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Sub retrograde geosynchronous orbit SAR:
parameter design and performance analysis

Caipin Li, Qingjun Zhang, Jiao Liu, Guoqiang Han, Bo Liu, Chongdi Duan and Zheng Lu

Abstract—In recent years, Geosynchronous synthetic aperture
radar (GEO SAR) has attracted many scientists to carry out
relevant research. Its research is in-depth and gradually
maturing. However, conventional GEO SAR has the problems of
great influence by the earth’s rotation, complex timing design,
uneven flight speed in the whole orbit, and non orthogonal range
and azimuth resolution, which limits it’s application. A new
concept of sub retrograde geosynchronous orbit SAR is proposed
in this paper. Compared with traditional GEO SAR, the satellite
has the advantages of less influence by the earth's rotation,
simple timing, uniform motion speed in the whole orbit, shorter
revisit time, better resolution and small space-variant in azimuth
and range. The radar parameters of sub retrograde GEO SAR
are designed. Through the research, it is found that the system
sensitivity and resolution no longer change with the orbit position,
and its timing design does not need to consider the range
migration variation. In addition, the imaging characteristics of
sub retrograde GEOSAR are investigated. The results show that,
the range model can meet the imaging requirements as long as it
is expanded to the fourth order. After that, the influence of orbit
perturbation error in sub retrograde GEO SAR is given for the
first time. Last, two ways to solve observation blind area of sub
retrograde GEO SAR are proposed, one is to change the orbit
inclination, another way is to use the bistatic mode.

Index Terms—sub retrograde orbit, geosynchronous synthetic
aperture radar (GEO SAR), system parameter design,
performance analysis.

1. INTRODUCTION

INCE geosynchronous orbit synthetic aperture radar
(GEO SAR) was proposed, it has attracted the attention
of many researchers because of its short revisit period
and wide observation swath. Scientists from the United States,
China, Britain, Germany, Italy and other countries have
carried out research on system design and imaging algorithms.
In 1978, K. Tomiyasu first proposed the concept of GEO SAR
[1], with the support of National Aeronautics and Space
Administration (NASA), the parameter analysis of GEO SAR
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was carried out. In 1983, with the support of NASA, K.
Tomiyasu et al.improved the system parameters. It is assumed
that the U.S. territory imaged on the geosynchronous orbit
with an orbital inclination of 50° and a bisector of 97° west
longitude [2]. Then in 1987, Lesley M. from Royal College of
Aecronautics also conducted relevant research on the concept,
reliability, application and system design of high orbit SAR
[3].

In 2003, Jet Propulsion Laboratory (JPL) gave the global
seismic satellite system (GESS) scheme [4]-[6], which plans
to launch 10 high orbit SAR satellites in 20 years to form an
uninterrupted global coverage. German Aerospace Center
(DLR) [7] proposed a GEO - LEO SAR conceptual system
with separate transceiver. The system uses a geostationary
satellite (35850 km) as the launch source and receives it
through several formation flying LEO satellites (400 km).

In 2006, 1. G. Osipov proposed a GEO SAR system using
nuclear fuel as energy [8]. The system is composed of several
satellites in LEO, GEO and geostationary orbit, forming a
bistatic imaging mode. In 2007, Cranfield University in the
UK envisaged using 12 satellites to form a system [9], which
was divided into three groups, respectively responsible for
three regions: America, Europe and Africa, Asia and Oceania.

In 2012, with the support of ESA, Italy [10] proposed to use
1.4 m small aperture reflector antenna to realize C-band 200 m
resolution earth observation. Polytechnic University of Milan
and Polytechnic University of Catalonia mainly carried out
joint research on GEO SAR system with near zero orbital
inclination [11]-[16]. Professor Andrea Monti Guarnieri led
the European Space Agency (ESA) GEO SAR for terrain and
atmosphere with short review [17]-[22].

