how the phase error varies with the incident angle. In GEO SAR systems, the
ground incidence angle usually varies from 20° to 60°. Synthetic aperture time, azimuth
resolution and phase error are also analyzed.
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Figure 16. (a) Synthetic aperture time varies with signal frequency. (b) Azimuth resolution varies
with signal frequency. (c) Phase error varies with elevation and signal frequency. (d) Phase error
varies with elevation at different wavelengths. (e) Phase error varies with signal frequency at
different elevations.

As can be seen from Figure 17, with the increase of incident angle, the synthetic
aperture time becomes longer and the resolution performance becomes better, but the
elevation spatial variation error will also increase, and the error has a linear relationship
to the elevation instead of the incident angle. In GEO SAR imaging processing, when
the elevation of the observed terrain is small, the elevation spatial variation error can be
ignored by selecting the appropriate incident angle.

According to the previous analysis, the azimuth antenna size, transmitting signal
wavelength and incident angle will affect the imaging resolution and elevation spatial
variation error to a different extent. Relatively speaking, the signal wavelength has little
effect on the resolution, while the antenna size is more sensitive. The incidence angle
has little effect on the elevation variation error, while the error caused by the antenna
size is much larger. At the same time, the variation trend of the synthetic aperture time
and elevation spatial variation error is consistent. It can be concluded that the increase of
synthetic aperture time leads to a larger error. In addition, elevation error increases linearly
with elevation. Therefore, in future research, terrain elevation information can be retrieved
through the linear relationship between the error and elevation in a signal image. In the
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orbit parameter design process of GEO SAR system, in order to make the observation
swath larger, the “8”-shape orbit is generally selected, and in order to reduce the influence
of elevation spatial variation error, the latitude argument is selected as 180° or 360°, so
that the footprint falls near the equator. In the parameter design process of GEO SAR
system, a balance can be chosen between the resolution requirement and the complexity of
elevation error compensation processing to reasonably select the antenna size, wavelength
and incident angle. If the imaging purpose requires high resolution, small antenna size,
longer wavelength and larger incident angle can be selected, but elevation variation error
compensation is also required. On the contrary, when the resolution requirement is not
very high, correct selection can avoid the complex elevation variation error compensation
processing and improve the imaging processing efficiency.

1000 22

900 2

800

700

600

Azimuth Resolution / m

500

Synthetic Aperture Time / s

20 30 40 50 60 20 30 40 50 60

Incidence Angel / © Incidence Angel / ©

(a) (b)

Different Incidence Angel

Phase error / ©

600

600

400
400

200
200

0
2000

1000

Elevation / m

(c)

40
Incidence Angel / °

300

Phase error / ©

60

Different Elevation

500 1000 1500 2000

Elevation/ m

(d)

- _ h=400m
__h=600m
__ h=800m
- - h=1000m e

100

Phase error / ©
b

20 30 40 50 60
Incidence Angel / ©

(e)

Figure 17. (a) Synthetic aperture time varies with incident angle. (b) Azimuth resolution varies with
incident angle. (c) Phase error varies with elevation and incident angle. (d) Phase error varies with
elevation at different incident angles. (e) Phase error varies with incident angle at different elevations.

4. Elevation Spatial Variation Compensation Algorithm in GEO SAR Image Formation

In Section 2, starting from the original echo signal model of a single point target,
we analyzed the influence of elevation in each decomposition phase of the signal from
both qualitative and quantitative aspects, and proved the existence of elevation spatial
variation. In GEO SAR imaging, 3D space variation seriously affects the depth of focus. In
this part, the signal model within a scene considering spatial variation (range, azimuth and
elevation spatial variation) is first established. Then the elevation spatial variation error is
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decomposed into range spatial variant error and azimuth time variant error. Finally, a new
algorithm is proposed to improve the focusing depth.

