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    Abstract—As a crucial sensor for wide-area Earth 
observation, Spaceborne Synthetic Aperture Radar (SAR) 
plays a pivotal role in large-scale terrain mapping, ocean 
observation, disaster monitoring, etc. Driven by the 
increasing demands for diverse applications, enhanced 
performance, and the continuous advancement of satellite 
and radar technologies, the distributed configuration has 
emerged as a key developmental trend for spaceborne SAR. 
This review comprehensively summarizes the systems and 
typical applications of distributed spaceborne SAR. The 
system configurations encompass homogenous distributed 
SAR, formed by multiple identical or similar platforms, and 
heterogeneous distributed SAR, characterized by 
significant differences between the transmitting and 
receiving platforms. Typical applications of distributed 
SAR include intelligent target recognition, terrain mapping, 
deformation retrieval, atmosphere measurement, ocean 
observation, among others. Finally, the review offers a 
prospective outlook on the future development of 
distributed spaceborne SAR. 

I. INTRODUCTION
    Spaceborne Synthetic Aperture Radar (SAR) utilizes radar 
payloads mounted on satellite platforms to emit wideband 
signals in the range direction and leverages synthetic aperture 
in the azimuth direction to achieve two-dimensional imaging 
over a large area [1]. The first spaceborne SAR, SeaSat, was 
launched by the United States (U.S.) in 1978 [2]. Nowadays, 
more countries and organizations including the European Space 
Agency (ESA), Canada, Japan, and China have successfully 
developed spaceborne SARs [3, 4]. These spaceborne SAR 
systems have avoided the limitations of point-by-point 
measurements of traditional ground-based sensors, thus have 
now become an indispensable means of information acquisition 
in fields such as remote sensing surveying and mapping, and 
disaster prevention and mitigation. 
    Initially, spaceborne SAR was employed for target 
identification and terrain mapping. For target identification 
applications, a single satellite proved insufficient to meet users’ 
requirements for timely observation of disaster areas and 
moving targets due to a long revisit time. In response to this 
challenge, loosely coupled distributed spaceborne systems 
composed of identical spaceborne SAR payloads emerged. 
These satellites operated in the monostatic mode, running either 
on different orbital planes or on the same orbital plane with 
different phases [5]. An illustrative example is the COSMO-
SkyMed mission proposed by Italy in 1998 [6]. Terrain 

mapping, accomplished using across-track interferometric (XTI) 
SAR, requires two SAR images with slightly different viewing 
angles to generate a Digital Elevation Model (DEM) [7]. 
Generally, for a single spaceborne SAR, it is realized by using 
repeated tracks or dual antennas on the platform. However, the 
accuracy of DEM measurements using these methods is 
constrained by either temporal decorrelation of scenes [8], 
atmospheric disturbances [9], or the maximum available 
baselines [7]. An effective solution is to organize two (or more) 
similarly designed SAR satellites to form a close formation with 
a baseline ranging from dozens of meters to a few kilometers in 
the cross-range direction, simultaneously or near-
simultaneously acquiring echoes of the same region [10]. The 
first in-orbit close formation spaceborne SAR is the German 
TanDEM-X [11]. These two types of SAR configurations, 
composed of identical or similar SAR satellites, are referred to 
as homogeneous distributed spaceborne SAR systems in this 
review, as shown in Fig.  1. 
    With the driving force from remote sensing applications of 
multi-dimensional information retrieval, homogeneous 
distributed spaceborne SAR systems are progressing towards 
acquiring multi-angle observation capabilities [12]. The Earth 
Explorer-10 mission by the ESA, known as Harmony [13], 
represents a significant development in multi-angle formations. 
This multi-static SAR involves three satellites positioned 
hundreds of kilometers apart in its stereo mode to achieve 
simultaneous multi-angle observations. It is aimed to retrieve 
both the two-dimensional (2-D) velocity vector of ocean 
currents and three-dimensional (3-D) surface deformations.  
Generally, spaceborne SAR can be classified by orbit altitude 
into Low Earth Orbit (LEO) SAR (altitude <1000 km), Medium 
Earth Orbit (MEO) SAR (altitude of 1000~36500 km), and 
Geosynchronous SAR (altitude of 36500 km). The 
advancement of space technology also facilitates the concept of 
homogeneous distributed spaceborne SAR systems deployed in 
geosynchronous (GEO) orbits [14]. For distributed GEO SAR, 
there are also loose formations such as Global Earth Satellite 
System (GESS) [15] and close formations like Geosynchronous 
SAR For Earth Monitoring by Interferometry and Imaging 
(GEMINI) [16]. These configurations aim to enhance revisit 
capabilities and mitigate atmospheric disturbances, respectively. 
Additionally, in recent years, GEO SAR systems incorporating 
multi-angle observations have been under study to achieve 
continuous 3-D surface deformation measurements in disaster-
stricken areas [17]. 
    As the number of available spaceborne SAR systems 
continues rising, bistatic SARs with radar satellites illuminating 
and ground-based or airborne platforms receiving has emerged 
as a crucial approach to enrich SAR data sources. In addition to 
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utilizing Low Earth Orbit (LEO) SARs such as TerraSAR-X 
[18], Gaofen-3 [19], and Lutan-1 [20], a particularly 
noteworthy illuminator is GEO SAR [14]. With its high orbit at 
an altitude of nearly 36,000 km, the beam of GEO SAR easily 
covers the receiving regions of LEO satellites, aircrafts, and 
ground platforms, enabling the deployment of various types of 
receivers. Thanks to a revisit time of less than 24 hours, bistatic 
SAR systems utilizing GEO SAR as the illuminator have 
become a pivotal method for local, rapid, and continuous 
imaging and measurements. Furthermore, compared to 
spaceborne SAR, the quantity of in-orbit communication and 
navigation satellites holds a significant advantage. 
Consequently, establishing equivalent bistatic SAR systems by 

deploying passive receivers to collect reflected echoes from the 
scenes illuminated by these non-radar satellites proves to be an 
effective strategy for enhancing observation timeliness. Notable 
instances of such bistatic SAR configurations include the 
communication-GEO bistatic SAR proposed in 1998 [21] and 
the navigation-ground bistatic SAR proposed in 2002 [22]. 
These systems, characterized by significant differences in 
transmitting and receiving platforms, are denoted as 
heterogeneous distributed spaceborne SAR systems in this 
review. Heterogenous distributed spaceborne SAR systems 
include systems with radar-based and non-radar illuminator, 
depending on the types of transmitter, as shown in Fig.  1.

Systems with
radar-based illuminator
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non-radar illuminator
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Fig.  1 Types of distributed spaceborne SAR. It is classified into homogeneous and heterogeneous distributed spaceborne SAR, 
depending on whether the transmission platforms and receiving platforms are identical/similar or not.