In 2014, Hobbs et al.outlined the potential application fields
and described the main factors restricting its development
[23]-[26]. In the same year, Ruiz-Rodon ef al. analyzed the
beam surface coverage of GEO SAR in the case of
geostationary orbit and low eccentricity, and verified through
simulation that the imaging effect of the system in the mid
latitude area is better under its set parameters [27], [28]. In
2015, Andrea Monti Guarnieri ef al. in Italy put forward the
concept of multiple input multiple output (MIMO) GEO SAR.
The system uses multiple small satellites in the same
frequency band to form a constellation group. Compared with
monostatic GEO SAR, it has higher resolution, longer
observation time and higher system reliability [28]- [30]. In
the same year, Mark E. Davis studied the topographic
mapping ability of GEO SAR under the shelter of plants [31].
In 2016, Hans Martin et al. put forward the design idea of
daily monitoring of the whole Mediterranean region by using
GEO SAR. It is demonstrated that the system can be realized
based on today's scientific and technological level [32].
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In 2019, H Xu et al. proposes a SAR system mounted on a
special satellite in reverse equatorial geosynchronous orbit,
which the orbital inclination of satellites are180°, but there is a
risk of collision with satellites in existing orbits [33]. In 2020,
C Hu et al. proposes an analytical analysis method for the
multistatic GEO SAR GAF-based on the array spatial
ambiguity function (ASAF) [34], and proposes Coherence
based synthetic aperture radar (SAR) tomography (TomoSAR),
that exploits the complex coherences of SAR images to
achieve 3-D imaging [35]. In 2020, Z Chen et al. reviews the
research progress of GEO SAR technologies in detail [36]. In
2021, B Zhou et al. Proposed a generalized method for
calculating the accurate propagation distance between a GEO
satellite and a target with ultralong integration time [34]. F
Chang et al. focus on the analysis of the elevation space-
variant error and proposed an imaging algorithm to solve the
3D space variation and improve the focusing depth [38].

Although the research is in-depth, some countries even put
forward plans to launch GEO SAR satellites. For example, the
G-CLASS Hydroterra project which will be finalized by many
famous research institutes, and would carry a synthetic
aperture radar and would be rather uniquely placed in a
geosynchronous orbit. the project will be launched in 2027-
2028 [39]-[41]. With the support of space infrastructure,
China is also carrying out key technology research of GEO
SAR [42]-[47]. The first GEO SAR has been launched by
China at August 2023.

Current GEO is known as inclined anterograde orbit (with
an inclination of 0~90°), instead, this paper proposes a concept
of retrograde GEO SAR with an inclination of 180°.
Considering that if its orbital height is the same as the
geostationary orbit, there is a risk of collision with existing
satellites. Therefore, we propose the SAR with an orbit height
lower than the existing geostationary orbit, which is called sub
retrograde GEO SAR. Compared to traditional anterograde
GEO SAR, the proposed concept has the following advantages:
(1) Shorter revisit time. The orbital period of traditional
anterograde GEO and sub retrograde synchronous orbit SAR
is nearly 24 hours. Due to the relatively fast satellite flight
speed of sub retrograde synchronous orbit SAR, it brings
shorter revisit time.(2) Better resolution. Traditional GEO
SAR is greatly affected by the Earth's rotation, resulting in
non orthogonal two-dimensional imaging resolution, thereby
reducing the imaging resolution. However, the retrograde
GEO SAR is observed in side looking at different positions
throughout the orbit, so its two-dimensional resolution is
orthogonal. (3) Simpler timing. The azimuth Doppler
bandwidth of conventional GEO SAR is time-varying. When
designing the system timing, it is necessary to consider the
impact of changes in azimuth ambiguity caused by Doppler
bandwidth variant. For retrograde synchronous orbit SAR, the
satellite speed is constant, so its Doppler bandwidth is also
constant. Therefore, the system timing design only needs fixed
design.

The organizational structure of this article is as follows. The
second section analyzes the orbital characteristics of sub
retrograde GEO SAR which focuses on the satellite geometric
relationship, satellite velocity, synthetic aperture time,
Doppler frequency, Doppler modulation frequency,
observation coverage and yaw angle. The third section is the
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design of radar parameters, including system sensitivity
analysis, resolution analysis and timing analysis. Based on the
definition of resolution, a high-precision azimuth resolution
analysis method is proposed. In fourth section, the imaging
characteristics of sub retrograde GEO SAR are studied. The
Chirp Scaling algorithm is used for sub retrograde GEO SAR
imaging processing. The influence of orbit perturbation error
in sub retrograde GEO SAR is given for the first time. The
fifth section gives two ways to solve the observation blind
areas, one way is to change the orbit inclination, the another
way is to use the bistatic mode.

II. CHARACTERISTIC ANALYSIS OF SUB RETROGRADE GEO SAR

A. Analysis of satellite geometric relationship

The geometry of GEO SAR is shown in Fig. 1. O is the
earth center and O, is the satellite, Q is the right ascension of
the ascending node (RAAN), i is the orbit inclination and u is
the argument of perigee. OXYZ is the earth inertial coordinate
system (ECI), OX'YZ' is the satellite orbit coordinate system,
ur, up, ut¢ is unit vectors of X', Y', Z', respectively. Rs
and R: are the position vectors of the satellite and the target,
respectively. Rs and R. are the first-order time derivative.

Fig. 1. Illustration of GEO SAR geometry.

The orbital parameters are shown in Table 1. The orbit
trajectory of sub retrograde GEO SAR in ECI coordinate
system is shown in Fig. 2.