4.1. Signal Model Considering Spatial Variation

In imaging processing, the first step is generally range compression, so the expression
form of echo signal shown by Equation (1) after range compression is directly given here:

2R(n¢,ro;m; h AR (ne, ro;m;h
Sve (e, 70T 1ho) = Agor (T_ <'7+'7o>) - wal — 1¢) .exp(_](vc+ﬂo>) (14)

where R(71¢, 10; 17; ho) represents the slant range history of the target, r represents the slant
range corresponding to the center moment, and kg represents the elevation of the target.
Through high-order Taylor expansion, the fifth-order slant range model is generally accu-
rate enough [28]. Compared with the second-order and third-order terms, the coefficient
of elevation spatial variation of the fourth-order and fifth-order terms can be ignored.
Therefore, the fifth-order slant range model is rebuilt as:

(AK; 1 (e, 70)) - 1/ (15)

Mw

5
(’76/ rO/ 77/h0 Z + Ak 17(3/ 7’0)) 7]
i=1 1

j

where Ak;(7c,70) and Ak;j,(7c,70) represents the 2D space variable coefficient and the
elevation space variable coefficient. As Ak (#jc,79) and Aky j(7c,70) cause the variation
of the Doppler central frequency. With the yaw steering, the values of which can be
approximated to zeros. Therefore, the influences are also not considered. Compared with
Aky(1¢,10) and Aks(1c,70), the influence of Aky (7, 79) and Aks (7, 1) is very weak, so we
do not consider it. For a scene with known slope angle, since the height of the target is
related to the position of the target, the elevation spatial variation can be decomposed into
the 2D space variation of range and azimuth, as well as their coupling. Then, Equation (14)
can be simplified as:

sve (e, 03T, o) & Aoy (7 — 2RO ) a0y (3 — ) - exp (452 ) - exp (74 -k )
exp( FHE - (k2 o+ 8K, (e, r0) ) - exp (=5 - (ks + Bk (e, o)) (16)
(-

-
74 kant) - exp (4 kst )
with

Aki (e, 10) = Ak;(11c,10) + Ak, (1c,70), 1=2,3 (17)

where Ak} (1, 9) represents the mixing spatial variation coefficient. According to the linear
assumption, we model Ak’(c, 1p) as:

Ak (17e,10) = ki, - (ro — ro,c) + ki (110 = 10,c) + ki 1o (ro — 10,6) - (110 — 10,c) (18)

where Ak’ Ak! and Ak; . denotes range, azimuth and coupling space variation coefficient.
The space variation coeff1c1ent in the above formulas can be obtained by fitting the 3D
space variation model as shown in Figure 18. The detailed method was described in [28].

The algorithm flow chart for solving the 3D space change problem is shown in
Figure 19.
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Figure 18. 3D space variable geometric model.
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Figure 19. Algorithm flow for 3D space variation compensation in GEO SAR imaging.

4.2. Error Compensation

Firstly, bulk phase compensation is carried out, and the center point of the scene
is taken as the reference point. The 2D spectrum of this point can be obtained through
series reversion and POSP, and the echo data can be multiplied by the 2D spectrum of the
reference point in the 2D frequency domain, followed by azimuth-backward compression.
After bulk phase compensation, range and azimuth coupling can be removed. Next, the
spatial variation of elevation is decomposed into range and azimuth, and the 3D space
variation can be compensated in accordance with range spatial variation and azimuth time
variation in turn.
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R(17;10,70;ho) ~ 1o + k1 (7 —170) + (kz + K, - (0 —1o,e) + DK, - (ro = r0,0) - (10 — ﬂo,c)) +(ta — to)

The following is the compensation for range spatial variation. The coefficient of the
high-order slant range model varies along with the range direction due to range and
elevation spatial variation. In order to improve the focusing depth, this part of phase error
should be compensated. After the bulk phase compensation, the range spatial variation
is independent of the azimuth time variation, so it can be transformed into the range-
Doppler domain.

By replacing k;,i = 2,3 in range migration and azimuth compression terms with
ki + Akf (¢, 10), it can be obtained that:

Aac(ry, fa) = Pac(ty, fa) = Pac(fa) (19

where the subscript rcm and ac represent range migration and azimuth compression. The
residual range migration correction can be compensated by interpolation in the range-
Doppler domain. Range spatially variant azimuth compression is also implemented in the
range-Doppler domain.

