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ARTICLE INFO ABSTRACT

Keywords:
Geosynchronous synthetic aperture radar (GEO

Based on its ability to obtain two-dimensional (2D) high-resolution images in all-time and all-weather conditions,
spaceborne synthetic aperture radar (SAR) has become an important remote sensing technique and the study of
SAR) such systems has entered a period of vigorous development. Advanced imaging modes such as radar interferome-
O'rbit scheme try, tomography, and multi-static imaging, have been demonstrated. However, current in-orbit spaceborne SARs,
Disturbance factors . . . . s .
Echo focusing which all (?pe.rate 1n. low Earth orbits, .have relatively long revisit times ranging fforn seve.ral days to dozens of
Formation flying days, restricting their temporal sampling rate. Geosynchronous SAR (GEO SAR) is an active research area be-
cause it provides significant new capability, especially its much-improved temporal sampling. This paper reviews
the research progress of GEO SAR technologies in detail. Two typical orbit schemes are presented, followed by
the corresponding key issues, including system design, echo focusing, main disturbance factors, repeat-track in-
terferometry, etc, inherent to these schemes. Both analysis and solution research of the above key issues are
described. GEO SAR concepts involving multiple platforms are described, including the GEO SAR constellation,
GEO-LEO/airborne/unmanned aerial vehicle bistatic SAR, and formation flying GEO SAR (FF-GEO SAR). Due to
the high potential of FF-GEO SAR for three-dimensional (3D) deformation retrieval and coherence-based SAR to-
mography (TomoSAR), we have recently carried out some research related to FF-GEO SAR. This research, which
is also discussed in this paper, includes developing a formation design method and an improved TomoSAR pro-
cessing algorithm. It is found that GEO SAR will continue to be an active topic in the aspect of data processing
and multi-platform concept in the near future.

1. Introduction

Synthetic aperture radar (SAR) is an active microwave imaging sen-
sor mounted on a moving platform that can be used to obtain high-
resolution images day and night and in all-weather conditions [1].
Spaceborne SAR plays irreplaceable roles in the fields of military re-
connaissance [2], environment remote sensing [3], disaster monitoring
[4], etc. Since SEASAT, the first spaceborne SAR, was launched by the
U.S.A. in 1978 [5], spaceborne SAR has become a leading research area
in the field of Earth observation. In the 21st century, many countries
and organizations have deployed their own spaceborne SAR systems
and even implemented upgrades to such systems. For example, the Euro-
pean Space Agency (ESA) has launched Sentinel-1 to succeed ENVISAT
[6]. Based on the successful implementation and outstanding applica-
tion performance of TanDEM-X, the German Aerospace Center (DLR) is
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expected to launch TanDEM-L [7] in approximately 2022 to monitor the
dynamic changes in the Earth system based on the high penetration of
the L-band signal.

At present, in-orbit spaceborne SARs all operate in low Earth orbits
(LEO, with altitudes that are typically lower than 1000 km); these SARs
have global coverage capabilities, but their performance for revisiting a
given region is not good enough for some users. The revisit period of LEO
SAR is typically slightly more than ten days, and sometimes even up to
dozens of days, causing severe temporal decorrelation. Geosynchronous
SAR (GEO SAR) operates in an orbit with an altitude of approximately
36000 km, which has a revisit period of one (sidereal) day, much shorter
than that of LEO SAR. In addition, GEO SAR enables beam coverage of
up to thousands of kilometers; therefore, it can be used to effectively
realize large-scale and near-continuous observations, which is a capabil-
ity that is urgently needed for military and disaster monitoring [8]. In
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this paper, progresses in researching GEO SAR techniques are reviewed.
First, two typical GEO SAR orbit schemes are presented, including the
inclined orbit and the near-zero inclination orbit. Second, the key is-
sues that have attracted much attention in recent years, such as system
design, echo focusing, main disturbance factors, and repeat-track inter-
ferometry, are described. Third, GEO SAR concepts involving multiple
platforms, including constellation, GEO-LEO/airborne/unmanned aerial
vehicle bistatic SAR, and GEO SAR exploiting formation flying (FF-GEO
SAR), are reviewed. We also discuss research we have conducted re-
cently regarding FF-GEO SAR, namely, the formation design method,
performance analysis and an improved coherence-based SAR tomogra-
phy (TomoSAR) processing algorithm. Finally, the paper is concluded,
and visions for future GEO SAR research are discussed.

2. GEO SAR orbit schemes

At present, the mainstream GEO SAR concepts mainly include near-
zero inclination GEO SARs and inclined GEO SARs [9], as shown in
Fig. 1 (a). Among the latter schemes, high- and medium-inclination
schemes are popular research topics, in which the shapes of the nadir-
point trajectories are large and small "figure 8" shapes, respectively. The
inclined schemes have mainly been studied by scholars from the U.S.A.
and China, while most work on near-zero inclination schemes has been
carried out by European scholars.

2.1. Near-gero inclination (NZI) GEO SAR

The NZI GEO SAR scheme was first proposed by Tomiyasu from the
National Aeronautics and Space Administration (NASA) of the U.S.A.
in 1978 [10], and this proposal was also the first public report on the
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GEO SAR concept. He proposed that with the key orbital elements of
1° inclination, 90° argument of perigee (AoP) and 0.009 eccentricity,
GEO SAR has a nearly circular nadir-point trajectory. GEO SAR has an
effective velocity (the platform’s velocity relative to the target) of 48
m/s, which can enable a 100 m resolution SAR image to be obtained
in an integration time of 700 s. With an L-band radar, the whole North
America continent can be imaged in 4 hours by switching footprints at
a resolution of 100 m.

Since 1998, European scholars, represented by scientists in Italy, the
U.K. and Spain, have begun to study NZI GEO SAR [11-15]; at first, they
mainly considered passive systems. Scholars from Politecnico di Milano
(POLIMI) in Italy, namely C. Prati and F. Rocca, conceived the idea to
place a receiver with a small eccentricity in geosynchronous orbit to
receive backscattered audio broadcast signals. The receiver’s effective
velocity was approximately only 2 m/s. Using a 4.8 m antenna, images
with a resolution of 120 m could be obtained for a 1500 km scene [11],
but the integration time was up to 8 hours. Later, European scholars
switched over to studying active GEO SARs. In 2013, J. R. Rodon et al.
from Universitat Politécnica de Catalunya (UPC) proposed that NZI GEO
SAR could be used to retrieve atmospheric phase screens (APSs) [16].
A. V. Monti-Guarnieri from POLIMI and S. Hobbs from Cranfield Uni-
versity (CU) proposed an NZI GEO SAR scheme and submitted it to the
Earth Explorer (EE) program of ESA, including EE-9 and EE-10 [17,18],
which were intended for topographic/atmospheric observation and hy-
drosphere observation, respectively. Among them, the scheme in EE-10
(G-CLASS, now renamed Hydroterra) became one of the three candidate
projects [19]. It is proposed to place a GEO SAR over the African conti-
nent using a C-band antenna with a diameter of about 7 m. Hydroterra
is intended for hourly to daily observation of water cycle processes over
Europe and Africa, especially the periphery of the Mediterranean Sea,
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Fig. 1. GEO SAR orbit schemes and coverage performances of some of these schemes. (a) Nadir-point trajectories of GEO SAR orbit schemes. (b) 53° and (c) 16°

inclination GEO SAR’s coverage performances in China.
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so as to explore hydrological phenomena including intense rainfall and
the surface water budget [20].

2.2. Inclined GEO SAR

Realizing that the effective velocity of the GEO SAR scheme pre-
viously proposed in 1978 implied restricted geographical coverage,
Tomiyasu proposed a new GEO SAR scheme with 50° inclination to im-
age the entire U.S. region in 1983 [21]. Compared with the original
scheme, this scheme had a nadir-point trajectory in a large “figure 8”
shape, and thus, it had a shorter integration time and a larger coverage.
However, due to the large required antenna (15 m or 30 m) and high av-
erage transmission power (more than 1 kW RF), it could not be realized
through engineering capabilities at that time. This limitation directly
led to slow research progress in the system design and key technology
of inclined GEO SARs for the next 20 years.

Since 2000, with the rapid development of electronic technology, re-
search on large antennas and high-power transmit/receive (T/R) mod-
ule technology has made rapid progress, and thus, many studies of in-
clined GEO SAR have gained momentum again. In 2001, researchers at
the Jet Propulsion Laboratory (JPL) in the U.S.A. pointed out that a GEO
SAR with a large inclination (50°-65°) had great application prospects
in disaster management, tectonic mapping and modeling. [22]. These
scientists initially demonstrated the system requirements, including the
power and antenna size requirements, and believed that the main tech-
nical difficulties that limited the realization of the scheme included the
average transmission power of 15 kW and the 30 m aperture antenna. On
the basis of this work, JPL proposed the Global Earthquake Satellite Sys-
tem (GESS, see the GEO SAR Constellation section below) in 2003 [23].
Ten inclined GEO SAR satellites were divided into five groups to achieve
global coverage. Since then, American scholars have seldom published
research on GEO SAR.