    This review provides a comprehensive review of both 
homogeneous and heterogeneous distributed spaceborne SAR 
systems, encompassing their origins, developmental history, 
typical missions, and associated key technologies. 
Subsequently, the review delves into a discussion of 
representative applications of distributed spaceborne SAR, 
covering areas such as intelligent target recognition, terrain 
mapping, deformation retrieval, atmosphere measurements, and 
ocean observation. Finally, the review concludes by offering 
insights into the potential future developments of distributed 
spaceborne SAR systems. 

II. HOMOGENEOUS DISTRIBUTED SPACEBORNE SAR

A. Close formations
    A typical application of spaceborne SAR is DEM mapping 
via Interferometric SAR (InSAR). In the early stages, 
spaceborne SAR relied on repeat-pass observation to measure 

DEM [23]. However, the long repeat time, spanning several 
tens of days, significantly degraded the coherence [24]. The 
primary objective behind the close formation distributed 
spaceborne SAR was to overcome the bottleneck encountered 
in the repeat-pass InSAR DEM measurements [25]. The 
hallmark of close formations lies in the sufficiently close 
spacing between satellites, enabling coherent processing of 
signals/images and proper interferometric baseline between 
satellites simultaneously. They are generally designed to 
operate in bistatic/multi-static mode. The earliest concept of 
close formation, known as the Cartwheel concept, was 
proposed by Didier Massonnet from the French Space Agency 
(CNES) in 1998 [25], composed of one master satellite with 
three passive receiving slave satellites.
    Another purpose of close formations lies in Ground Moving 
Target Indication (GMTI) by the methods of along-track 
interferometric (ATI) processing, displaced phase center 
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antenna (DPCA), etc. A typical concept is the TechSat21 
proposed by the U.S. in 1999 [26], which operates in an along-
track formation, engaging in space-time adaptive processing to 
suppress ground clutter. 
    Recently, there has been extensive attention to close 
formations for multi-satellite joint high-resolution (HR) 
imaging, with the core concept being the utilization of multiple 
satellites for bandwidth synthesis. Typical systems include the 
frequency-division multiplexing SwarmSAR [27] and 
MirrorSAR for achieving high-resolution wide-swath (WS) 
images by resolving azimuth ambiguity [28]. 
    In addition to LEO SAR, the concept of close formations also 
extends to GEO SAR, encompassing along-track formations for 

atmospheric estimation or to reduce synthetic aperture time, 
mitigating the impact of atmospheric phase screens [16], and 
cross-track formations enabling coherence-based tomography 
[29] or multi-baseline DEM inversion [30].

The typical close-formation missions and their concepts are
outlined in Table I. Only TerraSAR-X/TanDEM-X 
(TSX/TDX), Tianhui-2 (TH-2), Lutan-1 (LT-1, in XTI mode), 
Hongtu-1 (HT-1), and Gaojing-2 are operational. The main 
applications of these five missions are focused on terrain 
mapping. The remaining missions are either under development 
or in conceptual stages.  

TABLE I 
Typical Close Formation Distributed Spaceborne SAR Missions. 

Mission Formation No. of 
Satellites Launch Time Status Country/Organiz

ation Applications 

TSX/TDX Helix 2 2007/2010 Operational 
(extended) Germany Terrain mapping 

TH-2 Helix 2 2019 Operational China Terrain mapping 
LT-1 

(XTI mode) Helix 2 2022 Operational China Terrain mapping 

HT-1 Cartwheel 1 + 3 2023 Operational China Terrain mapping 
Gaojing-2 Helix 2 + 2 2022/2024 Operational China Terrain mapping 

TSL/TDL Helix 2 -- Under 
development Germany Forest structure & surface 

deformation 

SwarmSAR Along-track N -- Conceptual Netherlands HR WS imaging & terrain 
mapping 

MirrorSAR Helix M + N -- Conceptual Germany HR WS imaging & terrain 
mapping 

PRECURSOR 
– ECO Along-track 3 -- Under 

development Spain HR imaging 

GEMINI Along-track 1 + 3 -- Conceptual Italy Vapor mapping & surface 
deformation 

ARGOS Along-track 6 + 2 -- Conceptual Italy Fast imaging & emergency 
response 

    As listed in Table I, a typical representative of the close 
formation distributed spaceborne SAR is the German 
TSX/TDX, which is also the first operational close-formation 
mission [11]. The TanDEM-X mission was proposed by 
German Aerospace Center (DLR) in 2003, which leverages the 
single-pass close formation between TanDEM-X, a satellite 
akin to TerraSAR-X, and TerraSAR-X itself, to generate high-
resolution global DEM [31]. Both satellites operate in the X-
band, adopting a Helix configuration for formation, at an orbit 
height of 514 km with a repeat cycle of 11 days, as shown in 
Fig.  2(a). TanDEM-X was launched in 2010. In 2012 and 2013, 
two successive global DEM measurements were accomplished, 
with 66% of the regions achieving an accuracy better than 2 m 
and 89% of the regions attained an accuracy superior to 5 m. 
After several supplementary acquisitions to fill in gaps, DLR 
eventually released the WorldDEM product in 2016, achieving 
a grid resolution of 12 m [32]. Despite surpassing its theoretical 
design lifespan, TSX/TDX continues to operate smoothly. 

(a) (b) 

Fig.  2 The schematic diagram of two in-orbit close-formation 
distributed spaceborne SAR. (a) German TSX/TDX with twin 
satellites flying in a Helix formation [11]. (b) Chinese HT-1 
with a master and three slave satellites flying in a cartwheel 

formation [33, 34]. 