After the range spatial variation compensation, the data are converted to the 2D time
domain, then the azimuth time variant error is considered. Since the azimuth compression
phase changes with azimuth time and azimuth frequency, azimuth time variant compensa-
tion cannot be realized directly in the range-Doppler domain as the range spatially variant
compensation. Since we only need to consider the second- and third-order terms of the
time-variant coefficients and they are linear, the azimuth chirp scaling can be introduced to
deal with the problem [29,30]. The scaling function Aut;:’ + B, t% can be introduced, and the
slant range model is:

{ Achm(rnga) ~ _ﬁ((Prcm(Vorfr/fa) - (Prcm(fr/fa))

2

+ (ks + Ak, - (110 = 1o,c) + AK, - (ro —To,c) - (170 — Uo,c)) (10 — 110,¢)” + ka0 — 170,0)* (20)
+ks (110 — 10,c)° + Aa® + Barg*

Assuming 77, = 0 and expanding (7 — 79), the formula can be rewritten as:

R(17; 10,705 ho) = 10 + Aangd + Bangs + (k1 + 3Aan3 + 4Bar3) - (1 —170)
+ (ka + (MK, + AK, - (ro — o) +3Ad)n0 + 6Bag?) - (11— 1m0)? (21)
+ (ks + Aq + (AK, + AK, - (ro = roc) +4Ba) - 10) - (1 —170)° + (ks + Ba) - (7 = 10)* + ks (17 = 10)°

Pav,ac ~

4r
A

In the coefficient term of (7 —770)" in Equation (21), the higher-order term of 7 is
very small and can be ignored unlike the constant term and the linear term. In order to
achieve an azimuth-invariant slant range model, the linear terms of 7 should be set to
zeros, that is:

{ Ak’z,a + Ak’Z,ra ’ (1’0 - rO,c) +3A4,=0 22)

Akg,a + Ak/ (1"0 - rO,C) + 4Ba = O

3ra’

After completing the time domain compensation of azimuth time variation, the data
are transferred to the range-Doppler domain, and the errors introduced by azimuth-
compression phase and variable scale equation are compensated. The compensation phase
can be obtained by using the series inversion and the POSP:

(ot o (fa) + (ks + Aa) 5 (fa) + (ke + Ba)ths(fo) +ksths(fa) ) + 27 fats(fa) (23)
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(9A3 —4Baky+18Ack3 +9K2 —4kokg) A3 f2 3(A,+k3)A2f2
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where phase @04 represents the azimuth compression phase of the azimuth variation,
and t,+(fa) represents the stationary phase point. The azimuth variation compensation
can be carried out in the range-Doppler domain, and the final inverse is achieved after the
azimuth inverse fast Fourier transform. Thus, the correction of all spatial variation errors
has been completed.

5. Simulation

The influence of the elevation spatial variation is analyzed in Section 3. In this part,
the main purpose is to verify the correctness of the improved algorithm proposed to solve
the spatial variation problem. The dot-matrix targets and distributed targets with elevation
information are then analyzed.

In order to verify the proposed improved RD-ACS algorithm, the scene slope angle
was set as & = 51.3%, and 7 x 7 dot-matrix targets were constructed. System parameters
are shown in Table 1 of Section 3. The 3D scene and the improved RD-ACS imaging results
are shown in the following figure.

The scenario is shown in Figure 20.

Scenario
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4200
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-400
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Figure 20. Schematic diagram of 3D slope scene.

In order to reflect the existence of elevation spatial variation, the performance variation
curves of different elevation points at zero azimuth moment in the imaging results of RD-
ACS algorithm without considering elevation space variation are analyzed as shown in
Figure 21 (7 points in the rectangular box with red solid line in Figure 20).
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Figure 21. (a) PSLR curve. (b) ISLR curve.

It can be seen from Figure 21 that the elevation spatial variation has a serious impact
on azimuth focusing, and the error becomes more severe with the increase of the elevation,
which is consistent with the previous analysis.

Next, five points (four points on the corner and center point have been marked 1-5,
respectively, in Figure 20) are selected to show the details of the imaging results. The
contour map of the points is shown in Figure 22.

Figure 22. Imaging results.

The corresponding performance parameters of the five points are shown in the Table 4:

Table 4. Performance parameters.