TABLE 1
SIMULATION PARAMETERS
orbit height 35738 km
inclination 180°
eccentricity 0°
ascending node 110°
the perigee angle 0°
the true perigee angle 90°
the carrier frequency 1.25 GHz

the radar off-nadir angle 3°

the range beam width 0.4°

the azimuth beam width 0.4°
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Fig. 2. Space trajectory under sub retrograde GEO:(a) ECI, (b) Sub-satellite
point.

B. Satellite speed analysis
The beam foot-mark velocity vector Vi can be expressed

by
|Rt | -cos

Sg |R
S

V.-V, €))

where f3 is the angle between Rs and Rt, Vs and V: are the
velocity vectors of the satellite and the target, respectively.
The velocity of the satellite relative to the earth V; ., can be
rewritten as
R, R,

s-e":|Rt|-cosﬂ w7 s_|Rt|~cosﬂ ‘

It can be seen that the sub retrograde synchronous orbit
SAR has little change about the track velocity and beam foot-
mark velocity in the whole orbit, so the variation of velocity
related parameters such as azimuth Doppler spatial variation
and synthetic aperture time variation will be small, which is
contribute to imaging processing.
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Fig. 3. Satellite speed:(a) Inertia velocity, (b) Beam foot-mark velocity.

The change of satellite velocity and beam foot-mark
velocity in conventional GEO SAR reach 1600 m/s and 350
nV/s respectively in the whole orbit. The change will affect the
Doppler characteristics of imaging, including Doppler
frequency, Doppler bandwidth and so on.

C. Synthetic aperture time

Synthetic aperture time is defined as the time span when the
target is in the radar 3 dB beam. The traditional synthetic
aperture time calculation formula of LEO SAR can be
expressed as [48]

oz 3)
58

where R, the distance from the satellite to the pointing target
of the beam center, 6,, is the beam width of azimuth, and V,
is the ground footprint speed of the beam which is the absolute
value of the beam ground speed vector Vi . The formula
assumes that the synthetic aperture trajectory is a linear
trajectory, and the velocity in the linear trajectory is a uniform
linear motion, but the motion trajectory of GEO SAR is
seriously curved and the velocity time-varying is strong.
Therefore, the above synthetic aperture time calculation
formula is no longer applicable to GEO SAR.

A new method for calculating synthetic aperture time is
presented, that is, to judge whether the ground reference target
is within the radar 3dB beam, and calculate the satellite’s time
in the beam point by point to accumulate. The following
inequality can be used to infer whether the angle of view from
the radar to the target is within the beam

2 2
4(9’9—29'0) + ‘;i; <1 o)
rg az
where 6, is the elevation angle and 6, is the azimuth angle in
antenna coordinate system, 6,, is the radar off-nadir angle,
0, is half of the range beam width, 6,. is half of the azimuth
beam width.

The geometry of variables in antenna coordinate system is
shown in Fig. 4. Assuming the radar frequency band is the L-
band and the radar off-nadir angle is 3°, the range and azimuth
beam width is 0.4°.The synthetic aperture time with 5 m
resolution is shown in Fig. 5.
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Synthetic aperture time

600 f ,
—retrograde GEO orbit
- - -60° GEO orbit

—~400 | 25 P

L ro PAERN

— ,/ \\ ’ \

< ’ \ Py %

2] . sodoe? h

200 F == =
0

0 4 8 12 16 20 24
Orbit time (h)

Fig. 5. Synthetic aperture time of 5 m resolution under sub retrograde GEO
orbit and 60°-inclined GEO SAR.

The synthetic aperture time of conventional GEO SAR is
different at different orbital positions. However, for the sub
retrograde GEO, the synthetic aperture time of the whole orbit
is a constant value because of the satellite's flight speed is
uniform. Due to the high flight speed of the sub retrograde
synchronous orbit SAR satellite, the synthetic aperture time
required under the same resolution is less than that of the
conventional GEO SAR.

D. Doppler characteristics

Doppler characteristic is the key factor of SAR satellite
imaging. It is depended on satellite orbit, off-nadir angle,
antenna pointing, earth rotation and so on.

The Doppler parameter calculation method based on the
geometric relationship between satellite and ground is used to
describe the instantaneous Doppler frequency, which can be
expressed as

2 . 2 . . 2
fd :_XR:_E(RS _Rt)'<Rs _RL)Z_E
where the velocity vector of the satellite relative to the point
target V, =R, - R, .

The Doppler frequency modulation can be obtained by

deriving the Doppler frequency as

R-V, (5
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where the acceleration vector of the satellite relative to the
point target A, = R _-R, . Assume that the radar works in C-
band, the Doppler frequency and the Doppler modulation
frequency of the sub retrograde GEO SAR and the
conventional GEO SAR are shown in Fig. 6 and Fig. 7.
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Fig. 6. Doppler center frequency under sub retrograde GEO orbit and 60°-
inclined GEO SAR.
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Fig. 7. Doppler frequency modulation under sub retrograde GEO orbit and
60°-inclined GEO SAR.