    Besides TDX/TSX, another X-band twin-satellite close-
formation mission in orbit is TH-2, launched in 2019 [35]. TH-
2 is capable of Digital Surface Model (DSM) measurements 
with an optimal grid spacing of 5 m [36]. TH-2 is positioned at 
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an orbit height of 500 km with a repeat orbit cycle of 19 days, 
and its positioning accuracy is comparable to the TanDEM-X 
[36]. For the first time, TH-2 introduced a dual-frequency (9.6 
GHz and 9.44 GHz) imaging mode to solve the interferometric 
phase ambiguity [35]. Before and after the normal single-
frequency data acquisition, dual-frequency imaging is
conducted respectively, each yielding 5 km×5 km image pairs
whose areas are adjacent to that of the normal image. The 
ambiguity number of the phase in main frequency is determined 
from the dual-frequency image of the overlapped area and to 
generate high-resolution and high-accuracy DEMs.
    In addition to X-band close-formation SAR missions, the L-
band, due to its penetration and high temporal coherence, is 
particularly suitable for deformation monitoring and has also 
received widespread attention. Currently, the only L-band 
close-formation SAR mission is the Chinese LT-1. LT-1 
operates at an orbit height of 607 km with a repeat orbit cycle 
of 8 days [37]. It is an explicitly deformation monitoring-
focused SAR constellation, which satisfies the requirements of 
disaster emergency response, land surveying, global forest 
resource surveying, biomass retrieval, etc. Additionally, it is 
able to achieve DSM measurements with a grid resolution of 25
m [38, 39], in its close-formation mission phase. LT-1 was 
successfully launched on January, 2022. Furthermore, LT-1 is 
the first multi-mode PolSAR system in China, supporting not 
only linear polarization but also compact polarization, mixed 
compact polarization, circular polarization, elliptical 
polarization, and code-based mixed polarization modes [40].
LT-1 adopted Nonlinear Frequency Modulation (NLFM) 
signals as the transmission signals for the first time [41]. 
Compared to traditional Linear Frequency Modulation (LFM)
SAR with weighing processing, NLFM has the same sidelobe 
level performance, while its SNR is increased by 1.25 dB, and 
the equivalent power is increased by 28%. 
    Another typical but still in-development L-band close-
formation distributed SAR is the TanDEM-L (TSL), which is a 
slave spaceborne SAR identical to TerraSAR-L (TDL) [42]. It 
was proposed in 2009. The constellation orbits at a height of 
745 km with a repeat cycle of 16 days. TSL/TDL offers various 
geophysical products related to the biosphere, hydrosphere, 
cryosphere, and lithosphere [43]. In its close-formation stage, it 
can provide DEM with a 12 m resolution. In 2017, TanDEM-L 
was in its final evaluation stage at the German Federal Ministry 
of Education and Research [38, 44].
    To extend the applications or improve the performance of 
close-formation distributed SAR, missions encompassing three 
or more satellites have been proposed, and, eventually there is 
now a mission in orbit, the X-band HT-1 of China. HT-1 is the 
first in-orbit mission in the world that employs a Cartwheel 
formation, operating in the multi-static mode at a height of 
about 500 km, as shown in Fig.  2(b). With one master and three 
slave satellites, each single pass yields four sets of 
observational data, thereby meeting the requirements for high-
precision DEM measurement and even tomographic imaging. 
In March 2023, the HT-1 was successfully launched. Currently, 
it has been deployed in various fields including topographic 
mapping, flood monitoring, geological hazard monitoring, and 
deformation monitoring [33, 34].

    Other representative close formations include MirrorSAR
proposed by DLR, SwarmSAR proposed by Delft University of 
Technology (TU Delft), and PRECURSOR-ECO proposed by 
National Institute for Aerospace Technology (INTA) of Spain.
A notable feature of MirrorSAR is that one high-power payload 
is solely responsible for transmitting waveforms, while several 
low-power platforms are solely responsible for receiving 
echoes and relaying them to the main satellite [45], as illustrated 
in Fig.  3 (a). This design facilitates high-resolution wide swath 
imaging, single-pass multi-baseline interferometric imaging 
and tomography [46]. The S-band SwarmSAR [27, 47] is aimed
to construct various flexible and higher-quality products 
through the collaboration of multiple small-size, low-cost SAR 
nodes, as shown in Fig.  3 (b). A notable application of 
SwarmSAR is synthesizing high-resolution images from 
individual satellites by utilizing Frequency Division 
Multiplexing (FDM) technology, thereby achieving a signal-to-
noise ratio (SNR) enhancement of 2N , N being the number of 
satellites. The PRECURSOR-ECO [48] being developed 
consists of three identical X-band small satellites. It offers three 
collaborative working modes: wide-swath imaging, multi-
baseline interferometric mapping, and high-resolution spotlight 
imaging. It has the same orbit height as TerraSAR-X. The 
constellation is expected to generate a 3 m resolution DEM of 
Spain in less than 90 days. 

1f
2f 3f B N B

N range resolution

1f 2f Nf f

(a) (b)

Fig.  3 The schematic diagram of (a) MirrorSAR [45], (b) 
SwarmSAR [47]. The FDM technology is expected in 
SwarmSAR, where N sub-bands with bandwidth B at 

frequency 1 2, , , Nf f f
SwarmSAR, where

Nf f f, , ,f f f, , , Nf f fN can be synthesized into a large 
bandwidth up to N B .

    In addition to the aforementioned LEO closely coupled
formation distributed SAR, close formation GEO SAR has also 
received extensive attention. Due to the slow angular velocity 
deriving from the high altitude of GEO SAR, the integration 
time of a single GEO SAR is much longer than LEO SAR, 
typically several minutes to several hours, depending on orbit 
parameters and orbital positions [49, 50]. Therefore, the 
focusing of GEO SAR echo suffers from serious atmospheric 
phase errors. 
    A major objective of close formation GEO SAR is to mitigate 
the effects of atmosphere on the echo focusing of monostatic 
GEO SAR. Typical concepts include Geosynchronous SAR for 
Earth Monitoring by Interferometry and Imaging (GEMINI, in 
2012) [51] and Advanced Radar Geosynchronous Observation 
System (ARGOS, in 2015) [52], both proposed by researchers 
from Politecnico di Milano (POLIMI).
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    The key idea of GEMINI is to use one or multiple pairs of 
close-range quasi-stationary GEO receivers to passively collect 
echoes from one X or Ku band GEO SAR satellite. This allows 
for the along-track interferometry with intervals of a few 
minutes to generate gradients of atmospheric delay that can be 
compensated for during the imaging over a long aperture time, 
as shown in Fig.  4. GEMINI can achieve continuous coverage 
coarse-resolution imaging with a 20-minute synthetic time and 
also high-resolution imaging utilizing a 6-hour synthetic time, 
which can be used for high spatiotemporal mapping of water 
vapor and daily deformation measurements [51].
    ARGOS consists of multiple transmitting and receiving 
satellites aligned along the track, planned to operate in the C-
band and X-band [52], as shown in Fig.  4. The major advantage 
of ARGOS lies in the significant reduction in antenna size and 
power budget per satellite compared to single high-inclination 
satellite schemes. For example, considering a resolution of 10
× 10 m, in the design with 6 transmitting satellites and 2 
receiving satellites, the average power budget decreases from 
24 kW to 0.5 kW per satellite, and the antenna area decreases 
from 350 m2 to 33 m2 per satellite [52].

ARGOS

GEMINI Equator

Fig.  4 Typical concept diagram of GEO SAR close formation. 
GEMINI is single-input multi-output system with one or more 

pair of receive-only payloads to achieve along-track 
interferometry. ARGOS is a multi-input multi-output system 

to synthesize a high-resolution SAR image with reduced 
integration time.