Another team actively conducting research on GEO SAR comes from
China. Since 2007, scholars from the China Academy of Space Tech-
nology (CAST) and Beijing Institute of Technology (BIT) have jointly
studied inclined GEO SARs [13]. Taking into account China’s large lat-
itude and longitude ranges, they first adopted a GEO SAR with a high
inclination of more than 50°, which had a large “figure 8” shape of nadir-
point trajectory, to cover major areas of China. They set the apogee of
the orbit to be at the North Pole (i.e., the position at which the argu-
ment of latitude (AoL) is 90°) to obtain a longer observation time for
the Northern Hemisphere [24]. Furthermore, the BIT team found that
such a high-inclination GEO SAR scheme could provide multiple ob-
servation angles for many areas. Therefore, one potential application
of highly inclined GEO SAR is three-dimensional (3D) deformation re-
trieval based on multiangle observations. By selecting the optimal com-
bination of observation angles, a theoretical 3D deformation retrieval
accuracy better than 2 cm was achieved for western China [24]. Re-
cently, medium-inclination (16°) GEO SAR, whose nadir-point trajec-
tory is a small "figure 8" shape, has become a popular topic of research
due to a longer coverage time for China [24,25] (see Fig. 1 (b) and (c));
medium-inclination GEO SAR is currently also the main configuration
adopted for theoretical research.

2.3. Other schemes

In addition to the abovementioned mainstream orbit schemes, Chi-
nese scholars have also proposed a variety of configurations to enable
special applications or specific observation performances, such as GEO
circular SAR, which can realize 3D imaging [26], and GEO SAR with a
small ellipse nadir-point track, which has good coverage performance
for China via a left-looking mode [27] and a "water-drop" nadir-point
track [28]. In some scholars’ research on focusing algorithms or sys-
tem analyses, one or more of these configurations have been selected to
verify the proposed methods.
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3. Key Issues in GEO SAR

Both the advantages and challenges of GEO SAR come from its much
higher orbit than LEO SAR. Compared to LEO SAR, the orbit height
of GEO SAR is two orders of magnitude larger. Accordingly, the Earth
rotation effect [29], signal propagation distance [29], synthetic aper-
ture time and imaging swath [30] are enhanced or enlarged to the
same degree, the influence of which will be briefly stated herein. Due
to this much more severe Earth rotation effect, the resolution analysis
method [29], beam/attitude control method [29] and sensitivity analy-
sis method [27] of traditional LEO SAR fail in GEO SAR. The long-range
results in a round-trip time for the signal of 0.25 s, and hundreds of
seconds results in a significantly non-linear trajectory. In terms of range
history modeling, these two factors invalidate the "stop-go" assumption
and straight-trajectory-based range model widely adopted in LEO SAR.
Furthermore, the GEO SAR signal is affected by a temporally and spa-
tially variant atmosphere because of the long integration time and ex-
tent of beam coverage. In addition, the curve trajectory also leads to
nonparallel repeat tracks, which results in the failure of the traditional
height-retrieval elevation model and causes rotation-induced decorrela-
tion for a GEO SAR interferometry (InSAR) pair. This decorrelation, in
turn, deteriorates the performances of InSARs and differential InSARs
(D-InSARs). The abovementioned main issues in GEO SAR are shown in
Fig. 2.

3.1. System design

A GEO SAR (especially the NZI) has a practically permanent view of
the Earth disk. This means that a given area can be imaged at almost
any time during the day. In general, the radar will not image in the
usual LEO “zero Doppler” configuration, and so lines of constant range
and constant Doppler are not always orthogonal. The viewing geometry
also affects polarimetry. The “natural” linear polarization directions for
the satellite are North and East. The conversion of these into local verti-
cal and horizontal polarization directions requires a coordinate rotation
which depends on the target location. For interferometry, the orbit track
should repeat within tight limits for coherent imaging, and therefore the
standard temporal baseline is integer multiples of one sidereal day. Since
sidereal and solar days differ by about 4 minutes, the solar time of co-
herent images shifts by about 2 hours per month and this shift has to
be accounted for in operations planning. Orbit maintenance needs care-

Tsyn: 100~1000s

/ Curve Trajectory

GEO SAR

Non-parallel Repeat Track
Earth
Rotation Parallel Repeat Track

LEO SAR ——_ Tsyn: ~1s

\ Straight Line Trajectory

Atmosphere

Fig. 2. Illustration of main challenges in GEO SAR, as presented by a compari-
son to LEO SAR, where Tsyn represents synthetic aperture time. The “stop-go”
assumption in LEO SAR means the platform is considered stationary during a
signal pulse’s propagation.
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ful planning to minimize fuel consumption while achieving good orbit
repeat geometry for interferometry.

In terms of GEO SAR system parameter analysis and design, Euro-
pean scholars have mainly focused on the comprehensive considera-
tion of both performance requirements and engineering implementation
techniques. In 2006, S. Hobbs briefly presented the main factors of GEO
SAR engineering design in the form of a group design project, covering
all the major aspects of spaceborne SAR engineering implementation,
including considerations for the budget, antenna, power, communica-
tion, launch, etc. [12]. In 2014, S. Hobbs proposed a GEO SAR system
parameter design process consisting of two main steps [9], in which
the first step involved the determination of the wavelength, integration
time and resolution, and the second step involved calculations for the re-
quired antenna size and power to ensure the signal-to-noise ratio (SNR)
constraint were met. J. Ruiz-Rodon et al. further discussed the system
design of NZI GEO SAR. Starting from a consideration of the eccentricity
impacts on the resolution, they presented a design method for power and
pulse-repetition frequency (PRF) and discussed the orbit station-keeping
requirements for D-InSAR [31].

Since Chinese scholars’ research on GEO SAR has focused on the
inclined scheme, which is limited by Earth rotation more than NZI ro-
tation, they have given more consideration to the impacts of the Earth’s
rotation on the GEO SAR system design. In 2011, C. Hu et al. from BIT
described the Earth rotation effect on GEO SAR resolution. By deriving
the generalized ambiguity function (GAF) of GEO SAR, they concluded
that the Doppler gradient in the GAF was significantly affected by the
Earth’s rotation, which led to the apparent nonorthogonality of the GAF
sidelobes on the ground; thus, the iso-range and iso-Doppler resolution
directions on the ground were nonorthogonal [29]. Furthermore, ana-
lytical expressions for the iso-range and iso-Doppler resolutions were
provided, while for an arbitrary direction, one can evaluate the resolu-
tion by solving the GAF equation numerically [29].

In addition, the Earth’s rotation yields a nonzero-Doppler centroid
for GEO SAR that cannot be eliminated in nonzero eccentricity GEO SAR
by the conventional one-dimensional (1D) attitude control method [32].
Subsequently, a variety of attitude control and beam scan methods were
proposed for performance optimization, including a two-dimensional
(2D) phase scan method that was used to achieve a zero-Doppler cen-
troid [32], an attitude steering method that enabled optimal ground res-
olution [33], and a joint attitude control and beam scan method that was
used to realize the staring mode [34]. The Earth’s rotation also affects
the GEO SAR SNR in that it induces nonorthogonality in the 2D resolu-
tion directions, increasing the resolution cell area; thus, a larger trans-
mission power is needed to satisfy the same resolution requirements
[27].

3.2. Echo focusing

The trajectory characteristics of GEO SAR induce three main prob-
lems regarding echo focusing: the "stop-go" assumption error, curve tra-
jectory, and large equivalent squint angle. In particular, the inclined
GEO SAR studied by Chinese scholars has a more complex trajectory,
and thus echo focusing is more challenging. Therefore, the research on
the GEO SAR echo focusing algorithm mainly comes from China.

3.2.1. Accurate signal modeling

The "stop-go" assumption error originates from the satellite motion
during the round-trip signal propagation, a phenomenon which cannot
be ignored for the very long-range case (e.g., GEO SAR) or the very high-
angular-velocity platform case (e.g., missile-borne SAR [35]). In 2011,
the BIT team modeled the GEO SAR "stop-go" assumption error for the
first time [29]. Assuming that the movements of the platform and the
target are uniform linear motions during the round trip of a signal pulse
(where the target motion is caused by the Earth’s rotation), the error can
be analytically expressed based on the platform’s effective velocity and
the range vector. Since both variables vary with slow time, the "stop-go"

349

Fundamental Research 1 (2021) 346-363

assumption error can be modeled by a high-order Taylor expansion of
slow time.

To achieve a close or even better resolution performance as com-
pared to LEO SAR, the synthetic aperture time of GEO SAR reaches hun-
dreds of seconds. For a medium-inclination GEO SAR scheme with a
small “figure 8” shape in the nadir-point trajectory, 1000 s of integra-
tion time is needed to obtain an azimuth-imaging resolution of 5 m at
the orbit position above the equator. Long integration time yields the
curve trajectory, resulting in a severe 2D spatial variation in the focus-
ing parameters and range cell migration (RCM). There are two methods
that can be used to solve this problem. One such method involves cor-
recting the curve trajectory into a straight track during the imaging pro-
cess [36]. However, only a very narrow swath can be accurately focused
with this method, so the whole scene needs to be divided into very small
segments that are each focused separately, significantly increasing the
computational burden.