It can be seen that the Doppler frequency and Doppler
frequency modulation rate of sub retrograde GEO satellite
SAR change little in the whole orbit, and its azimuth
resolution characteristics and imaging characteristics are
relatively constant in the whole orbit.

E. Observation area

In order to get the observation area of the beam on the
ground, we need to calculate the direction of the beam, and
then get the footprint of the beam on the ground according to
the direction of the beam. In the satellite body coordinate
system, the beam direction can be determined by the angle of

range y and azimuth 6, which can be expressed by
Q =sin6 u, +cosl, (cos yu, +sinyu, ) ™

= sin6,u, + cos 0, sin yu, + cos 6, cos yu,

where u/ , u), , u, represents the unit vectors corresponding to
the three axes in the satellite body coordinate system, ~ > 0
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After the direction of the beam is determined, according to
the earth ellipsoid equation, we can get the footprint of the
beam on the ground, so as to get the coverage of the beam on
the ground. The detailed derivation process can be seen in
reference [49].

Satellite tool kit (STK) is used to simulate the coverage
observation area of LEO, conventional GEO and sub
retrograde GEO respectively in Fig.8. The incidence angles of
the three orbits are all 10° to 60°, the azimuth and range angle
of sub retrograde GEO SAR is +3 °,while traditional GEO
SAR is £3°, LEO SAR is +45°.
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It can be seen that the observation performance of sub
retrograde synchronous orbit SAR is much better than that of
LEO SAR, conventional GEO SAR can only realize regional
observation. Figure 9 shows that the beam footprints of
conventional GEO SAR are mainly distributed in the North-
South direction. However, for sub retrograde synchronous
orbit SAR, its coverage area is global, not specific longitude
and latitude, and its beam coverage mainly depends on the
observation angle. For the Peking region observation
performance shown in Table II, the revisit time of sub
retrograde GEO SAR is better than that of GEO SAR and
LEO SAR,but the sustainable time of sub retrograde GEO
SAR is worse than GEO SAR and better than LEO SAR.

F. Yawing steering

The combination of the satellite’s own speed and the earth's
rotation speed will make the actual flight direction of the
satellite deviate from the original trajectory, which leads to the
so-called yaw angle.

The yaw angle can be expressed by

P=R -0okxR,

h . - ho . 8)
=| ——ro,cosi |u, —re,sinicosuu, ——esin fu,
r p

where r is the scalar of satellite orbit position,
1 =398600.4 km’/s” is the gravitational constant of the earth,

w. =27/T, =7.2921x10° rad /s is the rotation speed of the

earth, w, = w, is the average angular velocity of satellite,

p:a(l—ez) , h=\/up . The yaw angles of conventional

GEO SAR and the sub retrograde GEO SAR are shown in
Fig.10. For conventional GEO SAR, due to the influence of
earth rotation, there is a large yaw angle. After one-
dimensional yaw traction processing, under the same
resolution, the full orbit synthetic aperture time is less than
that without yaw traction. When there is no yaw traction, the
synthetic aperture time of the whole orbit is very long,
especially at the apogee, which is due to the large squint
observation geometry. It can be found from the analysis of
references [49] that the one-dimensional yaw guidance shift
can significantly improve the synthetic aperture time. For sub
retrograde GEO SAR, the yaw angle can be found to be zero
through simulation analysis. In this case, the imaging will not
introduce squint angle, which greatly reduces the coupling
between range and azimuth.
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Fig.10. Yaw angle under sub retrograde GEO and 60°-inclined GEO.
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III. SYSTEM PARAMETER DESIGN

A. Transmit power analysis

Due to the high orbit position and long operating range, in
order to meet the signal-to-noise ratio requirements of the
imaging, a large power aperture product is required, the noise
equivalent sigma zero( NEc” ) is calculated by

(4z)' R* (kT,) BFLE M
FGXG,G,,,P.P,

where R, is the slant range from the radar to the target point,
P is the total transmission power of the radar, L is the system
link loss, G, is the antenna gain, L, is the off-axis loss of the
antenna, o' is the radar back scattering coefficient, p, is the
azimuth resolution, p, is the range resolution, F is the
receiver noise factor, B is the signal bandwidth, A is the
wavelength, G, is the pulse compression ratio, G, is the
azimuth accumulation gain, k=1.380x10" is the Boltzmann
constant, M is the system margin.

NEc' = )

4

w0
B 8l —60° GEO orbit
'g - - retrograde GEO orbit
[o]
o 6 b
€
2 4l
g
ol
8 2 \/—\/
o

0 L L L
0 5 10 15 20

Orbit time(h)
Fig. 11. Peak power of sub retrograde GEO and 60°-inclined GEO SAR.