    Although the close-range formation distributed spaceborne 
SAR systems vary in orbit height, configuration, and 
applications, they share numerous common technological 
aspects, including formation configuration design, inter-
satellite synchronization, inter-satellite baseline measurement 
techniques, and some other innovative technologies.
1) Formation configuration design. The formation 
configurations, which directly relate to the baselines of the 
close formation systems, are important to determine the 
application performance. Cartwheel, Pendulum, and Helix
formations are three important formations in the close 
formation distributed spaceborne SAR systems [53]. In the 
Cartwheel mission, there is no cross-track component. Several 
slave satellites orbit around a central point, rotating within the 
orbital plane. Therefore, perpendicular baselines are only 
contributed by radial baselines. However, due to the coupling 
between the radial baseline and the along-track baseline, there 

are also relatively long along-track baselines between satellites 
at certain latitudes, which lead to significant Doppler 
decorrelation in interferograms. Nevertheless, HT-1, which is a 
typical Cartwheel configuration, employs independent zero 
Doppler steering, ensuring a maximum Doppler coherence 
under a certain SNR loss and retaining multi-baseline 
interferometry capabilities [11]. On the contrary, in the 
Pendulum formation [54], the slave satellite moves only in the 
cross-track direction, and the along-track baseline is fixed to 
reduce Doppler decorrelation, resembling a pendulum motion 
with pivot at the master satellite.
    However, both the Cartwheel and Pendulum formation have 
a significant orbital variant effective baseline. To address the 
issue, Helix configuration is a good option, which utilizes 
different Right Ascension of Ascending Node (RAAN) and 
eccentricity vectors to provide cross-track and radial baselines 
respectively [55]. It has a relatively stable effective baseline. 
Additionally, this configuration ensures that neither the along-
track nor cross-track baselines are simultaneously zero, thus 
mitigating collision risks. The Helix configuration is currently 
the most widely adopted one. TanDEM-X, TH-2, LT-1, 
Gaojing-2, and the yet-to-be-launched TanDEM-L all employ 
this configuration. 
    For GEO SAR close formations, the effects of Earth rotation 
on baseline components cannot be neglected, therefore, it is 
necessary to design the formation with the consideration of the 
effects of the Earth’s rotation [56]. In this case, the effective
cross-track baseline is contributed by both the cross-track and 
along-track baselines in the Earth-centered inertial (ECI) frame. 
Leveraging the ECEF frame Relative Motion Equations 
(RMEs), researchers have designed GEO SAR formations with 
twin satellites, which can be used for single-pass DEM 
measurements and repeat-pass tomographic imaging. Different 
from the formation for DEM measurements, the formation for 
repeat-pass tomographic imaging requires that the master and 
slave satellites have slightly different semi-major axes [29].
Giving the master and slave different semi-major axes means 
that they drift steadily apart (they no longer have the same orbit 
period). Typical formations are shown in Fig.  5

Fig.  5 Typical formation in close-formation distributed 
spaceborne SAR, where the motion of the slave satellite is 

relative to the master satellite (at the origin).

2) Inter-satellite synchronization. Bistatic/multi-static
distributed spaceborne SAR requires synchronization, which
includes space synchronization, time synchronization, and
phase synchronization. Current in-orbit close formations utilize
independent zero Doppler steering instead of joint azimuth
footprint [11]. Considering both Doppler decorrelation and
SNR loss, the former provides a higher interferometric
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coherence. However, for GEO SAR close formations, rotational 
decorrelation needs to be considered due to unparallel 
trajectories between satellites [57]. Therefore, the independent 
zero Doppler steering is no-longer optimal, and trajectory needs 
to be considered to fine-tune the beam steering direction of the 
slave satellite [58]. 
    Time synchronization typically involves triggering of data 
acquisition and time drift correction during data acquisition. 
Existing bistatic distributed spaceborne SAR systems generally 
use pulse per second (PPS) signals to trigger data acquisition. 
The accuracy of triggering in TanDEM-X is 1-2 μs [10]. The 
drift correction (mainly induced by constant frequency 
difference between satellites) will lead to a drift of the receiving 
window. TanDEM-X adopts a leap pulse repetition frequency 
(PRF) to compensate for it, where the frequency difference 
between the two satellites estimated through inter-satellite 
synchronization pulses [59] serves as a priori. The time 
synchronization error of TanDEM-X is better than 5 μs within 
a working time of 10 minutes [60]. Whereas both TH-2 and LT-

1 adopt disciplined high-stability oscillators to correct time drift. 
TH-2 uses a rubidium clock with a long-time high stability to 
discipline the crystal oscillator, while LT-1 uses Global 
Positioning System (GPS) to discipline the rubidium clock 
oscillator. The time error of LT-1 can be limited to within 60 ns 
during a 10-minute data acquisition [60]. 
    Inter-satellite synchronization pulses are the most widely 
applied technology for phase synchronization in operational 
close-formation bistatic distributed spaceborne SAR. 
Traditional scheme requires the normal work, i.e., the radar 
signal transmitting and echo receiving, to be interrupted, as 
shown in Fig.  6(a). This scheme is adopted in TanDEM-X and 
TH-2. Whereas LT-1 adopts a novel scheme where the phase 
synchronization signal is exchanged by virtue of a time slot 
between radar signals, so data acquisition is not interrupted [60], 
as shown in Fig.  6(b). The phase synchronization accuracies of 
TanDEM-X, TH-2, and LT-1 are 1° [10], 6.28° [35], and 0.3° 
[60] respectively.
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Fig.  6 Two typical phase synchronization schemes. (a) The interrupted scheme. (b) the non-interrupted scheme (revised from 

[60]). 

3) Inter-satellite baseline measurement. To precisely measure
the inter-satellite baseline between the satellites in the
formation, dual-frequency Global Navigation Satellite System
(GNSS) receivers are adopted in all satellites of operational
close formation distributed spaceborne SAR, enabling
differential GNSS technology. TanDEM-X is equipped with
GPS receivers (Integrated GPS Occultation Receiver, IGOR),
achieving a baseline measurement accuracy of up to 1 mm [61,
62]. TH-2 is compatible with GPS and Chinese Beidou-2 (BD-
2), with a 3-D baseline measurement accuracy within 2 mm.