At present, the other method, that is, using high-order Taylor expan-
sion to model the range history, has been widely adopted. For GEO SAR
with an integration time less than 1000 s, combining the "stop-go" as-
sumption error, a fourth-order curve trajectory model and a third-order
"stop-go" error model are usually used to accurately model the range
history [30], and the range can be expressed as

r(ty) = (rg+ Arg) + (ky + Aky )t + (ky + Aky )% + (ks + Ak3)e

+kyt?, M

where t, € [-T,/2,T,/2], T, is the integration time, k; and Ak; are the
coefficients for fitting the curve trajectory and the "stop-go" error, re-
spectively. r, is the range at 7, = 0 under “stop-go” assumption, Ar
is the “stop-go” error at 7, = 0. When the integration time is further
increased at some orbit positions, it is necessary to use a fifth-order
Taylor expansion to model the range history [37]. Nevertheless, gen-
erally speaking, the range model of the fourth-order Taylor expansion
is sufficiently accurate in most cases. The high-order coefficient of the
range history makes the derivation of the corresponding analytical 2D
spectrum very difficult. To solve this problem, a method based on se-
ries inversion and the principle of stationary phase is generally adopted
[38,39]. If we combine coefficients of the same order in (1), i.e., de-
noting Ry =ry+ Ar, K; = k; + Ak;,i = 1,2,3, and K, = ky, then the 2D
spectrum can be expressed as

2 2
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where c is the speed of light and ¢ is the amplitude. A,.(f,) and A,(f,) are
the range and azimuth envelope of the spectrum, respectively. g is the
range frequency modulation (FM) rate. f, and f, are range and azimuth
frequency, respectively.

3.2.2. Frequency domain focusing algorithm

To image large scenes with GEO SAR, a variety of focusing algo-
rithms have been proposed by many scholars. Although time domain
imaging algorithms (i.e., the backprojection (BP) algorithm) are uni-
versally accurate and simple, they are inefficient and thus difficult to
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implement in product generation. Therefore, frequency domain imaging
algorithms, most of which were based on the aforementioned high-order
series range model and the analytical 2D spectrum, have been a primary
focus in the study of echo focusing. The spectrum analysis algorithm has
been used to quickly focus point targets within a small area [29], but
it cannot be used to address the spatial variation in the scene imaging
parameters at all.

In subsequent research, scholars made great efforts to cope with the
key factor of the spatial variation in the scene imaging parameters. First,
scholars mainly considered the range variation in the focusing parame-
ters. In 2011, the BIT team improved the range-Doppler (RD) algorithm
to suit the curve trajectory case. The algorithm is based on an adaptive
adjustment of the azimuth pulse compression function parameters along
the range direction [30]. However, the range variation in RCM was not
considered, so the effective imaging scene size for this algorithm was
limited. Since the classical chirp scaling (CS) algorithm and nonlinear
CS (NCS) algorithm can be used to correct the spatial variation in RCM
and have been widely applied to LEO and airborne SAR scenarios, schol-
ars have improved these algorithms to fit the high-order range model
of GEO SAR. In 2012, C. Hu from BIT [40] and M. Bao from Xidian
University [41] individually proposed range CS imaging algorithms for
GEO SAR. However, both algorithms can only correct range variation
and are limited to first-order variation. In 2013, the BIT team proposed
a range NCS algorithm for GEO SAR [39] that broadened the imaging
scene width.

However, in addition to range variation, azimuthal variation also
needs to be addressed for GEO SAR imaging. To address the 2D spa-
tial variation in imaging parameters, many scholars have carried out in-
depth research, most of which includes NCS operations. T. Zeng [42] and
Z. Ding [43] from BIT proposed two NCS algorithms in 2013 and 2016,
respectively. After range NCS are used to correct range variation in RCM,
an azimuth NCS and optimal azimuth quadratic factor compensation
are used respectively in the two algorithms to correct azimuthal vari-
ations in the Doppler frequencies. Quadratic factor compensation can
also be used to solve the problem that the azimuth FM rates at some
orbit positions are close to zero. This problem produces a very small-
time-bandwidth product; thus, the frequency domain azimuth matched
filter is invalid. In 2015, D. Li from the National University of Defense
Technology (NUDT) in China proposed an improved wK algorithm based
on azimuth NCS, where the improved Stolt interpolation and three az-
imuth NCSs were applied to correct the range and azimuthal variation,
respectively [37]. In addition, in 2015, B. Hu from Harbin Institute of
Technology proposed an improved Stolt mapping to solve the range and
azimuth signals coupling problem [44].

However, the above algorithms are only suitable for the broadside
mode or low squint mode cases but cannot be used for the high squint
mode case. There are two possible reasons for a large squint angle, in-
cluding the Earth rotation effect or beam adjustment that is done to ob-
tain a larger coverage. The aforementioned algorithms mainly correct
the azimuthal variation in Doppler coefficients because the azimuthal
variation in RCM can be ignored for small squint angle cases. However,
the existence of a large squint angle leads to evident range walks as well
as serious azimuth-variant RCMs. To solve this problem, G. Sun from Xi-
dian University proposed a CS imaging algorithm based on RCM equal-
ization and subband synthesis [45] in 2014. The core approach within
this method involves equalization of the azimuth-variant RCM by us-
ing high-order polynomials, and azimuth subband division and synthe-
sis are mainly applied to compensate for the quadratic residual phase.
However, grating lobes occur after subband synthesis, and the grating
lobe level rises with an increasing subband number. In 2016, based on
RCM equalization and range CS, J. Chen adopted two SVDs and one NCS
to address the azimuthal variation in the imaging phase history [46]. In
2017, T. Zhang from BIT proposed the use of optimal azimuth polyno-
mial compensation to weaken the azimuthal variation in RCM; then, 2D
NCS can be adopted to subsequently focus the echo [47].
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3.3. Main disturbance factors

GEO SAR is inevitably affected by many nonideal factors due to its
long synthetic aperture time and large observation range. In 2010, D.
Bruno from the Cranfield University systematically analyzed the effects
of decorrelation factors on GEO SAR imaging for the first time [48]; such
factors included Earth tide, ionosphere and troposphere perturbations.
Including these factors will introduce phase delays to GEO SAR signals
and cause the deterioration of image quality, which must be compen-
sated to obtain high-resolution images. In addition, this team pointed
out that autofocus algorithms are feasible methods for correcting iono-
spheric perturbation errors.

The influence of the atmosphere on GEO SAR is particularly promi-
nent considering these factors. The most substantial difference in atmo-
spheric influences between GEO SAR and LEO SAR is the existence of
different degrees of azimuth influences caused by different levels of inte-
gration time. The frozen model can be adopted to describe atmospheric
effects in LEO SAR due to its approximately 1 s level-integration time,
whereas the model is invalid in GEO SAR because of a long integration
time typically ranging from 100 s to 1000 s [8]. The temporally variant
atmospheric effects cause image defocusing and shifting and introduce
residual phase errors. The latter also severely impairs the accuracy of
InSAR and D-InSAR products.

The most prominent atmospheric effects on GEO SAR imaging come
from tropospheric and ionospheric perturbations. According to the vari-
ation characteristics, the troposphere can be divided into the back-
ground troposphere (slowly varying part) and tropospheric turbulence
(randomly fluctuating part). Similarly, the ionosphere can be divided
into the background ionosphere (slowly varying part) and ionospheric
scintillation (randomly fluctuating part). Among these parts, the iono-
sphere and the troposphere mainly affect low band SARs (L, P, etc.)
and high band SARs (e.g., Ku), respectively. It should be noted that the
impacts of the atmosphere on the range imaging have little difference
between LEO SAR and GEO SAR. Therefore, the study of atmospheric
effects on GEO SAR mainly focuses on azimuth imaging.

3.3.1. Ionosphere effects

3.3.1.1. Background ionosphere. A phase error is introduced to the sig-
nal when electromagnetic waves pass through the ionosphere, which
can be expressed as

Gion = —27 - 80.6 - TEC(1,) /(c f) ®

where TEC(z,) is the total electron content (TEC) in slant path at az-
imuth time 7, and f is the signal frequency. The presence of f denotes
that the ionosphere is a dispersive medium that has different effects on
different frequency signals. For LEO SAR, since the integration time is
quite short, the background ionospheric effects can be regarded as tem-
poral invariant. Therefore, only background effects on range direction
need to be addressed and the split-spectrum method shows good per-
formance if the bandwidth is large enough [20]. In 2014, L. Liang from
the Institute of Electronics of the Chinese Academy of Sciences (IECAS)
proposed an analysis method for considering the influence of the time-
varying background ionosphere on GEO SAR and Medium-Earth-Orbit
SAR azimuth imaging [49]. They expressed TEC as a Taylor expansion
with respect to azimuth time and then studied the influence of the back-
ground ionosphere. These results indicated that the resolution deterio-
ration and image shift are more significant in GEO SAR than in LEO
SAR. In addition, these effects are greater with increasing integration
time and signal wavelength, as shown in Fig. 3 (a) and (b).

The BIT team has conducted extensive work on the analysis of the
time-varying background ionosphere [50-52]. Due to the curve trajec-
tory and the complex observation geometry, the ionospheric effect anal-
ysis method used in LEO SAR cannot be applied to GEO SAR. In response
to this problem, in 2015, the BIT team derived the 2D spectrum of the
GEO SAR signal in the presence of a time-varying background iono-
sphere while taking the curve trajectory and long integration time into
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account. The subsequent analyses showed that the effects caused by the
background ionosphere, including the 2D image shift and residual phase
error (causing image defocusing), were related to the derivatives of TEC
and range history. The boundary conditions of the two effects were also
analyzed and summarized [50]. In addition, they proposed an approach
to equivalently retrieve the TEC values for the GEO SAR propagation
path based on the Beidou inclined geosynchronous orbit (IGSO) naviga-
tion satellites and the Klobuchar model. The retrieved data were used to
perform the GEO SAR imaging simulation in the presence of the back-
ground ionosphere, verifying the correctness of the proposed analysis
method. Finally, it was found that the Phase Gradient Autofocus (PGA)
algorithm performed very well in correcting the influence of the back-
ground ionosphere on a defocused area target image; see Fig. 4 (a) and
(b).