Point Resolution (m) PSLR (dB) ISLR (dB)
1 2.0914 —13.1584 —10.2438
2 2.0931 —13.1452 —10.2164
3 2.0903 —13.2334 —10.3586
4 2.0910 —13.1576 —10.2746
5 2.0907 —13.1895 —10.2300

In order to further display the simulation results, the lower right corner point is
selected to compare the azimuth profile of the two algorithms, as shown in the Figure 23:
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Figure 23. Imaging results comparison. (a) RD-ACS algorithm. (b) Improved algorithm.

According to the analysis of the dot-matrix targets, compared with RD-ACS algorithm,
the proposed improved RD-ACS algorithm can well compensate the elevation spatially
variant error and improve the focusing depth after the rough elevation information of the
target is known. The following is an analysis of the distributed targets based on the point
target, which is very necessary in the practical application of GEO SAR in the future.

We first construct a slope, and place a small cone on the slope. Three strong scattering
points (the heights of the three strong points on the cone are 36.1 m, 26.0 m and 15.8 m,
and the height of the slope at the corresponding positions of the three points is 671.0 m,
654.6 m, and 692.2 m) are arranged on the cone and use the improved RD-ACS algorithm
for imaging based on the slope, as the conical elevation is within the scope of negligible
elevation spatially variant error. The azimuth antenna size is set to 45 m and the incident
angle to 20°, and Table 1 can be consulted for the other parameters. The cone scene and the
imaging results are shown in Figure 24.

Terrain scene
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Figure 24. (a) Cone scenario. (b) Imaging result.

According to the geometric relationship between the satellite and the scattering points,
as shown in Figure 25, the distance between the three points in the imaging results can be
calculated according to Equation (25).

’AC’

= ‘XC‘ -sin(a) (25)

where A, B, C represent the three points from left to right in Figure 24, « represents the angle

between SA and AC. The actual distance |AB| and

AC‘ in space are 140 m and 280 m,

the distance calculated according to the formula in the image field is 21.2 m and 42.4 m in
theory, and the distances calculated from the actual imaging results are 21.2 m and 42.4 m,
as shown in Figure 24b. Therefore, due to the existence of the target elevation information,
the distance of the scattering points in the image domain is shortened compared with the
actual distance in space. Then, the imaging results of the three strong scattering points are
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shown in Figure 26. The performance parameters of the three strong scattering points are
shown in Table 5.

Figure 25. Geometrical model between satellite and scattering points.
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Figure 26. Imaging results.

Table 5. Performance parameters.

Point Resolution (m) PSLR (dB) ISLR (dB)
A 3.1385 —13.0990 —10.3013
B 3.1385 —13.0193 —10.3614
C 3.1385 —13.1243 —10.4115

It can be seen that the imaging results of the improved algorithm have a good focusing
effect for the distributed targets with elevation information.

6. Discussion

In the future practical application of GEO SAR systems, it is inevitable to image the
target with elevation information. In previous analyses, it has been explained in detail that
elevation can cause severe defocus of the image results. To solve the problem, we propose
an algorithm to compensate the elevation spatially variant error for the general slope
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plane scene. Therefore, in Section 5, we carried out simulation experiments to validate
the compensation effect of the algorithm. We first set the dot-matrix targets on the slope,
so that each point has a different elevation information. The RD-ACS algorithm which
can compensate for 2D space variation of range and azimuth can be used for imaging. By
drawing the variation curve of performance parameters (PSLR and ISLR) with elevation
(as shown in Figure 21), it can be seen that elevation information causes serious azimuth
defocus of imaging results, and the defocus effect becomes more serious as the elevation
increases. As a comparison, the improved RD-ACS algorithm proposed was used for
imaging again, and five points were selected for analysis. The imaging results are shown in
Figure 22. Additionally, the performance parameters of these five points are analyzed, as
shown in Table 4. It can be seen that the focus result of the improved algorithm is excellent,
and the performance has been significantly improved compared with the previous one.
Then, on the basis of the point targets, the distributed targets are also analyzed by placing a
small cone on the slope (within the scope of negligible elevation spatial variation). Similar
to the analysis process of point targets, three strong scattering points are set on the cone as
the research object. By comparing the 3D space distance between the three points, it can be
seen that the distance in the image domain will decrease due to the existence of elevation
information. From the imaging results and performance parameter analysis of these three
points, it can be seen that the improved RD-ACS algorithm has a fine compensation effect.
Finally, although the simulations for both point targets and distributed targets can prove
the feasibility and advantage of the proposed improved RD-ACS method, there are some
shortcomings and limitations too, which will be explained and discussed in detail in the
next section.