B. Multi-angle formations
    Different from close formations, in a multi-angle formation 
distributed spaceborne SAR, the distance between satellites 
exceeds the critical baseline for coherent synthesis or 
interferometry, but the satellites have a common beam footprint. 
The merits of multi-angle formation distributed spaceborne 
SAR are capability of measuring bistatic/multi-static scattering 
characteristics with large bistatic angle, and rich diversity in 
line of sight (LOS) observations. Such advantages enable it to 

map the vegetation terrain and measure the vector parameter 
such as 3-D surface deformation.  
    Multi-angle formations have been receiving significant 
attention from the ESA in the past decade, with typical missions 
including SAOCOM Companion Satellite (SAOCOM-CS), 
SEntinel-1 SAR Companion Multistatic Explorer (SESAME), 
and Harmony [13]. SAOCOM-CS proposed in 2014 offers 
three configurations [63], including the tomographic 
configuration (for forest and ice structure), bistatic 
configuration (for urban deformation and vegetation scattering), 
and specular configuration (for soil moisture), as shown in Fig.  
7(a). SAOCOM-CS was originally planned to be launched 
simultaneously with SAOCOM-1B in 2019, but the mission 
was canceled. SESAME, proposed in 2016, is a proposal in 
ESA's Earth Explorer (EE)-9 mission [12]. It involves two 
passively receiving satellites flying with Sentinel-1, separating 
about 200 km in the along-track direction. The two satellites are 
organized in a close formation to achieve single-pass 
interferometry, as shown in Fig.  7(b). The primary applications 
of SESAME include terrain measurement, surface deformation, 
and biogeophysical parameter retrieval. 
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Fig.  7 Typical multi-angle formations in distributed spaceborne SAR. (a) SAOCOM-CS. (b) SESAME [12]. (c) Harmony [64].

    Inherited from SESAME, Harmony (initially named 
STEROID) has a stereo phase apart from XTI phase, as shown 
in Fig.  7(c). Harmony aims to provide enhanced radar 
observations of the ocean, cryosphere, and solid Earth, with 
both scientific and engineering significance [13, 65]. In 2022, 
Harmony was finally selected as the only ESA Earth Explorer 
10 (EE-10) mission candidate entering into the Phase B1 stage 
[64], and it is expected to be launched in 2029. The overall 
mission is designed to last for five years, as shown in Fig.  8.
The most significant feature of Harmony is its stereo phase [13]
where the two companion passive satellites, Harmony-A and 
Harmony-B, are 350-400 km ahead and behind the master 
satellite, respectively. Combined with the master satellite
Sentinel-1D, three independent LOS can be provided.
Benefiting from the observation angle diversity, the most 
featured application of Harmony is the measurements of surface 
parameter vector, such as the ocean surface wind vector, Total 
Surface Current (TSC) vector, and the 3-D Velocity (TDV) 
vector of the solid Earth. Measuring parameter vectors of the 
ocean is a novel application which is hardly mentioned in the 
previous spaceborne SAR missions. Fig.  9 shows a typical 
example of the parameter vector measurements of the Harmony 
on the ocean. The standard deviation of the estimation error in 
the across-track and along-track components are about 0.03 m/s 
and 0.08 m/s, respectively. The accuracy of another notable 
application, the TDV of the solid Earth by using multi-angle 
differential interferometric SAR (D-InSAR) methods, generally 
meets the threshold requirements 2 mm/yr. 

Fig.  8 Life cycle planning of Harmony, which includes two
years of XTI phase (baseline 400 m ~ 1 km) and two years of 
Stereo phase which can occasionally switch to XTI formation.

(a) (b)
Fig.  9 A simulation example of the parameter vector 

measurement by the Harmony mission [65]. (a) Input TSC 
vectors for simulation. (b) Estimated TSC vectors.

     A key technology of Harmony is the phase and time 
synchronization between Harmony and the radar transmitter on 
Sentinel-1, where the distance between them is much larger 
than the close-formation systems [65-70]. Instead of mutual 
synchronization pulses applied in TanDEM-X, Harmony 
employs Ultra Stable Oscillator (USO) clocks on all spacecraft 
and GNSS receivers to correct frequency and phase errors. The 
common-clock approach, whereby the GNSS receivers are 
linked with the SAR instrument USO clock, enables the GNSS 
receivers to retrieve any drift between local clocks and the 
atomic clock reference of the GNSS system. For the so-called 
coarse-time synchronization, precise orbit of the Sentinel-1 is 
determined and the position corresponding to data acquisition 
start time is predicted. This information is uploaded to the 
Harmony from the Sentinel-1 ground segment prior to data 
acquisition to determine a coarse time for data acquisition.
Finally, the fine-time synchronization is achieved by echo 
tracking method whereby the actual received echo is correlated 
on board with expected echo. This echo tracking can already be 
performed on the sequence of warm-up pulses used by Sentinel-
1 before the start of the data take. The accuracy of phase, 
coarse-time, and fine-time synchronization are better than 5°, 3 
ms, and 50 μs, respectively. Another critical challenge in
interferometric processing of Harmony is that conventional 
monostatic definition of interferometric parameters, including 
temporal lag, sensitivity, and spectral shift, becomes opaque in 
complex bistatic configurations. This issue can be addressed by 
the wavenumber domain support in [71].
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C. Loose Constellation 
    Although revisit times can be reduced through specialized 
imaging modes such as ScanSAR and TOPS (Terrain 
Observation by Progressive Scans) [72], a common solution to 
improve the revisit time and repeat-pass time is to use more 
satellites and enable each satellite to observe the same scene at 
distinct time intervals. Such constellation is referred to as loose 
constellation. The first SAR constellation is the Onyx (formerly 
known as Lacrosse) of the U.S., which encompasses five 
satellites, with its first one launched in 1988 [73] [74]. From 
2006 to 2022, Germany, Italy, ESA, Canada, and China have 
each launched their own SAR satellite constellations, 
exemplified by SAR-Lupe [75], COSMO-SkyMed [6], 
Sentinel-1 [76], Radarsat Constellation (RCM) [77], and GF-3 
[78]. During this era, the number of satellites in each 
constellation ranges from two to five satellites, and most 
constellations are each arrayed on a single orbital plane (SAR-
Lupe has three orbital planes [79]). Different from other 
constellations like Radarsat Sentinel-1, LT-1 (in its repeat-pass 
mode), and SAOCOM [80], the four satellites of the Italian 
COSMO-SkyMed are distributed non-uniformly, resulting in a 
non-uniform repeat time, which is 8, 3, 4, and 1 day [81].  
    In addition to the LEO SAR constellation, there is also a GEO 
SAR constellation, the Global Earthquake Satellite System 
(GESS), proposed by the U.S. in 2003. It encompasses 10 GEO 
SAR satellites divided into five groups to cover the whole globe 

[15]. The two satellites in each group are separated by a 180-
degree phase, allowing for deformation measurements with a 
repeat-pass time of 12 hours. However, due to financial 
constraints, the GESS project was put on hold. Typical loose 
constellations of spaceborne SAR are shown in Table II. 
    Since 2018, there has been an explosion in large-scale SAR 
constellations. Such large-scale constellations composed of 
miniaturized satellites have become a research hotspot and a 
key development direction. The U.S. and Finland launched the 
first satellite of the Capella [82] and ICEYE constellations [83] 
in 2018, while Japan and China launched the first satellite of 
StriX-α/β/1 [84] and Tianxian [85] in 2020 and 2022, 
respectively. In particular, China is engaged in the active 
development of miniaturized SAR satellites, with Haisi-1 [86], 
Qilu-1 [87] and Chaohu-1 [88] launched in 2020, 2021, and 
2022, respectively, as shown in Fig.  10. 