In 2016, the BIT team also analyzed the impacts of the temporally
and spatially variant background ionosphere on GEO InSAR and D-
InSAR. The results showed that the background ionosphere produced
a relative image shift and decorrelation for the InSAR pair as well as
nonuniform phase screen errors for the interferogram. The inclusion of
the background ionosphere can also give rise to deformation retrieval
errors larger than 0.2 m, which do not satisfy the requirements for the
deformation retrieval accuracy in any engineering application [53].

3.3.1.2. Ionospheric scintillation. Compared with LEO SAR, GEO SAR
has a longer operation time in the area affected by ionospheric scintil-
lation due to its much higher orbit, which makes GEO SAR more sensi-
tive to ionospheric scintillation during the imaging process. Ionospheric
scintillation also mainly affects the azimuthal-direction signal of GEO
SAR.

Ionospheric scintillation is caused by the random distribution of
ionospheric irregularities, introducing random amplitude and phase
fluctuations into SAR echo signals. Therefore, the current methods for
theoretically analyzing the ionospheric scintillation impacts on imaging
are mainly based on APS theory; that is, the scintillation can be modeled
as a thin phase screen. Research on the impact of ionospheric scintil-
lation on GEO SAR has mainly been conducted at BIT and NUDT. We
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classify the current theoretical analysis methods into analytical methods
[54-56], numerical solution methods [57], and echo simulation meth-
ods [58,59].

In 2017, the BIT team derived analytical formulas for evaluating
azimuth-imaging performances of L-band GEO SAR, including PSLR,
ISLR and resolution, for weak and moderate ionospheric scintillation
cases. The performances were explicitly expressed as functions of the
scintillation statistical indexes [54-56]. The simulation results showed
that weak and moderate scintillation caused serious deterioration of
the azimuth ISLR, while the azimuth resolution and PSLR deterioration
could be ignored, as shown in Fig. 3 (c). In addition, in 2018, they the-
oretically established an interferometric phase error and decorrelation
model using scintillation statistical indexes to determine the scintillation
impacts on GEO D-InSAR [60].

The numerical solution methods have mainly been proposed by the
NUDT team. In 2017, Y. Ji established an expression of the second mo-
ment of the GAF for GEO SAR, which can be used to evaluate the dete-
rioration of GEO SAR azimuth resolution caused by ionospheric scintil-
lation [57]. In addition, since the scanning velocity of the ionospheric
penetration point (IPP) was much slower than that of LEO SAR, the
drifting velocity of ionospheric irregularities should be considered dur-
ing the analysis of GAF. The analysis results showed that the scintillation
strength played a dominant role in the deterioration of the azimuth reso-
lution, and the deterioration severity of the azimuth-imaging resolution
was positively correlated to the effective velocity of the irregularities.

Regarding echo simulation methods, in 2019, the BIT team modi-
fied the power spectral density (PSD) of the scintillation phase based on
the anisotropy and irregularity drifting velocity; on this basis, the SAR
echoes affected by scintillation were simulated and analyzed to evaluate
the performance metrics. The results showed that the image deteriora-
tion was more serious with an increasing effective velocity and angle be-
tween the satellite and geomagnetic fields [58]. In 2020, Y. Ji used the
two-way ionospheric transfer function (ITF) to establish the GEO SAR
echo signal model and evaluated several performance metrics, such as
the resolution and interferometric coherence. The results showed that
the decorrelations imposed by the anisotropic and flowing ionospheric
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Fig. 3. Performances of GEO SAR azimuth focusing in the presence of atmospheric effects. 18° inclination GEO SAR above the equator (with a velocity of ~800
m/s) was adopted. (a) Integrated sidelobe ratio (ISLR) and (b) peak-to-sidelobe ratio (PSLR), as affected by the background ionosphere [50]. The fitting coefficients
of TEC were ¢, = 6.8 X 103 TECU/S, g, = 7.32 X 107°TECU/s2, g5 = 4.42 X 10"'>TECU/s2. (c) Predicted and simulated performances in the L-band GEO SAR affected
by ionospheric scintillation [54]. (d) ISLR and (e) PSLR, as affected by the background troposphere [67]. (f) ISLR and (f) PSLR affected by tropospheric turbulence,
where o is the refractive index variance [67]. An integration time of 120 s was set for (c). One can see from the simulation that the higher band GEO SAR works in,
the weaker the ionospheric effects are, and the stronger the tropospheric effects are.
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irregularities deeply influenced the imaging and interferometric perfor-
mances of the L-band GEO SAR system [59].

In addition to the abovementioned ionospheric scintillation impact
analyses, there are related works on ionospheric effect compensation. In
2016, the BIT team proposed an orbit-optimization strategy by utilizing
the diurnal and geographical patterns of ionospheric scintillation occur-
rence to prevent GEO SAR interference from ionospheric scintillation
[61]. In 2017, they also proposed an iterative method based on the en-
tropy minimum to jointly estimate the signal amplitude and phase fluc-
tuations and, thus, compensate for the ionospheric scintillation effects.
The principle of the proposed iteration was based on the construction
of a series of local quadratic fits to gradually approach the minimum
entropy. The feasibility of the proposed algorithm was verified by area
target simulations [62]; see Fig. 4 (c) and (d). However, the compensa-
tion method works well only for moderate or weak scintillation, and it
is still challenging to remove strong ionospheric scintillation.

3.3.2. Troposphere influences
Research on the influence of the troposphere on spaceborne SAR
can be divided into two aspects: the background troposphere and tropo-

Fundamental Research 1 (2021) 346-363

spheric turbulence. The background troposphere introduces time delays
to GEO SAR signals, leading to additional phase errors. Tropospheric
turbulence causes random fluctuations in the echo phase and ampli-
tude, deteriorating the corresponding SAR images. Generally, the in-
fluence of the troposphere on the L-band GEO SAR is very weak [63].
Therefore, relevant studies have mainly focused on the higher bands
(e.g., Ku).

In 2009, A. Monti-Guarnieri determined that the effect of atmo-
spheric variation during observations can create a temporal-spatial vari-
ant phase shift, that is, the Atmospheric Phase Screen (APS). This APS
change may give rise to azimuthal defocusing. In addition, they mea-
sured the APS variogram using ground-based (GB) SAR and indicated
that the APS could be estimated and completely compensated for with
a sampling time interval of 5 minutes [64].

In 2015, the BIT team deduced the analytical formula of the two-
dimensional shift, azimuthal quadratic, and cubic phase errors caused
by the background troposphere from the GEO SAR frequency spectrum
[65]. In 2018, A. Monti-Guarnieri performed an analysis to conclude
that the APS, which was mainly introduced by troposphere turbulence,
caused deterioration of the resolution and interferometric correlation in
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acquisition. (bottom right) Long-term image with APS correction [16].
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GEO SAR, and an analytical expression of the interferometric correlation
was established [66]. In 2019, the BIT team simulated the azimuth PSLR
and ISLR affected by the background troposphere at different bands and
different integration times [67]. The results showed that tropospheric
phase errors caused image defocusing for the cases involving long in-
tegration times and short wavelengths, as shown in Fig. 3 (d) and (e).
The effects of tropospheric turbulence were also simulated, as shown
in Fig. 3 (f) and (g). These results indicated that the influence of tur-
bulence on the L- and C-band signals could be ignored under natural
conditions, while the Ku band was slightly affected by turbulence. In
addition, due to the troposphere’s wide distribution ranging from the
ground to more than 10 km, the multiple phase screen model should be
adopted for turbulence effect analysis.

In addition to the abovementioned theoretical analysis and simu-
lation of tropospheric influences, some scholars have further studied
compensation methods. In 2011, W. Sheng from the Cranfield Univer-
sity proposed a tropospheric delay compensation method based on the
subaperture division method [68], the flowchart of which is shown in
Fig. 4 (f). Analysis of the measured tropospheric delay data showed that
the spectrum of the troposphere delay was concentrated in a very narrow
band (see Fig. 4 (e)), so the subaperture length should be the recipro-
cal of the bandwidth, that is, T, = 1/B,. In this way, the tropospheric
delay was almost static in each subaperture; therefore, multiple GEO
SAR images with lower resolution were obtained. Then, the phases in
each pixel were fitted, and the average phase error of all pixels was re-
moved in each subimage. Finally, a high-resolution GEO SAR image was
obtained.

In 2013, J. Rodon discussed a similar atmospheric phase delay re-
trieval method that relied on reference stable points (such as urban
or rocky areas). The scattering phases of these points were stable, so
their phase fluctuations could be directly interpreted as the atmospheric
phase delay. They carried out a 6-hour experiment using GB SAR, and
the results showed that the phase-retrieval error was within 25°. The
imaging performance improved after atmospheric delay phase compen-
sation, where the SNR loss decreased from 1.8 dB to 0.4 dB [16], as
shown in Fig. 4 (g).