7. Conclusions

This paper mainly studies the influence and compensation algorithm of elevation
spatial variation. Firstly, we set up a geometric model considering the elevation spatial
variation. From the original echo signal, we analyzed the influence of elevation on the
echo and the subsequent imaging processing qualitatively and quantitatively. In the 2D
spectrum of echo signal, the effect of elevation on each decomposed phase was analyzed.
It is concluded that the azimuth compression phase is greatly affected by the elevation and
the range migration phase is almost not affected, but this error is still taken into account
in the compensation. Secondly, the effect of elevation in LEO SAR and in GEO SAR is
compared, and the conclusion is drawn that the elevation space variation error can be
ignored under low orbit. In addition, the influence of elevation spatial variation of typical
footprints in GEO SAR system is studied. It is concluded that the “8” type orbit not only
covers a large observation area, but also has the least influence on elevation spatial variation
compared with the other two kinds of footprints, and when the footprint is located at the
equator, it has the least influence on elevation. Therefore, we choose the most common
Figure 8 orbit and take the latitude argument of 360° as the research object. The influence
of azimuth antenna size, wavelength and incident angle on elevation variation error and
resolution was analyzed, which is beneficial to design system parameters according to
actual needs. For example, by selecting the appropriate parameters just mentioned, the
elevation spatially variant error can be ignored for targets with small height. Thirdly, an
improved algorithm is proposed to solve the elevation spatially variant error and improve
the focusing depth. The algorithm is applicable not only to smooth slope but also to
slope with slowly variant part, as the elevation spatial variation can be ignored in a small
elevation scope. Finally, the correctness of the algorithm is verified by point targets and
distributed targets in the experiment part.

The analysis in this paper can provide a theoretical basis for the future design of GEO
SAR systems, and the improved imaging algorithm can be used to improve the focusing
depth of scenes containing rough elevation information. However, this algorithm is only
applicable to the general slope scene, and it cannot compensate for the elevation spatial
variation for those complex scenes with fast variant parts. In future research, we will focus



Remote Sens. 2021, 13, 1888

27 of 28

Drem (frrfry)

D = O(0,0)

on the study of high-resolution imaging of complex scenes. An arbitrarily complex scene
can be divided into two parts, namely, the slope and the fast variant part. The imaging
algorithm proposed in this paper is used to carry out rough imaging of the slowly variant
slope, and for the remaining part, the spatial variation error caused by fast variant part
is compensated by the method of autofocus. Then the height of the target is inverted by
using the relationship between the error and the height, as mentioned in Section 3. This
work will have greater significance in practical engineering.
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Appendix A
The expression of the stationary phase point obtained by series inversion is as follows:
R B i ¢ f (—9k3+4koky )
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The parameter definitions in the above formulas can be referred to the paper.

Appendix B
The 2D spectrum decomposition phase of the fifth-order slant range model echo.
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The parameter definitions in the above formulas can be referred to in the paper.



Remote Sens. 2021, 13, 1888 28 of 28

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

DLR. Terra SAR-X Ground Segment Basic Product Specification Document; TX-GS-DD-3302; German Aerospace Center: Cologne,
Germany, 2010.

Prats, P; Scheiber, R.; Marotti, L.; Wollstadt, S.; Reigber, A. TOPS interferometry with Terra SAR-X. IEEE Trans. Geosci. Remote
Sens. 2012, 50, 3179-3188. [CrossRef]

Tomiyasu, K. Synthetic aperture radar in geosynchronous orbit. In Proceedings of the Digest International IEEE Antennas
Propagation Symposium, College Park, MD, USA, 15-19 May 1978; pp. 42—45.

Tomiyasu, K. Synthetic Aperture Radar Imaging from an Inclined Geosynchronous Orbit. IEEE Trans. Geosci. Remote Sens. 1983,
21, 324-329. [CrossRef]

Cutrona, L.; Skolnik, M. Radar Handbook; McGraw-Hill: New York, NY, USA, 1970.