The peak transmission power required for different orbital
positions of the conventional GEO SAR and the sub
retrograde GEO SAR are shown in the Fig. 11. The simulation
parameters are selected as follows: the antenna aperture is 40
m, the receiver noise factor is 2 dB, and the system loss is 3 dB,
NEG" is -20 dB, the peak transmit power is 100 kw, the center
frequency point is 1.25 GHz, the off-axis loss of the antenna is
3 dB, the slant range from the radar to the target point is
35738 km, the antenna gain is approximately 52 dB, the range
resolution is 5 m. Under the same resolution, the transmission
power required for different positions of the whole orbit of
conventional GEO SAR is different, while the transmission
power required of the whole orbit in sub retrograde GEO SAR
is the same.

B. Azimuth resolution

The azimuth resolution of airborne SAR and traditional
LEO SAR is approximately half of the radar antenna length.
Due to the high orbital altitude and the great influence of earth
rotation on effective radar velocity and Doppler parameters,
GEO SAR has a long synthetic aperture time and a curved
trajectory that can’t be ignored, so the traditional azimuth
resolution calculation method based on uniform linear motion



This article has been accepted for publication in IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing. This is the author's version which has not been fully ¢

content may change prior to final publication. Citation information: DOI 10.1109/JSTARS.2023.3324489

trajectory are no longer applicable.
According to the Doppler characteristic at the different
times and the satellite speed analyzed previously, we can get
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the calculation formula [50] of the GEO SAR azimuth
resolution as

(10

where B, is the Doppler bandwidth.
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Fig. 12. Azimuth resolution with synthetic aperture time of 100 s under sub
retrograde GEO and 60°-inclined GEO SAR.
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Fig. 13. Azimuth resolution with synthetic aperture time of 200 s under sub
retrograde GEO and 60°-inclined GEO SAR.

Fig.12 and Fig.13 shows that the azimuth resolution of the
conventional GEO SAR and the sub retrograde GEO SAR
when the synthetic aperture time is 100s and 200s,
respectively. It can be seen that the resolution of sub
retrograde GEO SAR is constant in the whole orbit, but the
azimuth resolution is very different when the satellite runs in
the conventional GEO SAR.

C. Timing design

The pulse repetition frequency (PRF) of space-borne
synthetic aperture radar needs to be strictly designed
according to the observation angle. When PRF is selected, the
factors such as azimuth ambiguity, range ambiguity and sub-
satellite point echo need to be considered. For sub retrograde
GEO SAR, the squint angle is 0°. At this time, the radar
timing design does not need to consider the case of range
migration caused by squint angle as described in PRF, which
greatly simplifies the timing design of the system.

PRF must satisfy the following equation [51]
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where R, is the proximal slant range and R, is the distal slant
range in swath, A, is the distance between satellite and nadir
point, 7, is pulse w1dth T, .. 18 duration time of nadir echo
and m is an integer.

To avoid emitting block, PRF must satisfy the following
equation

—nadir

n n+l
—— < PRF

2R =TSR,

. T?+Q+Q

(12)

where 7, is the guard time, 7 is the number of emitted pluses
between transmission and reception and which can also be

. . (2R,
approximated by n=1nt(2R% ~PRF)=1nt( % -PRFJ ,
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Fig. 14. Zebra map of sub retrograde GEO

According to the timing design results, as shown in Fig. 14,
PRF selection of sub retrograde GEO SAR is 400 ~ 500 Hz,
which can meet the azimuth ambiguity and range ambiguity
required for imaging, as shown in Fig. 15.
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Fig. 15. Ambiguity analysis of the sub retrograde GEO SAR:(a) RASR, (b)
AASR.

Due to its Doppler characteristics changing with orbital
position in conventional GEO SAR, timing design needs to be
changed at different orbital positions. The figure 16 shows the
different AASR values obtained under the same PRF at
different orbital positions, indicating that the same PRF at
different orbital positions brings different AASR values.
Therefore, we can get that the timing of the traditional
anterograde GEO SAR is orbital variant, but invariant for the
sub retrograde GEO SAR.
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Fig. 16 AASR of the 60°-inclined GEO SAR.

IV. STUDY ON IMAGING CHARACTERISTICS

A. Slant range model

For conventional GEO SAR, the slant range model is

usually extended to fourth order [52], as shown below

1 2 1 3, 1 4

2 Astta + 6 Bstta + 24 Csttn (13)
where R, V,,A,,B,,C, are the first, second, third and fourth
derivatives of the vector of satellite position and target
respectively, ¢, is the azimuth slow time.

When the orbit inclination is 180°, the slant range history
error results obtained by different order models are
respectively shown in Fig. 17. It can be seen that when the
slant range order is taken to the third order, the slant range
error is less than 0.03 m, which can not meet the requirements
of less than 1/32 wavelength accuracy in the imaging
processing.Thus, the four-order range model is required for
both the traditional and sub retrograde GEO SAR .