(a) (b) (c) 
Fig.  10 Mini-satellite SARs launched by China. (a) Haisi-1 

[86], (b) Qilu-1 [87], (c) Chaohu-1 [88]. 

TABLE II 
Typical Spaceborne SAR Loose Constellations 

Mission Satellite 
Number 

Launch 
Time Status Country 

/Organization Applications 

GESS 10 -- Conceptual USA National security, emergency Ocean and 
coastal observation 

COSMO-SkyMed 4 2007 Operational 
(extended) Italy Civil and Military 

SAR-Lupe 5 2006 Operational 
(extended) Germany Reconnaissance and emergencies 

Radarsat 
Constellation 3 2019 Operational Canada Reconnaissance 

Sentinel-1 2 2014 Operational ESA Maritime surveillance 
Monitoring emergencies and ecosystem 

GF-3 3 2016 Operational China Marine environment surveillance 
Monitoring sea ice, land surface motion risks 

LT-1 
(DM mode) 2 2022 Operational China Disaster monitoring, water conservancy, 

maritime and meteorology 
SAOCOM 2 2018 Operational Argentina Disaster monitoring 

ICEYE 18 2018 Operational Finland Monitoring geohazard 
Capella 
/Acadia 36 2018 Operational USA Natural catastrophes, security and 

environmental monitoring 

Lacrosse 3 1988 Out of 
Production USA High resolution SAR imagery 

Tianxian 96 2020 Under 
development China Reconnaissance 

StriX-α/β/1 25(StriX) 2020 Operational Japan Monitoring land, disasters and geohazards and 
the cryosphere 



9

TABLE III
Comparison of Key Parameters Between TerraSAR-X And Typical Miniaturized Satellites

Mission Weight (kg) Antenna 
size Polarization

Peak-
power(kW

)

Max. 
Bandwidt
h(MHz)

Incident 
angle(°）

NESZ
(dB)

Azimuth resolution 
(m)/ width(km)

(Stripmap mode)
Design life

TerraSAR-
X 1230 4.80.7 fully 

polarized 2.26 150 15~60 ≤-19 3.3/30
5 (more than 

16 years 
actually)

ICEYE 85 3.20.4 single 
polarization 4 300 10~35 <-17 3/30 3

Capella 116 diameter
3.5

single 
polarization 0.6 500 25~40 -- 1.2/5 3

StriX 150 4.90.7 single 
polarization 0.1 300 15~45 ≤-15 3/30 --

Fig.  11 Typical in-orbit homogeneous distributed spaceborne SAR missions as of May 2024. 

    Large-scale constellations are in general distributed across 
multiple orbital planes to significantly reduce the repeat-pass 
and revisit time. These miniaturized satellites generally have a 
simpler design compared to traditional spaceborne SAR. 
Taking the X-band spaceborne SAR as an example, the key 
parameters of the TerraSAR-X and the miniaturized satellites 
ICEYE, Capella-X and Stirx are compared in Table III. It can 
be observed that miniaturized spaceborne SAR systems have a 
significant reduction in weight and power consumption while 
maintaining a similar level resolution compared to traditional 

missions. As a summary, such miniaturized spaceborne SAR 
systems have the following characteristics:

(1) Dedicated to high-resolution imaging. Most of the
miniaturized SAR systems are in X-band (Chinese missions
also employ C or Ku band), with a bandwidth of over 300MHz, 
offering a resolution of 1 m or even sub-meter level. 

(2) Simplified satellite design. Miniaturized SAR systems are
generally designed with single polarization and smaller
incidence angle range. Additionally, the Noise Equivalent 
Sigma Zero (NESZ) is usually a bit worse than traditional 
missions.

2006, SAR-LupeLupe

2007, TSX 

2007, COSMO-SkyMedSkyMed

2014, Sentinel-1

2016, GF-3

2018, SAOCOM

2018, ICEYE

2018, Capella

2019, TH-2

2019, Radarsat Constellation

2020, StriX

2022, LT-1

2023, HT-1

2024, Gaojing-2
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(3) Developing towards low-cost large-scale constellations.

The satellites in miniaturized SAR systems often utilize mature 
and highly integrated commercial technologies. They are 
designed for rapid iteration instead of pursuing longer lifespans. 
With this idea, large-scale constellations can be achieved. 
    Fig.  11 shows typical in-orbit distributed spaceborne SAR 
missions. Note that some missions have been extended, e.g., 
SAR-Lupe and COSMO-SkyMed.  

III. HETEROGENEOUS DISTRIBUTED SPACEBORNE SAR

A. Systems with radar-based illuminator
    LEO, MEO and GEO SAR can all serve as illuminating 
sources for heterogeneous distributed spaceborne SAR. 
Currently, research predominantly focuses on using LEO SAR 
and GEO SAR as illuminating sources. 
    Heterogeneous distributed spaceborne SAR systems using 
LEO SAR as the illuminating source include spaceborne-
airborne bistatic SAR (SA-BSAR) [89] and space-surface 
bistatic SAR (SS-BSAR) [20]. Due to the long repeat-pass time 
of LEO SAR, typically more than several days, research on 
LEO SAR-based heterogeneous distributed spaceborne SAR is 
usually aimed at principle verification. Currently, there have 
been many public experiments of SS-BSAR [90]-[91], where 
the experiments typically include imaging [92-95], DEM 
generation, and, more recently, repeat-pass D-InSAR [82, 96]. 
However, due to the relatively high cost and technical 
challenges of airborne tests, there are fewer experiments on SA-
BSAR, and they typically focus on imaging tests [92-95], with 
few interferometry and tomography tests.  
    The earliest SA-BSAR experiment was conducted by 
National Aeronautics and Space Administration (NASA) in the 
1980s using the Space Shuttle Challenger as the transmitter 
with CV-990 aircraft as the receiver [97]. This experiment 
produced bistatic images with resolution of approximately 20 
m over Sioux City, Iowa, validating the feasibility of SA-BSAR 
[98]. Two other SA-BSAR experiments were conducted by 
NASA in 1990s utilizing the ERS-1 as the illuminator [99, 100], 
where the relationship between the resolutions and the bistatic 
geometry was demonstrated. From 2007 to 2009, DLR and 
Fraunhofer Institute for High Frequency Physics and Radar 
Techniques (FHR) carried out a series of SA-BSAR imaging 
experiments based on TerraSAR-X, F-SAR, and PAMIR [33, 
34, 101-104]. Strip mode and reverse sliding spotlight mode 
were adopted to collect echoes. The comparison of monostatic 
and bistatic SAR images is shown in Fig.  12. It can be observed 
that there are obvious differences in target scattering 
characteristics between monostatic and bistatic SAR images. In 
2020, the University of Electronic Science and Technology of 
China (UESTC) cooperated with the China Academy of Space 
Technology (CAST) to carry out the first Spaceborne-airborne 
bistatic SAR imaging test in China, using GF-3 as the 
illuminator [19]. 