3.3.3. Effects of unstable targets

The long integration time of GEO SAR enables only stable targets to
be fully focused, whereas unstable targets are defocused. The term un-
stable targets mainly refers to vegetation and other natural scenes that
are easily affected by wind and may have slow motion characteristics.
Since NZI GEO SAR has a particularly long integration time, research on
unstable target effects has mainly been carried out by European research
teams. Their studies have mainly focused on the evaluation of clutter ef-
fects on imaging. In 2006, a simulation by D. Bruno from the Cranfield
University showed that unstable targets affected GEO SAR images in the
form of background clutter [69]. As stated previously in the Troposphere
Effects section, the analysis conducted by A. Monti-Guarnieri in 2009 in-
dicated that the energy of the clutter expanded over a very wide area
along the azimuthal direction, which introduced severe azimuth broad-
ening, and the width was related to the time constant of the motion cor-
relation [64]. In 2014, J. Ruiz-Rodon used the classic Billingsley model
to study the SNR of GEO SAR in the presence of unstable targets and
concluded that the clutter whose spectrum was located outside of the
[-1/T, 1/T,] range was the main source of SNR worsening [70], where
T, is the integration time. However, the Billingsley model can only be ap-
plied to short integration time SAR cases, typically for integration times
less than 1 s [71]. To solve this problem, in 2016, based on the Billings-
ley model, A. Recchia from the POLIMI derived a clutter power spectrum
expression and a theoretical model for the expected signal-to-clutter ra-
tio (SCR), and these derivations were verified by experimental data from
ground-based SARs [72]. In 2019, C. Convenevole from the Cranfield
University provided another model for evaluating clutter effects in the
form of a physics-based clutter model. This model took reference data
such as landscape statistics and weather statistics as the input, then the
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SCR statistics and other performance metrics (e.g., SNR) could be ob-
tained through mathematical derivations [73]. In 2020, on the basis of
the existing model, A. Monti-Guarnieri revised the decorrelation model
of GEO SAR by taking the fast temporal decorrelation introduced by
unstable targets into consideration. Accordingly, they proposed a novel
method to evaluate the SCR and complex correlation [71]. The clutter
induced by unstable targets is still an important issue having not been
suppressed well.

In addition to the above factors, which attracted much attention,
some other disturbance factors that affect GEO SAR imaging were also
studied, including radio frequency interference [74,75] and antenna vi-
bration [76].

3.4. InSAR/D-InSAR

InSAR and D-InSAR require further processing when repeat-pass GEO
SAR images are acquired for the target region. In 2003, JPL first pro-
posed the concept of the GESS system, which is designed for surface
deformation monitoring by using inclined orbit GEO D-InSAR [23]. The
research group at BIT analyzed the impact of orbit perturbation on re-
peated tracks of GEO SAR [28]; this study indicated that the repeated
tracks formed baselines that were several kilometers to approximately
40 kilometers wide, verifying the feasibility of repeat-pass inclined GEO
InSAR. This group has also conducted many studies on GEO D-InSAR ap-
plications and addressed a series of key technologies.

The main issues of inclined orbit GEO InSAR and D-InSAR are as
follows: the squint-looking mode, unparallel repeated tracks, and large
variations in observation angles within the full aperture. Generally, LEO
SARs work under the broadside looking mode, where the line-of-sight
direction is perpendicular to the flight direction. However, GEO SARs
possess squint-looking geometries. As a result, the traditional LEO In-
SAR height-retrieval model, as shown in Fig. 5 (a), is no longer valid.
To address these problems, in 2015, the BIT team deduced the general
height-retrieval model for arbitrary geometric configurations by estab-
lishing an accurate slant-range vector expression. The analysis results
suggested that the normal vector of the slant-range plane (1 in the figure)
essentially determined the height-retrieval process and its performance
[771, as shown in Fig. 5 (b). This new model was an extension of the
LEO SAR height-retrieval model, where (I, h) and (I, b) were simplified
to sin @ and perpendicular, respectively, for the LEO SAR cases.

The purpose of the data acquisition method is to select the aperture
center moment (ACM) of the slave track after the ACM of the master
track is determined. Due to the squint-looking geometry and the un-
paralleled repeated tracks in repeat-track GEO InSAR, the zero-Doppler
centroid data acquisition method in LEO InSARs causes clear along-track
baseline components and rotation-induced decorrelations based on spa-
tial spectrum shifts in the interferograms. Based on wavenumber domain
analysis, the researchers at BIT accurately modeled the spatial range and
azimuth spectrum shifts to find the optimal data acquisition method for
GEO InSAR [77]. The optimal slave SAR image can be generated accord-
ing to the minimal spatial spectrum shift for the InSAR pair, minimizing
the rotation-induced decorrelation and the along-track baseline compo-
nent.

The large observation angle variation within the full aperture is the
last issue to address to enable GEO D-InSAR applications. Compared to
LEO SARs, GEO SARs can give rise to a nearly 4° viewing-angle varia-
tion between the forward- and backward-looking interferograms in MAI
processing, inducing a clear geometrical distortion in the subaperture in-
terferogram pairs, as shown in Fig. 5 (c). In the preprocessing of GEO
SAR MAL through geocoding by using external DEM data, the geomet-
rical difference can be eliminated by coregistering the interferograms in
a uniform geographic coordinate system [78]. For 3D deformation re-
trieval in GEO D-InSAR, the processing accuracy depends on the selec-
tion of the observation data. Therefore, we need to identify the optimal
observation subapertures for the 3D deformation retrieval, as shown in
Fig. 5 (d). To effectively evaluate the 3D deformation measurement ac-
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Fig. 5. Main GEO InSAR/D-InSAR processing issues. (a) Height-retrieval model in LEO InSAR, where A is the height of target to be retrieved, A is the wavelength,
ro is the slant range, 6 is the incident angle, b, is the perpendicular baseline, and Ag is the phase difference induced by slant range Ar difference between the two
observations. (b) Height-retrieval model in GEO InSAR [71]. i is the elevation direction, h is the altitude direction, and b is the baseline vector. (c) Geometrical
difference between the forward- and backward-looking SAR images [78]. (d) Selection of multiple subapertures in GEO SAR 3D deformation retrieval.

curacy under various geometric configurations, the BIT team introduced
the concept of geometric dilution of precision (GDOP), which is a typical
indicator used in navigation satellite system applications [24]. The ba-
sic approach for this concept was to acquire the east-west, north-south,
and height components of the deformation individually and then to cal-
culate the root mean square (RMS) error as the overall accuracy. The
accuracy is proportional to the position dilution of precision (PDOP);
thus, when the PDOP is minimized, the best geometric combination of
the observation data is obtained.

3.5. Equivalent experiment

Since there are no in-orbit GEO SARs, it is difficult to directly verify
the above theoretical research on GEO SARs. Considering the orbit char-
acteristics and the observation geometry of GEO SAR, scholars have pro-
posed various types of equivalent experiments. Since the NZI GEO SAR
motion characteristics studied by European scholars are relatively sim-
ple, the extremely long integration time is the main concern when de-
signing a verification experiment. At present, such experiments mostly
employ the scheme of long-term ground-based SAR imaging to verify the
relevant theoretical analyses, including APS retrieval and compensation
[16]. The inclined GEO SAR satellite studied by Chinese scholars has
a complex trajectory and observation geometry. Therefore, in addition
to the long integration time, the characteristics of orbit and Doppler
frequency should also be considered in verification experiments. Con-
sidering the many similarities between the inclined GEO SAR satellites
with large “figure 8”-shaped nadir-point tracks and China’s Beidou in-
clined geosynchronous orbit, IGSO, navigation satellites, the BIT team
conducted several equivalent experiments based on the Beidou IGSO
satellites [79], which will be described herein.

3.5.1. Experimental principle

The similarities between the inclined GEO SARs and the Beidou IGSO
satellites mainly lie in their orbits and payload parameters. Some simi-
larities and equivalences are summarized as follows. (a) These systems
have similar orbits. In particular, their inclinations are very close, induc-
ing similar effective velocities. (b) Their carrier frequencies (L-band) and
bandwidths (~ 20 MHz) are almost the same. (c) Both of these systems
can be used to provide long illumination times and have curved satellite
trajectories, which are the basic characteristics of inclined GEO SARs.
(d) The signals of both these systems pass through and are affected by
the atmosphere. Some key parameters of the inclined GEO SARs and Bei-
dou IGSO satellites are listed in Table 1. Their nadir points are shown
in Fig. 6 (a).

Based on the above equivalence analysis, the BIT team designed the
GEO SAR equivalent verification experiment based on the Beidou IGSO
satellites. Note that GEO SAR and Beidou IGSO are different in some
aspects. One important difference is that the GEO SAR transmits linear
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Table 1
Comparison between the key parameters of the GEO
SAR and Beidou IGSO satellites [72].

parameter GEO SAR Beidou IGSO_2
Semimajor axis (km) 42164 42162
Inclination (°) 53 53.4
Eccentricity 0 0.005

Band L L

Bandwidth (MHz) 18 ~20

frequency modulation signals while the Beidou IGSO satellite transmits
pseudo-random code. Therefore, complex preprocessing based on global
navigation satellite system (GNSS) is necessary before echo focusing.
The experimental geometries are shown in Fig. 6 (b) and (c). An echo
antenna was used to receive the backscattered echo signal reflected from
the illuminated target area. Since bistatic SAR geometry is adopted, a
direct signal antenna, which directly received the Beidou IGSO satellite
signal for phase synchronization and range pulse compression, was set
near the echo antenna. These two antennas were placed on the top of
a tall building to reduce the effect of or prevent other buildings from
shielding the signals. The imaging time and the time intervals were de-
termined according to the experimental goal, performance requirements
and ephemeris of Beidou IGSO satellites.