R(ta) = RSI +Vstta +
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Fig. 17. Different order slant-rang error of sub retrograde GEO:(a) second
order, (b) third order, (c) fourth order.

B. Range space-variant

Range space-variant refers to the characteristic that the
signal model changes with the distance and position of the
point target. Under the traditional low orbit SAR strip mode,
the imaging swath is only tens of kilometers, and with the rise
of satellite orbit, the imaging swath also increases. Under
GEO SAR strip mode, the swath can reach 300km, and the
range space-variant increases significantly. The slant distance
difference of range cell migration along the range direction
can be expressed as

OR(t;R)=R(;R)-R({,;R) (14)
where R, is the shortest slant range from radar to the center
point, R, is the shortest slant range from radar to the reference
point.

We assume that there are five target points in the imaging
scene as shown in Fig. 18. The four points are -75 km, 75 km,
-150 km and 150 km away from the center point along the
distance direction. The incident angle of the scene center point
is 40°, and the synthetic aperture time is 300 s.
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Fig. 18. Target positions along the distance direction in the scene

The one-way slant distance differences between the scene
center point and the four point targets are given respectively
shown as in Fig.19 and Fig.20.
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Fig. 19. Range space-variant of sub retrograde GEO:(a) at the perigee, (b) at 3
hour after perigee, (c) at 6 hour after perigee.
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Fig. 20. Range space-variant of 60°-inclined GEO SAR:(a) at the perigee, (b)
at 3 hour after perigee, (c) at 6 hour after perigee.

From the range space-variant at the perigee 0, 3 and 6 hour,
it can be seen that the range space-variant at different orbit
times is the same and only a few meters. But for conventional
GEO SAR, its range space-variant can reach tens of meters or
even hundreds of meters, spanning multiple range units.

C. Azimuth space-variant

The classical frequency domain imaging processing
algorithms are generally based on meeting the azimuth time
invariance, so as to realize batch compression of point target
echoes with the same slant range in the azimuth frequency
domain and improve the imaging processing efficiency.
However, the synthetic aperture time of traditional GEO SAR
is about hundreds of seconds. There is serious azimuth space-
variant in the azimuth direction.

The distance difference of range cell migration caused by
the azimuth space-variant can be expressed as

AR(,;R)=R(,;R.)-R(*.;R.) (15)
where ¢, represents the beam center crossing time of center
point, ¢ represents the beam center crossing time of reference
point.
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Fig. 21. Target positions along the distance direction in the scene.

It is assumed that the orbital inclination is 60°, and the
synthetic aperture time duration is 300 s. It can be seen that
the one-way slant range errors of different point targets along
the azimuth direction are far greater than the error tolerance,
and the azimuth space-variant is strong, which will greatly
reduce the processing and calculation efficiency of frequency
domain algorithm, as shown in Fig. 22.
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Fig. 22. Azimuth space-variant of 60°-inclined GEO SAR: (a) at the perigee,
(b) atl hour after perigee, (c) at 2 hour after perigee.
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However, for sub retrograde GEO SAR, the azimuth space-
variant is greatly reduced. The following Fig.23 gives the
azimuth space-variant of four point targets which are 75 km
and 150 km away from the reference point of the scene center
respectively, and the synthetic aperture time is 300 s.The
azimuth space-variant of sub retrograde GEO SAR at different
times is far less than the error tolerance, it meets the azimuth
time invariance.
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Fig.23. Azimuth space-variant of sub retrograde GEO:(a) at the perigee, (b)
atl hour after perigee, (c) at 2 hour after perigee.

D. Frequency imaging algorithm

For conventional GEO SAR, due to the long synthetic
aperture time, squint angle caused by the earth's rotation,
curved flight trajectory and other reasons, its slant range is
expressed by fourth-order expression, and the coupling
between azimuth and range direction is serious, and the
azimuth space-variant is strong. The literature [53] puts
forward the influence of traditional straight line model and an
improved SPECAN algorithm based on the accurate range
model, Literature [54] established the range model by using
fourth-order approximation, and an improved imaging
algorithm with sub-aperture processing method is proposed.
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We use an improved CS algorithm [55] for the sub
retrograde GEO SAR imaging, where the slant range model is
expanded to fourth order.The following figure simulates the
imaging of point targets of the sub retrograde GEO SAR at 0
hour after perigee with which the orbit inclination is 180°.Due
to the velocity and Doppler frequency of the proposed GEO
SAR is orbital invariant, one orbital position is enough to
verify that the CS is effective. The synthetic aperture time is
300 s, the carrier frequency of the transmitted signal is 1.25
GHz, the time width is 1 us, and the bandwidth is 250 MHz.
The results are given as follows. It can be seen that the
imaging results of improved CS algorithm based on fourth-
order range model can meet the imaging requirements.