(a) (b) 
Fig.  12 Classical SA-BSAR experiment results. Comparison 
of monostatic and bistatic SAR images. (a) SA-BSAR image 

[34] with TerraSAR-X as illuminator. (b) Monostatic
TerraSAR-X image for comparison [34].

    In terms of SS-BSAR, in 2006, researchers from Polytechnic 
University of Catalonia (UPC) developed a C-band receiving 
system, SARBRINA. They conducted the first SS-BSAR 
experiment where SARBRINA was employed to receive the 
signal from ENVISAT [94, 95]. From 2008 to 2010, they 
carried out many SS-BSAR experiments based on the ERS-2 
satellite, including the first single-pass InSAR [105, 106], first 
repeat-pass InSAR [107], and the first transponder-based 
tomographic SAR (TomoSAR) [108]. In 2009, researchers 
from the University of Siegen used the TerraSAR-X with dual-
pol mode as the illuminator and finally obtained the first 
polarimetric SS-BSAR image [109]. Subsequently, from 2009 
to 2022, researchers from the University of Siegen [109-112], 
Politehnica University of Bucharest (PUB) [75, 93, 113-120], 
Sandia National Laboratories (SNL) [121], Beijing Institute of 
Technology (BIT) [91, 122-126], Institute of Electronics, China 
Academy of Science (IECAS), the National University of 
Defense Technology (NUDT) [127], and UESTC [128] have 
successively conducted SS-BSAR experiments, where the 
processing covering imaging, InSAR, TomoSAR etc. The 
illuminators used for experiments include TerraSAR-X, 
Sentinel-1, COSMO-SkyMed, GF-3, LT-1, etc.  
    Recently, research on D-InSAR and TomoSAR, which were 
typically carried out by researchers from PUB and BIT, have 
become a hot topic in SS-BSAR. In 2017, researchers from 
PUB developed an opportunistic C-band bistatic SAR 
differential interferometry architecture (COBIS), and 
demonstrated the opportunity and performance of repeat-pass 
C-band SS-BSAR with Sentinel-1 as the illuminator [75].
Results from several months of experiments showed that thanks
to scanning from different sub-swaths from the Sentinel-1, the
echo may be divided into several discontinuous segments in the
azimuth direction, and furthermore, two different incident
angles, among which one was achieved via the elevation
sidelobes of Sentinel-1 beam. The experiment also retrieved
deformation of a plaza, showing that the measured deformation
kept with the temperature variation, as shown in Fig.  13.
Results from the transponders show that the short-term and
long-term deformation accuracies reached approximately 1 mm
and 2 mm, respectively. In 2021, they developed another
system, TomoSAR-1B, with which a tomographic imaging
experiment of two transponders was carried out, demonstrating
that a sub-meter height accuracy can be obtained under the
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condition of signal-to-clutter ratio (SCR) higher than 28 dB
[113, 129].

Fig.  13  Displacement time series [mm] of the observed plaza 
building and the temperatures [°C] at the dates of acquisition 

[75].

    In 2022-2023, BIT conducted several SS-BSAR experiments 
using the Chinese LT-1 as the illuminator, involving InSAR, D-
InSAR and TomoSAR processing for a 3 km × 3 km area, as is 
shown in Fig.  14. They reconstructed single-pass and repeat-
pass DEMs with an accuracy of meter level [75, 130]. 
Subsequently, D-InSAR deformation map with a centimeter-
level accuracy was retrieved, demonstrating the D-InSAR 
deformation measurement capability of L-band SS-BSAR. 
Recently, using 11 repeat-pass SS-BSAR images with a 
baseline span of approximately 2 km, they performed 
tomographic processing on an area of about 600 m × 600 m, 
generating 3-D urban point clouds with an accuracy of about 
3.5m [131].

Tomographic processing

vs

Interferometric processing

SAR image Optical image

DEM
Deformation

SAR point cloud LiDAR point cloud

Fig.  14 Recent progress of SS-BSAR experiments carried out 
by BIT. The DEM and deformation were retrieved via single-
pass and repeat-pass interferometric processing, respectively. 

The SAR point cloud was reconstructed by repeat-pass 
tomographic processing. As a comparison, LiDAR point cloud 

was mapped.

    The heterogeneous distributed spaceborne SAR utilizing 
GEO SAR as the illuminator includes GEO-LEO bistatic SAR
(BSAR) [132] and GEO SA-BSAR [133, 134]. For GEO-LEO 
BSAR, research is focused on the coherent synthesis of multiple 
images for resolution enhancement [135], whereas the major 
research of GEO SA-BSAR is imaging and moving target 
detection (MTD) [136, 137]. The concept of GEO-LEO BSAR
and GEO SA-BSAR were both proposed by the MITRE 
Corporation from the U.S. firstly [138], whereas currently, most 
active researchers are from China. In GEO SA-BSAR, since the 
angular velocity of GEO SAR is much lower than that of the 
aircraft, multiple azimuth channels are generally required for 
the receiving antenna to solve the ambiguity [139]. Theoretical 
research in this area is quite extensive [140], whereas there have 
been no published practical experiments yet, as the first GEO
SAR was just launched in August 2023 [141]. Typical 
experiment of the heterogeneous distributed spaceborne SAR 
with radar-based illuminator are listed in Table IV.

The key technologies of heterogeneous distributed 
spaceborne SAR systems with radar-based illuminator include 
configuration design, imaging methods, synchronization 
technology, and MTD processing.
    The configuration design in heterogeneous spaceborne SAR 
systems mainly refers to optimizing the flight direction and 
beamsteering direction of the receiver, as the illuminator 
generally has an independent task. Research on configuration 
design primarily focuses on the systems with GEO SAR as the 
illuminator. The metrics under consideration mainly include 2-
D resolution, SNR, and coverage capability, etc. For GEO SA-
BSAR, both stationary area scenes and moving targets have 
been considered for configuration design [97, 142], whereas 
only stationary area scene was studied in GEO-LEO BSAR 
[143]. In particular, there are also studies focusing on problems 
in the design of Unmanned Aerial Vehicle (UAV) flight path 
planning [144-146] in GEO SA-BSAR. Due to extensive search 
space led by the numerous receiver parameters to be optimized, 
numerical optimization methods, represented by the Non-
dominated Sorting Genetic Algorithm (NSGA) that is suitable 
for multi-objective optimization [147], are generally used by 
researchers to solve configuration design problems.
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TABLE IV 
Typical Experiment of The Heterogeneous Distributed Spaceborne SAR Utilizing SAR as The Illuminator 

Illuminator Receiving 
Platform Time/ Institution Significance 

Space Shuttle Challenger CV-990 Aircraft 1980s/NASA, U.S. Verifying feasibility of SA-BSAR imaging 