Cazzani, L.; Colesanti, C.; Leva, D.; Nesti, G.; Prati, C.; Rocca, F; Tarch, D. A ground-based parasitic SAR experiment. IEEE Trans.
Geosci. Remote Sens. 2000, 38, 2132-2141. [CrossRef]

Erik, M. Handbook of Geostationary Orbits, 1st ed.; Kluwer Academic Publishers: Amsterdam, The Netherlands, 1994; pp. 886-1070.
Bruno, D.; Hobbs, S. Radar imaging from geosynchronous orbit: Temporal decorrelation aspects. IEEE Trans. Geosci. Remote Sens.
2010, 48, 2924-2929. [CrossRef]

Kempf, T.; Anglberger, H.; Suess, H. Depth-of-Focus Issues on Spaceborne very High Resolution SAR. In Proceedings of the 2012
IEEE International Geoscience and Remote Sensing Symposium, Munich, Germany, 22-27 July 2012; pp. 7448-7451.
Rodriguez-Cassola, M.; Prats-Iraola, P.; De Zan, E,; Scheiber, R.; Reigber, A. Doppler-related focusing aspects in the TOPS imaging mode.
In Proceedings of the IEEE International Geoscience and Remote Sensing Symposium (IGARSS), Melbourne, Australia, 21-26 July 2013.
Macedo, K.; Scheiber, R. Precise topography- and aperture-dependent motion compensation for airborne SAR. IEEE Geosci.
Remote Sens. Lett. 2005, 2, 172-176.

Blacknell, D.; Freeman, A.; Quegan, S.; Ward, L; Finley, L.; Oliver, C.; White, R.; Wood, J. Geometric accuracy in airborne SAR
images. IEEE Trans. Aerosp. Electron. Syst. 1989, 25, 241-258. [CrossRef]

Duque, S.; Breit, H.; Balss, U.; Parizzi, A. Absolute height estimation using a single Terra SAR-X staring spotlight acquisition.
IEEE Geosci. Remote Sens. Lett. 2015, 12, 1735-1739. [CrossRef]

Prats, P.; Scheiber, R.; Rodriguez, M. On the Processing of Very High Resolution Spaceborne SAR Data. IEEE Trans. Geosci. Remote
Sens. 2014, 52, 6003-6015. [CrossRef]

Prats, P.; Macedo, K.; Reigber, A.; Scheiber, R.; Mallorqui, ]J. Comparison of topography- and aperture-dependent motion
compensation algorithms for airborne SAR. IEEE Geosci. Remote Sens. Lett. 2007, 4, 349-353. [CrossRef]

Hu, B.; Jiang, Y.; Zhang, Y.; Yeo, T. Accurate slant range model and focusing method in geosynchronous SAR. In Proceedings of
the 2015 IEEE International Geoscience and Remote Sensing Symposium (IGARSS), Milan, Italy, 26-31 July 2015; pp. 4464-4467.
Zhang, Q.; Yin, W.; Ding, Z. An Optimal Resolution Steering Method for Geosynchronous Orbit SAR. IEEE Geosci. Remote Sens.
Lett. 2014, 11, 1732-1736. [CrossRef]

Wu, X,; Zhang, S.; Xiao, B. An advanced equivalent slant range model and image formation in geosynchronous SAR. In Proceed-
ings of the 2012 International Workshop on Microwave and Millimeter Wave Circuits and System Technology, Chengdu, China,
19-20 April 2012; pp. 1-4.