The equipment use for this experiment is shown in Fig. 6 (d)-(f).
After phase synchronization and range pulse compression aided by the
direct signal, the additional phase that was inherently induced by the
bistatic geometry (e.g., the range from the satellite to the direct antenna
and the range from the target to the echo antenna) was compensated.
Next, SAR images could be formed by the BP algorithm.

3.5.2. Experimental results

Three equivalent experiments for GEO SAR were carried out by the
above experimental schemes: an imaging experiment, a 3D deformation
retrieval experiment, and a TomoSAR experiment.

3.5.2.1. Imaging experiment. This experiment was carried out on the
Changshu campus of BIT in July 2013 [79], with the goal of verify-
ing the feasibility of long integration time imaging by GEO SAR. The
experiment geometry is shown as Fig. 6 (b). There was a lake, a fac-
tory, a toll station, roads, and other targets in the illuminated scene,
and a transponder was set up to conveniently evaluate the resulting 2D
resolutions. The integration time was set as 1800 s. According to the
method presented in [29], the theoretical range and azimuth resolution
were 17.77 m and 1.73 m, respectively. The focusing result is shown
in Fig. 7 (a), as measured from a point target (i.e., the transponder);
the corresponding experimental resolutions in the two directions were
19.09 m and 1.75 m, with errors of 7.5% and 0.65%, respectively. These
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results verified the proposed GEO SAR resolution analysis method [29].
In addition, the imaging results were highly consistent with the opti-
cal image provided by Google Earth, i.e., the outlines and locations of
many elements in the scene, such as the factory, toll station and roads,
overlapped very well in the two images, as shown in Fig. 7 (b). This
experiment verified the feasibility of long integration time imaging by
GEO SAR and showed that GEO SAR had great application prospects in
remote sensing.

3.5.2.2. Experimental results for 3D deformation retrieval. This experi-
ment was carried out at BIT in May and June 2016 [80] to verify the
theoretical performance analyses of the multiangle 3D deformation re-
trieval of GEO SAR. The experimental geometry is shown in Fig. 6 (c).
Two direct antennas were used in the experiment, of which one was
used for synchronization and range pulse compression; the position of
the other antenna (called the deformation antenna, set as the observed
target) was artificially and precisely controlled by high-precision dis-
placement equipment. Then, the signal from the deformation antenna
was amplified by a transponder and transmitted to an echo antenna
next to the first direct antenna. In this experiment, 16 data sets were
collected, corresponding 16 days, where each data set consisted of data
from IGSO 1, 2, 4, and 5. The displacement of the displacement device
were set to be 2 cm and 1 cm for the second day and final two days.
900 s of data were collected to form an image. The imaging results of
the transponder are shown in Fig. 8 (a)-(d). Taking the position of the
deformation antenna on the first day as the reference, the positions of
the deformation antenna on each day are shown in Fig. 8 (e), where one
can see only the deformation in the altitude direction (i.e., Z direction)
was fixed. Fig. 8 (f) shows the retrieved and reference deformations,
from which the retrieval accuracy (i.e., relative motion equation (RME)
of error) in the X, Y and Z directions can be evaluated as 1.68 mm, 2.82
mm and 4.22 mm, respectively. This experiment showed that GEO SAR
can be used to realize 3D deformation retrieval with an accuracy on the
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millimeter level, which is of great significance to dynamic detection in
urban areas and disaster reduction/prevention in natural areas.

3.5.2.3. TomoSAR experimental results. This experiment was conducted
at BIT in March 2016 [81]. The experimental geometry is shown in
Fig. 6 (e). A total of 23 repeat-track echo data sets were collected within
one month. The perpendicular baseline span in the experimental pe-
riod, generated by the satellite’s repeat tracks, was approximately 430
km (see Fig. 9 (a)), corresponding to a theoretical Rayleigh resolution
of ca. 5 m in the altitude direction. The integration time for each SAR
image was 900 s. After 2D SAR echo data focusing for each track, SAR
images with a signal-to-noise ratio of about 15 dB, were formed. Then,
two points, A and B, with stable and high backscatter intensities were
selected for tomography processing along the elevation direction. Then,
the profiles of these two points along the azimuthal direction were pre-
sented and served as examples for performance evaluation. The tomo-
graphic profiles are shown in Fig. 9 (b), where points A and B correspond
to two tall buildings. To verify the tomography results, LiDAR was used
to obtain the point cloud data of the imaged scene (see Fig. 9 (c)), from
which high-precision digital elevation model data of A and B were ex-
tracted, and then the tomography results were compared to the high-
accuracy data. The results showed that in the IGSO tomography data,
the height errors of the two buildings were 2.2 m and 3.4 m, respec-
tively, verifying the feasibility of GEO SAR tomography.

4. Multiplatform GEO SAR

As monostatic GEO SAR has been studied in detail, scholars have
gradually realized its limitations regarding some mission performances
or signal processing, such as the infeasibility of global coverage and
difficulty of compensating for the atmospheric impact under its long in-
tegration time. Some of the above shortcomings can be overcome by
introducing additional platform(s), forming a multiplatform GEO SAR
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Fig. 6. GEO SAR equivalent verification experiment based on the Beidou IGSO satellite. (a) Nadir points of the inclined GEO SAR and Beidou IGSO satellites. (b)
Geometry adopted for the SAR imaging experiment and TomoSAR experiment. (c¢) Geometry adopted for the 3D deformation retrieval experiment. (d) Data-collection
equipment. (e) Antennas adopted for the SAR imaging experiment and TomoSAR experiment. (f) Antennas adopted for the 3D deformation retrieval experiment.
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system. Moreover, the wide coverage of monostatic GEO SAR also facili-
tates research on some new multiplatform GEO SARs. Therefore, in addi-
tion to monostatic GEO SAR, research on multiplatform GEO SAR is also
ongoing. The multiplatform GEO SAR discussed herein mainly includes
a GEO SAR constellation, GEO-LEO/airborne/unmanned aerial vehicle
bistatic SAR, GEO SAR exploiting formation flying (FF-GEO SAR), etc.

4.1. GEO SAR constellation

A GEO SAR constellation is a multisatellite system composed of sev-
eral independent monostatic GEO SARs; its main function is to improve
the coverage performance of GEO SAR so that it can cover most regions
of the world. The first GEO SAR constellation concept was the GESS
proposed by JPL in 2003 [23], in which 10 highly inclined GEO SAR
satellites were divided into five groups and uniformly dispersed along
the Earth’s longitude to cover the world, as shown in Fig. 10 (a). Each
group contained two satellites with a phase difference of 180°, resulting
in an interferometric repeat time of 12 hours. The main task of the con-
stellation was to achieve 3D deformation measurements within accuracy
ranges of a few millimeters in 24-36 hours to predict earthquakes on a
global scale. In 2006, S. Hobbs proposed a GEO SAR constellation con-
sisting of 12 receiving-only satellites operating in NZI geosynchronous
orbits. Broadcast satellites were considered as the signal sources [12].
The 12 satellites were divided into three groups, which were distributed
over the American, African and Asian continents, to cover most of the
land on Earth (see Fig. 10 (b) for the beam coverage areas). Four satel-
lites in each group operated in two pairs of concentric circles, where the
satellites in the outer circles performed the main task of Earth observa-
tion, and the satellites in the inner circles were used to eliminate part of
the sidelobe energy and thus to improve the SNR. In 2019, H. Xu from
the University of Chinese Academy of Sciences raised a GEO SAR con-
stellation composed of 5 180°-inclination GEO SARs evenly distributed
along the longitudinal direction. This 180° inclination meant that ev-
ery satellite ran in a reverse-equatorial geosynchronous orbit, opposite
to the Earth’s rotation direction, making each satellite’s effective veloc-
ity twice its inertial velocity and more than 6 km/s. Through the beam
switching of each satellite, continuous observations were realized in the
middle-latitude area [82], as shown in Fig. 10 (c).

4.2. GEO-LEO/airborne/unmanned aerial vehicle (UAV) bistatic SAR

As early as 1997, the MITRE Corporation in the U.S.A. investi-
gated GEO-UAV bistatic SAR moving target indication (MTI) applica-
tions [83]; they pointed out that an array antenna could be employed
as the receiver for airborne MTI or ground MTL In 2010, the U.S. Navy
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studied the application of GEO spaceborne-airborne bistatic SAR (SA-
BSAR) in target tracking and fire control, and the system design, track-
ing scheme and firing computation were discussed [84]. Other research
has mainly focused on GEO SA-BSAR and has mostly been conducted by
Chinese scholars. Since 2015, scholars from the University of Electronic
Science and Technology of China (UESTC) have carried out extensive
research on system design and imaging algorithms. At present, GEO SA-
BSAR research mainly focuses on system design, imaging algorithms,
and moving-target detection.

Regarding system design, in 2010, J. Zheng from the Institute of Elec-
tronics of Chinese Academy of Sciences proposed that the installation
of multiple channels along the range direction in an airborne receiver
would induce a spectrum offset between channels, and the range resolu-
tion could be improved through spectrum synthesis [85]. In 2016, Z Sun
from the UESTC demonstrated that GEO SA-BSAR can be used to pro-
vide higher spatial resolution and SNR than monostatic GEO SAR [86].
Other advantages of GEO SA-BSAR included low system complexity,
low power consumption, and high flexibility in the motion parameter
adjustment for imaging performance optimization. The motion parame-
ters can be optimized through multidimensional function optimization
with a genetic algorithm. For GEO-UAV bistatic SAR, to ensure UAV
safety, 3D path planning can be carried out to achieve optimal imaging
performance [87].