Amplitude(dB)
8 .
Amplitude(dB)

I
-30 ‘ 1 | “\“V‘w‘
I ‘ l H N
11 110
0 50 100 150 0 50 100 150
Azimuth(sample) Range(sample)

(@ (b) ©
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Fig. 24. CS algorithm imaging results of sub retrograde GEO at 0 hour after
the perigee:(a) 2-D contour, (b) Range profile, (¢c) Azimuth profile.

TABLE III
IMAGING RESULT IN DIFFERENT ORBIT POSITION
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Fig. 25. Imaging results at different orbital positions:(a) at 0 hour after the
perigee, (b) at 1 hour after the perigee, (c) at 3 hour after the perigee.

In order to compare the imaging differences between
conventional GEO SAR and sub retrograde GEO SAR,
imaging results at different orbital positions are presented. It
can be seen that for conventional GEO SAR, due to the
influence of the Earth's rotation,the azimuth and range angle is
orthogonal at 0 hour past perigee. At 1 hour past perigee
moment, the angle between the azimuth and range is 58.07°,
indicating non orthogonality. At 3 hour past perigee moment,
the angle between its azimuth and distance is 25.10°, showing
its non orthogonality. The non orthogonal state of azimuth and
distance can lead to a deterioration of resolution.On the other
hand, for sub retrograde synchronous orbit SAR, the azimuth
and range directions at different orbital positions are always
orthogonal. From the Fig.25 , it can also be seen that within
the same synthetic aperture time, the sub retrograde GEO SAR
will achieve better azimuth resolution than traditional GEO
SAR, which is due to the relatively fast operation speed of
retrograde synchronous orbit satellites, resulting in a shorter
acquisition time for the same resolution.

E. Influence of orbit perturbation error

The geometric relationship between accurate orbit and orbit
with error is shown in Fig. 26.

Orbit with error

Accurate orbit

A
Sl R(t,)

. \
Satellite \

Fig. 26 Illustration of accurate orbit and orbit with error geometric.

When there is an error in the satellite position, the slant
distance from the satellite to the point target will introduce an
error term. The orbit error of GEO SAR can be approximately
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regarded as the curve of N sine transforms, and the slant error
term introduced by satellite orbit determination error can be
expressed as

R, (t,)=4,sin(N(t, +x,)/T,)+4,  (16)

where ¢, is the azimuth time, X, is a random value which
determines the variation trend of the error, 7. is the GEO SAR
operation period, 4, is the amplitude of the relative error term,
and 4, is the absolute error term.

In this case, the slant range error from radar to target point
can be expressed

R'(t,)=R(t,)+ R, () (17)

where R(z,) is the scalar of slant distance from satellite to
target point.

We assume that the amplitude of the relative error term 4,
is 2 m, N is 12n and the absolute error 4, is 0.5 m, the
synthetic aperture time is 300 s.

The previously proposed algorithm is used to carry out sub
retrograde GEO SAR imaging simulation. Due to the velocity
and Doppler frequency of the proposed GEO SAR is orbital
invariant, one orbital position is enough to verify that the
influence of orbit perturbation error is effective. The results
are shown in the following.
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Fig.29. Imaging results of 60° -inclined GEO SAR at 1 hour after perigee with
orbit determination error:(a) 2-D contour, (b) Range profile, (c) Azimuth
profile.
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Fig. 30. Imaging results of 60°-inclined GEO SAR at 3 hour after perigee with
orbit determination error:(a) 2-D contour, (b) Range profile, (c) Azimuth
profile.

TABLE IV
IMAGING RESULT IN DIFFERENT ORBIT POSITION
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Fig.27. Imaging results of sub retrograde GEO at the perigee with orbit
determination error:(a) 2-D contour, (b) Range profile, (¢c) Azimuth profile.

Compared with the imaging quality without orbital error
and with orbital error, we can see from Table III and Table IV
that the PLSR in the azimuth direction has deteriorated. With
orbital error, the PSLR deteriorated 0.19 dB at the perigee.

Similarly, in order to compare the impact of orbital position
error on conventional GEO SAR, we use the same parameters
for imaging simulation. The results are shown in Fig. 28-30. It
can be seen that the sub retrograde GEO SAR is less affected
by the orbital position error, especially in PLSR. This is
because of sub retrograde GEO SAR working in side-looking
mode. But for the conventional GEO SAR, except at orbital
time 0 hour, other positions are squint observation, which is
greatly affected by orbital position error.
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Fig. 28. Imaging results of 60°-inclined GEO SAR at the perigee with orbit
determination error:(a) 2-D contour, (b) Range profile, (¢c) Azimuth profile.
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V. SOLUTION OF OBSERVATION BLIND AREA

For sub retrograde GEO SAR, because its orbit is over the
equator and its normal working mode is side looking, it is easy
to lead to the existence of observation blind areas near the
equator. There are two ways to solve this problem. One is to
change the orbit inclination, for example, the orbit inclination
of sub retrograde GEO SAR is not 180°. As shown in Fig. 31.