Hu, B; Jiang, Y.; Zhang, S.; Zhang, Y. Generalized omega-K algorithm for geosynchronous SAR image formation. IEEE Geosci.
Remote Sens. Lett. 2015, 12, 2286-2290. [CrossRef]

Geng, J.; Yu, Z.; Li, C.; Wei, L. Squint Mode GEO SAR Imaging Using Bulk Range Walk Correction on Received Signals. Remote.
Sens. 2019, 11, 17. [CrossRef]

Li, Z; Li, C,; Yu, Z.; Zhou, J.; Chen, J. Back projection algorithm for high resolution GEO-SAR image formation. In Proceedings of
the 2011 IEEE International Geoscience and Remote Sensing Symposium, Vancouver, BC, Canada, 24-29 July 2011; pp. 336-339.
Neo, Y.; Wong, F.; Cumming, I. A Two-Dimensional Spectrum for Bistatic SAR Processing Using Series Reversion. IEEE. Geosci.
Remote Sens. Lett. 2007, 4, 93-96. [CrossRef]

Zhu, Y,; Ke, M.; Zhang, T.; Li, G.; Ding, Z. Image Representation of GEO SAR Time-Variant Scene. In Proceedings of the 12th
European Conference on Synthetic Aperture Radar, Aachen, Germany, 4-7 June 2018; pp. 1-5.

Li, D.; Zhu, X.; Dong, Z.; Yu, A.; Zhang, Y. Background Tropospheric Delay in Geosynchronous Synthetic Aperture Radar. Remote.
Sens. 2020, 12, 3081. [CrossRef]

Curlander, J.; McDonough, R. Synthetic Aperture Radr: Systems and Signal Processing; John Wiley Sons: New York, NY, USA, 1991.
Feng, H.; Qi, C.; Zhen, D.; Guang, J.; Dian, L. Modeling and high-precision processing of the azimuth shift variation for spaceborne
HRWS SAR. Sci. China Inf. Sci. 2012, 56, 1-12. [CrossRef]

Li, D.; Wu, M,; Sun, Z; He, F,; Dong, Z. Modeling and Processing of Two-Dimensional Spatial-Variant Geosynchronous SAR Data.
IEEE ]. Sel. Top. Appl. Earth Obs. Remote Sens. 2015, 8, 3999-4009. [CrossRef]

Hu, C.; Tao, Z. The accurate resolution analysis in Geosynchronous SAR. In Proceedings of the 8th European Conference on
Synthetic Aperture Radar, Aachen, Germany, 7-10 June 2010; pp. 925-928.

Wong, F.; Cumming, I.; Neo, Y. Focusing Bistatic SAR Data Using the Nonlinear Chirp Scaling Algorithm. IEEE Trans. Geosci.
Remote Sens. 2008, 46, 2493-2505. [CrossRef]

An, H,; Wu, J; Sun, Z; Yang, J. A two-step nonlinear chirp scaling method for multichannel GEO spaceborne-airborne bistatic
SAR spectrum reconstructing and focusing. IEEE Trans. Geosci. Remote Sens. 2019, 57, 16. [CrossRef]


http://doi.org/10.1109/TGRS.2011.2178247
http://doi.org/10.1109/TGRS.1983.350561
http://doi.org/10.1109/36.868872
http://doi.org/10.1109/TGRS.2010.2042062
http://doi.org/10.1109/7.18685
http://doi.org/10.1109/LGRS.2015.2422893
http://doi.org/10.1109/TGRS.2013.2294353
http://doi.org/10.1109/LGRS.2007.895712
http://doi.org/10.1109/LGRS.2014.2307167
http://doi.org/10.1109/LGRS.2015.2470516
http://doi.org/10.3390/rs11010017
http://doi.org/10.1109/LGRS.2006.885862
http://doi.org/10.3390/rs12183081
http://doi.org/10.1007/s11432-013-5009-0
http://doi.org/10.1109/JSTARS.2015.2418814
http://doi.org/10.1109/TGRS.2008.917599
http://doi.org/10.1109/TGRS.2018.2886817

	Introduction 
	Geometric Scene and Signal Modeling with Elevation Information 
	Signal Model Using the Second-Order Slant Range 
	Signal Model Using the High-Order Slant Range 

	Error Analysis Introduced by Elevation under Different System Parameters 
	Elevation Effect Comparison Between LEO and GEO SAR 
	Influence of Orbit and Different Position Distributions on Orbits 
	Influence of Different Azimuth Antenna Size, Different Wave Bands and Different Incidence Angles 

	Elevation Spatial Variation Compensation Algorithm in GEO SAR Image Formation 
	Signal Model Considering Spatial Variation 
	Error Compensation 

	Simulation 
	Discussion 
	Conclusions 
	
	
	References