Regarding imaging algorithms, in 2007, Y. Yuan from Beihang Uni-
versity pointed out that the Doppler history was azimuth-variant in the
GEO SA-BSAR system. To solve this problem, they improved the classical
RD algorithm by dividing the echo data in the azimuthal direction [88].
Time and frequency synchronization were realized by means of direct
waves [89]. Other research on GEO SA-BSAR imaging was primarily
carried out by the UESTC team. They mainly studied a system with a
multichannel airborne receiver, where the channels were assumed to be
along the flying direction to solve the Doppler aliasing problem that re-
sulted from the much lower PRF of GEO SAR compared to the Doppler
bandwidth of the echo. In 2018, J. Wu used the multichannel transfer
function to reconstruct the spectrum. The reconstruction performance
can be assessed based on the azimuth ambiguity-to-signal ratio (AASR),
and the optimal array design can be obtained by minimizing this AASR
[90]. In addition, the transfer function can be used as a weighting coef-
ficient to focus the GEO SA-BSAR echo by a fast factorized BP algorithm
[91], whose principle is shown in Fig. 11 (b); corresponding simulated
images before and after spectrum reconstruction are shown in Fig. 11 (c)
and (d), respectively. In 2019, H. An verified that NCS processing can
be used to equalize the 2D space-variant Doppler centroid, which nar-
rowed the Doppler bandwidth and reduced the channel number [92]. In
2020, the analysis by Z. Sun showed that the two-way range history was
equivalent to that of a bistatic SAR with a fixed transmitter, and then

Factory building

Toll station

Fig. 7. Imaging experiment results based on the Beidou IGSO satellite. (a) Focusing result from the transponder. (b) Focused area targets, compared to optical

images.
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the echo can be isolated using a 2D Stolt transformation [93], obtaining
better imaging results than the NCS-based algorithm [92].

Regarding moving-target detection, in 2009, H. Shi from the Beihang
University pointed out that azimuth multichannel and fractional Fourier
transform techniques can be applied to suppress clutter and realize the
detection and parameter estimation for slowly moving ground targets
[94]. In 2020, X. Dong form BIT raised a GEO SA-BSAR configuration
design method for moving target detection (MTD) applications [95]. The
key idea was to determine the relationship between the performances
(both MTD and SAR resolution) and the configuration parameters of the
receiver. Then, these parameters were optimized and output. In view of
the inevitable spectrum aliasing problem of moving targets, Y. Zhang
from BIT proposed the realization of spatial filtering by using 24 chan-
nels [96]. In this method, a large number of channels can be used to
offer enough spatial samplings, making each sampling of the aliased
spectrum in the wavenumber domain approximate to a single-frequency
signal. Therefore, the spectrum of each channel can be extracted sepa-
rately and then spliced into a full spectrum. W. Xu from Inner Mongolia
University of Technology pointed out that Doppler aliasing could be
mitigated by azimuth NCS, and then the targets’ radial velocity could
be estimated by maximizing the signal-to-interference ratio [97]. H. An
determined that the imaging problem of moving and stationary targets
could be modeled as a joint optimization problem, which aimed at opti-
mizing the entropy of the moving-target image and the residual error of
the final image at the same time. In this way, both stationary and mov-
ing targets can be focused, and even the number of channels required
for resolving ambiguity can be reduced [98].

4.3. FF-GEO SAR

FF-GEO SAR employs multiple GEO SARs flying in formation to si-
multaneously observe the Earth. Satellites in an FF-GEO SAR work co-
operatively, and their echoes or images need to be processed coherently.
There are various tasks and configurations related to FF-GEO SAR, and
they are intended to improve the performance of monostatic GEO SAR.

4.3.1. FF-GEO SAR concepts

In 2012, A. M. Guarnieri proposed the concept of geosynchronous
earth monitoring by interferometry and imaging (GEMINI). The key
idea was based on the employment of one or more pairs of near-spaced
twin GEO receivers to collect signals from a common SAR sensor (see
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Fig. 10 (d)). An image pair with an interval of a few minutes was formed
to generate a temporal decorrelation-free interferogram for applications
including weather prediction, landslide monitoring, etc. [99]. In 2015,
because the extremely long integration time in NZI GEO SAR could result
in decorrelation due to the uncompensated APS, A. M. Guarnieri pro-
posed the concept of the Advanced Radar Geosynchronous Observation
System (ARGOS) [100, 101], which was composed of N transmitting-
and-receiving satellites and M receiving-only satellites, forming Nygr =
N(N +1)/2+ M N equivalent phase centers, as shown in Fig. 10 (e).
In theory, if these phase centers were evenly distributed, the 8-hour in-
tegration time of monostatic GEO SAR could be shortened to 1/Ntgp
of the original integration time, i.e., 35 minutes. This system can effec-
tively alleviate the influences of the APS effect and the internal motion
clutter on the images.

4.3.2. Research on FF-GEO SAR

Based on the Major International (Regional) Joint Research Project
funded by the National Natural Science Foundation of China, the BIT
team, the Cranfield University team, and the POLIMI team are co-
operatively carrying out research on FF-GEO SAR. The plans for this
project include adding several passively receiving satellites to the cur-
rently demonstrated monostatic GEO SAR with a small “figure 8”-shaped
nadir-point track. The system configuration consists of two formations,
a closely-spaced formation (GEO1 and GEO2) and a far-spaced forma-
tion (GEO1 and GEO3), as shown in Fig. 12 (a). The two satellites in the
near-spaced formation form real-time baselines for the TomoSAR mis-
sion (see Fig. 12 (b)), while GEO3 can be used to expand the observation
angles (especially in the east-west direction) of the master satellite, im-
proving the 3D deformation retrieval accuracy (see Fig. 12 (c)).

We consider the key issues of this FF-GEO SAR system as follows.
(a) Formation design. Designing the orbital elements of the two master
satellites to optimize the mission performances in theory is a prereq-
uisite. (b) Bistatic imaging. Bistatic SAR mode is adopted in the sys-
tem (GEO1-GEO2, GEO1-GEO3), so it is necessary to study efficient fre-
quency domain focusing algorithms, for which the large bistatic angle
in GEO1-GEO3 (initially estimated to be up to 30°) and the squint mode
need to be addressed. The phase and frequency synchronization scheme
must also be considered. (c¢) Multiangle 3D deformation retrieval. The
3D deformation retrieval performance is closely related to the combina-
tion of observation angles. One of the angles in FF-GEO SAR is supplied
by GEO1-GEO3, which means it is a large bistatic angle. Nevertheless,
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Table 2
Orbital elements of the master satellite and the designed slave satellites.

Value

Orbital Elements

Master (GEO1) Slave 1 (GEO2) Slave 2 (GEO3)

Semimajor axis (km) 42164 42162.914 42164
Inclination (°) 16 16 16
AoP (°) 0 -0.0243 0
Eccentricity 0 0 0

LAN (°) 90 90.0383 129.8
True anomaly (°) 0 0 0

there are few studies on deformation retrieval in large bistatic angle
cases. Therefore, it is necessary to study optimal angle selection in the
presence of a large bistatic angle. (d) TomoSAR affected by complex
baselines. Compared to traditional LEO TomoSAR, both the repeat-track
baselines and formation baselines of inclined GEO SAR are clearly non-
parallel. Therefore, it is necessary to study TomoSAR performance anal-
ysis and signal processing methods under complex baselines. We will
discuss some recent research progress on multiangle 3D deformation
retrieval and TomoSAR.

4.3.2.1. 3D deformation retrieval. The 3D deformation retrieval mission
is conducted by the far-spaced formation. Recently, we designed this for-
mation and analyzed its deformation retrieval performance. To increase
the observation angle difference in the east-west direction, we consid-
ered setting GEO3 to have the same shape of subsatellite track as the
master satellite, but the two were spaced very far apart along the longi-
tudinal direction, i.e., the only orbital element difference between the
two was the longitude of the ascending node (LAN). At least three obser-
vation angles are required to realize 3D deformation retrieval, and the
optimal LAN of GEO3 can be determined at the point when the 3D defor-
mation retrieval is the most accurate, i.e., when the corresponding PDOP
is the minimum. Assuming that S, and S, are in the track of GEO1 and S;
is in the track of GEO3, the center of China (point P, in Fig. 13 (a)) was
selected PDOP evaluation. For a certain LAN of GEO3, we extensively
searched S;(i = 1,2,3) and found the optimal PDOP value (which was
locally optimized). Each LAN will output a single local optimal PDOP,
so by dividing the LAN range into sufficient grids and comparing all the
locally optimal PDOP values for all LANs, we finally obtained the glob-
ally optimal PDOP (which is minimal), and the corresponding LAN was
the desired parameter. On the other hand, if the LAN difference between
GEO1 and GEO3 is too large, some regions of China cannot be observed
at an effective incidence angle (10°~60° is assumed here). Therefore,
during the LAN optimization, we restricted all the edge points in China
(dots in Fig. 13 (a)) to be effectively observed by GEO3 in one or more
orbit positions. To obtain good coverage for China, the master satel-
lite’s orbital elements are set as GEO1 listed in Table 2. the designed
orbital elements of GEO3 are shown in Table 2. The theoretical opti-
mal deformation retrieval accuracies were evaluated for some cities in
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China and are shown in Fig. 13 (b)-(d). The deformation measurement
performances of FF-GEO SAR in the three directions are similar and all
measurement performances are on a scale of 1 cm. The results show that
the retrieval accuracy in the east-west direction is the best in FF-GEO
SAR, successively followed by the large “figure 8” and small “figure 8”
(GEO1 was employed for simulation) monostatic GEO SAR. Compared
with the case involving only the master satellite, the retrieval accuracy
in the east-west direction was improved by an order of magnitude using
FF-GEO SAR.