Latitude (degrees

30 [ 30 50 a0 120 150 180 150 120 90

Longitude (degrees)
Fig. 31. Observation areas of the orbit inclination is not 180°.

After adjusting the orbit inclination, the area near the
equator is covered by multiple satellite observations, so there
is no observation blind area. However, the cost is that it is
greatly affected by the earth's rotation. In addition, it will
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cause the synthetic aperture time to become longer under the
same resolution.

The synthetic aperture time required is shown as in Fig.32.
The azimuth resolution is 5 meters when the inclination angle
of the orbit is 150 °.
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Fig. 32. Synthetic aperture time of 5 m resolution at 150°-inclined GEO SAR.

It can be seen that the synthetic aperture time required
reaches 150s, which is greater than the synthetic aperture time
required under the same resolution of 180° orbit inclination.
This is mainly because the speed of the satellite relative to the
ground decreases from 100 m/s to 50 m/s when the orbit
inclination is 150°.

Fig. 33. Bistatic mode with GEO SAR and aircraft.

Another way is to use the bistatic mode to solve the
problem. sub retrograde GEO SAR can be used as the
irradiation source, and aircraft or LEO satellite can be used as
the receiving platform. As shown in Fig. 33.

According to literature [56], in this mode, the resolution of
bistatic underground imaging is

0.8861
ty+T,/2 n
[ NH (@) + @, ) Jar

0T, /2

p, = (18)

where A is the signal wavelength, T is the synthetic aperture
time. ®, (t) and @, (¢) are the angular velocities of the
transmitter and the receiver, respectively, which are given by

[1=u, (0w, O |V
[P, R, ]

()=

(19)
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[X=up, (g, 0]V
[P = R 0]

where I is the 3x3 identity matrix. P, are the position of a
point target, R,(t) and V;(t) are the position vector of GEO
satellite, R,(t)and V,(t) are the position vector of the receiver.

With the special configuration of bistatic, the satellite nadir
point of sub retrograde GEO SAR also has imaging ability.
Assuming that the parameters of the receiving platform are the
speed of 100 m/s, the height of the receiving platform is 50 km,
the receiving antenna is 0.2 m and the receiving reflection
angle is 55°, the range resolution and azimuth resolution can
be obtained as shown in Fig. 34 and Fig. 35, respectively.

gy (1) = (20)
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Fig. 34. Ground range resolution of the bistatic mode.
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Fig. 35. Azimuth resolution of the bistatic mode.

VI. CONCLUSIONS

This paper presents a new concept of sub retrograde GEO
SAR, and analyzes its orbit characteristics, focusing on the
satellite geometric relationship, satellite velocity, synthetic
aperture time, Doppler frequency, Doppler modulation
frequency, observation coverage, yaw angle and so on. In the
aspect of system design, the radar parameters are designed,
including system sensitivity analysis, resolution analysis and
timing analysis. The imaging characteristics of sub retrograde
GEO SAR are studied, including range model, range and
azimuth space-variant, imaging algorithm and so on. Finally,
for this problem of observation blind area near the equator of
sub retrograde GEO SAR, the way of changing orbit
inclination and bistatic imaging is proposed. We find that the
sub retrograde GEO SAR satellite has the advantages of
uniform motion speed in the whole orbit, less influence by the
earth's rotation, simple timing, shorter revisit time, better
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resolution and small space-variant in azimuth and range. It can
be used in disaster detection, topographic mapping, forest
biomass, soil moisture, marine environment, marine target
detection and other fields. For example, we can use the
advantage of the short revisit time of the sub retrograde GEO
SAR to monitor disasters, and we can also use its large
coverage to achieve target detection at sea. The global three-
dimensional topographic mapping can be realized by multiple
repeated observations of sub retrograde SAR in different
orbits.

Compared to conventional GEO SAR, sub retrograde orbit
GEO SAR has some application advantages, but its cost is the

need for larger transmission power and large aperture antennas.

In order to realize the sub retrograde GEO SAR project, it is
necessary to solve the problems of large aperture antenna and
high-power transmission. At present, there are two methods.
One is to build a large antenna, which is retracted during
transmission and deployed on orbit. The other is to realize
large aperture antenna by combining many small aperture
antennas through distributed antenna, but this method needs to
overcome the problem of coherent synthesis of signals.
Besides, due to global observations, the sustainable
observation time of sub retrograde orbit SAR for a certain
region will be shorter than that of conventional GEO SAR
when the orbital cycle time is fixed.

In addition, for sub retrograde GEO SAR, its application in
interferometry and moving target detection also needs further
research.
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