4.3.2.2. TomoSAR. Affected by orbit perturbation, the repeat tracks of
monostatic GEO SAR will drift within days [81], forming perpendicular
baselines for the TomoSAR mission. The perturbation causes this drift
by changing the orbital elements of the satellite. Therefore, by artifi-
cially adjusting the semimajor axis (denoted as a) of GEO SAR, eastward
(a>42164 km) or westward (a<42164 km) drift of the repeat track can
also be induced [102].

Inspired by this, we presented an idea of TomoSAR realization using
the near-spaced GEO SAR formation. The basic design involves the intro-
duction of the orbital element differences between the master satellite
GEO1 and slave satellite (GEO2) so that the two satellites have different
drifting speeds of the repeat tracks, and then the intersatellite baseline
varies with days.

In terms of TomoSAR, the main difference between monostatic GEO
SAR and FF-GEO SAR is that the former directly employs single-look
complex (SLC) images, while the latter first constructs a single-pass in-
terferogram stack from the image pairs obtained every day, and then, the
stack of interferograms is adopted for tomography. The latter is called
coherence-based TomoSAR [103]. The primary advantage of FF-GEO
coherence-based TomoSAR is that it mitigates the temporal decorrela-
tion due to the pair of images that are collected nearly simultaneously
every day [103]. In addition, this method can be used to greatly shorten
the total time span required for data collection compared with LEO SAR
(1/11 of the LEO SAR, taking TanDEM-X as an example, whose revisit
time is 11 days). These advantages decrease the data impact due to the
structural changes in the scene, such as variations in tree canopies and
deformations of urban areas.

To realize FF-GEO coherence-based TomoSAR, it is necessary to de-
sign the orbital elements of the slave satellite GEO2. The RME, which
describes the motion of the slave satellite relative to the master satel-
lite in the Earth-centered inertial (ECI) frame, can be used to calculate
intersatellite baselines and has become the main principle for design-
ing of GEO SAR formations. Nevertheless, the inertial velocity and ef-
fective velocity of GEO SAR are significantly different due to Earth ro-
tation effects. Therefore, it is more accurate to adopt the RME in the
Earth-centered-Earth-fixed frame (ECF) [25] to express these intersatel-
lite baselines, including the along-track baseline j(r) and the perpendic-
ular baseline z(r) [25].

The following two constraints need to be considered in the design
of FF-GEO coherence-based TomoSAR. (a) The perpendicular baseline
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Fig. 9. TomoSAR experimental results [81]. (a) Perpendicular baseline. (b) 2D and tomography results for buildings A and B. (c) Point cloud data of the imaged

scene.



C. Hu, Z. Chen, Y. Li et al.

should change linearly with days, while also changing in accordance
with the initial value B, and the interval AB given previously. (b) The
along-track baseline should be as small as possible to improve the corre-
lation coefficient (CC) of each single-pass image pair. To meet constraint
(a), it is necessary for the master and slave satellites to have slightly dif-
ferent semimajor axes. In GEO SAR, Z(r) and j(¢) are time-varying and,
because of the semimajor axis difference, are both aperiodic functions.
Therefore, the RMS value of baselines are considered instead of the in-
stantaneous values, and the optimization problem of formation design
can be constructed as

K 1 T

)
Y — [ Fk-T+ndt
k=1 KT/O

min \_

K 1 T
_— (k- 2dt =
2_ T/o [AZ(k - T + 0))dt = |AB]

\k-l

1 T
T /0 22(ndt = | By|

where T is the orbital period and K is the total number of days for
tomographic data collection. Assuming K = 10 and By, = AB =9.5 km,
the designed orbital elements of GEO2 according to the parameters of
GEO1 are shown in Table 2. The perpendicular baselines at each AoL are
shown in Fig. 14 (b). In most orbit positions (AoL = 0 ~ 80° out of the
AoL = 0 ~ 90° range), the perpendicular baselines have good linearity
over time. Moreover, the error of the perpendicular baseline is less than
8% of the design requirements for 83.3% of the positions on the whole
track, as shown in Fig. 14 (c). More specific work is still underway.
Another problem of FF-GEO coherence-based TomoSAR is that the
baseline span can be very large. Since the intersatellite baseline varies
linearly with the number of days, the baseline can approach or even
exceed the critical baseline. The implementation of a large baseline can
improve the elevation Rayleigh resolution for SAR tomography, but the
CC of the image pairs correspondingly decreases. However, currently,
neither SLC-based TomoSAR nor coherence-based TomoSAR processing
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has taken this CC decrease into account. The traditional compressive
sensing method for coherence-based TomoSAR is expressed on the left
of Fig. 14 (e), where g,, is the m-th image, A is the mapping function,
and ¢ is the threshold related to the noise level. We found that based on
the maximum likelihood criterion, weighting coefficients derived from
CC can be applied to improve the CS-based method. The improved al-
gorithm is shown on the right of Fig. 14 (e), where Iy, , = 7(gm> &n)
represents the CC between images g,, and g,. To verify this improved
algorithm, we constructed a scene consisting of a pyramid, as shown in
Fig. 14 (d). The wavelength was 24 cm, the bandwidth was 18 MHz, the
scene pixel spacing was 10 m, and the pyramid height was 80 m. The
scene size and the pyramid size were 200 pixels x 200 pixels and 160
pixels x 160 pixels, respectively. Based on the parameters in Table 2,
the satellites’ tracks from the 12th to 14th day were utilized to gen-
erate and focus the echoes. Finally, the 100th range bin was selected
for tomography, and the corresponding results are shown in Fig. 14 (f)
and (g); the accuracies were estimated to be 2.46 m and 1.20 m for the
traditional and improved methods, respectively, suggesting a 51% im-
provement. The simulation verified the effectiveness of the improved
algorithm. More specific work is currently underway.

5. Conclusion and perspective

This article reviews the main research progress regarding GEO SAR.
The main orbit schemes, including NZI and inclined GEO SAR, are de-
scribed. To form images of high qualities, key technologies, including
system design, echo focusing, disturbance factors, should be addressed.
The complex geometry of repeat tracks and a large squint angle cause
the classical deformation retrieval methods in LEO SAR to be invalid in
GEO InSAR and D-InSAR.

The aforementioned challenges have been studied in depth and many
novel solutions have been proposed. The influence of the Earth’s rota-
tion on system design, including resolution analysis and beam steering,
has been modeled. Based on the high-order polynomial range model
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respectively.

and the frequency domain imaging algorithms with NCS as the basic
steps, the high phase-preserved echo focusing of large scenes has been
basically addressed. Through Taylor expansion with respect to slow
time and APS theory, the influences of the slowly varying and ran-
domly fluctuating parts of the atmosphere are analyzed, respectively.
Currently, there are two main types of atmospheric compensation algo-
rithms: autofocus-based and subaperture-division-based algorithms. The
clutter effect caused by the internal movement of the target is still a re-
search focus in NZI GEO SAR studies. The GEO InSAR/D-InSAR theory
framework under complex SAR geometries has also been established.
European and Chinese scholars have employed GB SAR and Beidou IGSO
satellites to carry out equivalent experiments, and a series of results have
been obtained. Beside the above research for solving key issues, some
novel GEO SAR configurations, mainly the multi-platform GEO SAR rep-
resented by GEO SA-BSAR, have entered a stage of rapid theoretical
demonstration.

In the near future, GEO SAR’s advantages, including a short revisit
time and wide coverage, will serve to maintain its prominence as a re-
search focus in both academic and industrial circles. Represented by
the Hydroterra concept, GEO SAR will become an important sensor for
many scientific applications, such as hydrosphere and geosphere obser-
vations. After the launch of China’s inclined GEO SAR, based on mea-

360

sured data, the application of short temporal baseline data will quickly
become a popular research interest for scholars. Finally, GEO SA-BSAR
and FF-GEO SAR are still systems worth exploring due to their irrepli-
cable performances.
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Fig. 13. Formation design and initial performance analysis of the 3D deformation retrieval mission. (a) Points selected for designing the LAN of GEO3. The star P,
indicates the point for PDOP evaluation and all the dots indicate the points used for incidence angle calculation. (b)-(d): Deformation retrieval accuracy assessments
for Beijing, Guangzhou and Xi’an, respectively.
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Fig. 14. Research on FF-GEO coherence-based TomoSAR. (a) Orbit positions of several AoLs. (b) Perpendicular baseline for the designed formation. (c) Error
distribution of the designed perpendicular baseline. (d) The scene used for simulating the tomography processing methods. (e) (left) Traditional CS method for
coherence-based TomoSAR, where p is the reflectivity, ¢ is a threshold determined by noise level, &,,, = 4z/4 - b,,, is the wavenumber defined by the perpendicular
baseline b,,,, of m-th and n-th observation. The whole elevation interval is divided into grids and s, is the /th one. (right) The improved CS method. (f) Azimuthal
slice of the traditional CS method. (g) Azimuthal slice of the improved CS method.
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