TerraSAR-X F-SAR Aircraft 2007/DLR, Germany Verifying SA-BSAR imaging using X-band 
spaceborne SAR 

TerraSAR-X PAMIR 2009/FHR, Germany Verifying SA-BSAR for double sliding 
spotlight mode 

GF-3 Aircraft 2020/UESTC, China Verifying SA-BSAR imaging using Chinese 
spaceborne SAR 

RADARSAT-1 Ground-based 2003/CCRS, Canada Verifying SA-BSAR imaging 
ENVISAT Ground-based 2005/UPC, Spain Verifying InSAR in single-pass SA-BSAR 

YaoGan-10 Ground-based 2012/BIT, China Verifying single-pass interferometric SS-
BSAR using Chinese spaceborne SAR 

COSMO-SkyMED Ground-based 2013/SNL, USA Verifying change detection from SS-BSAR 

TerraSAR-X Ground-based 2015/IECAS, China Verifying SS-BSAR for staring- spotlight 
mode 

GF-3 Ground-based 2020/UESTC, China Verifying SS-BSAR imaging using C-band 
Chinese spaceborne SAR 

LT-1 Ground-based 2022/BIT, China 
Verifying single-pass interferometric SS-
BSAR using L-band Chinese spaceborne 

SAR 

    As for imaging methods, they diverge significantly between 
different geometries. The accurate range history, as the basis of 
imaging, is generally modeled as the sum of the transmitter 
range and receiver range. For LEO SAR with short Synthetic 
Aperture Time (SAT) and the aircraft, it is accurate enough to 
adopt the Hyperbolic Range Equation (HRE) model. However, 
for LEO SAR with long SAT and GEO SAR, HRE is no longer 
accurate, thus, improved HRE with additional terms, or the 
polynomial range model can be applied. Regarding modeling 
the spectrum analytically, the series reversion stands as a 
universal method. In certain geometries where the angular 
velocity of one platform vastly surpasses that of the other, the 
bistatic geometry can be effectively considered as a monostatic 
one. For the frequency domain imaging algorithms, the 
Nonlinear Chirp Scaling (NCS) algorithm  is the one most 
widely applied [148]. Given the more serious range-azimuth 
coupling in LEO SA-BSAR, researchers have combined the 
NCS with other techniques such as Scaled Inverse Fourier 
Transform (SIFT), Non-Uniform Fast Fourier Transform 
(NUFFT) [149]. For GEO SA-BSAR, ambiguity mitigation is 
in general taken into consideration to combine with NCS 
algorithm. In case of maneuvering platforms, conventional 
range history model cannot be applied, thus time-domain 
imaging algorithms like the Fast Factorized Back-Projection 
(FFBP) [150] are good options robust for most scenarios.  
    In the term of synchronization, since the beam footprint of 
the illuminator is generally much larger than that of receiver, it 
is easy to achieve space synchronization by simply deploying 
the receiver (airborne or ground-based receiver) inside the 
coverage area of the speceborne SAR illuminator. For time and 
phase synchronization, since the illuminator typically occupies 

a higher platform than the receiver, the most common method 
is the utilization of direct wave [151]. The receiving platform 
can estimate the signal arrival time based on the envelope of the 
direct wave, and phase synchronization can be 
straightforwardly accomplished by compensating the echo with 
the extracted synchronization phase from the direct wave, or 
directly by performing pulse compression on the echo using the 
direct wave as a reference function [152].  
    MTD is a distinctive application in GEO SA-BSAR, whereas 
other heterogeneous distributed spaceborne SAR systems are 
deemed not suitable for MTD due to excessively high or low 
platform velocities or insufficient coverage time. The first 
research focus in this field is Doppler ambiguity suppression. 
Primary ideas to suppress the Doppler ambiguity are to 
construct spatial filter from multiple azimuth channels, and thus, 
to reconstruct multi-channel signals [153, 154]. In particular, 
with a large number of azimuth channels, e.g., 24 channels in 
[153], the idea of Velocity SAR (VSAR) can be applied. 
Another novel idea is the introduction of sparse signal 
processing, where the moving targets are considered sparse 
signal and the objective is to separate moving target from 
stationary area targets. Simulation results showed that the 
velocity can be estimated with only two channels [155]. The 
second challenge lies in target detection with long SAT. Typical 
solutions include adaptive spatial filtering based on polynomial 
range model [137] and the application of neural networks [156], 
of which the latter can also reduce the computation burden 
significantly.  

B. Systems with non-radar illuminator
    To tackle the issues of insufficient observing timeliness 
caused by the limited number of spaceborne SAR missions, 
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heterogeneous distributed spaceborne SAR systems with non-
radar illuminators are also essential. These illuminators 
primarily include communication satellites and navigation 
satellites. Such systems are also commonly called parasitic 
SAR [157]. Regarding communication satellites, they are 
divided into LEO, MEO, and GEO satellites. The 
heterogeneous distributed spaceborne SAR predominantly 
focuses on GEO communication satellites due to their larger 
signal bandwidth than LEO and MEO communication satellites. 
In 1998, researchers from POLIMI  proposed the concept of 
GEO parasitic bistatic SAR [21], which uses a passive GEO 
satellite with a small eccentricity to form a synthetic aperture 
and reuse a Digital Audio Broadcast (DAB) satellite as the 
transmitter. It can achieve coarse imaging with a resolution of 
120 m ~ 1 km and perform interferometry with a repeat time of 
12 hours. Subsequently, they carried out the first demonstrative 
imaging experiment, but ground features were difficult to 
identify due to the low resolutions [158]. A recent 
communication satellite-based SS-BSAR experiment was 
carried out by researchers from University of Siegen in 2018, 
where a Digital Video Broadcasting (DVB) satellite, Intelsat 12, 
was employed as illuminator. They obtained the SAR image 
and repeat-pass interferogram of a 1.8 km × 3.2 km area, with 
an azimuth resolution of 1 m [159], as shown in Fig.  15, which 
again indicate the feasibility of communication satellite-based 
SS-BSAR. However, since broadcast satellites usually have 
near-geostationary orbits, the SAT is often very long (several 
hours), limiting application scenarios. 

Fig.  15 DVB-based SS-BSAR experiment result. The 
intensity image of the scene overlaid with the interferometric 

phase [159]. 

    In recent years, with the emergence of large-scale broadband 
communication satellites (such as Iridium, Starlink, and 
OneWeb [160, 161]), researchers have begun to explore the 
feasibility and performance of using these satellites as 
illuminators for passive radar or passive SAR imaging. Most 
recent works focus on the feasibility and performance of target 
detection. In 2019, researchers from University of Birmingham 
demonstrated that the ground Power Flux Density (PFD) of the 
Starlink is about -182 2dBW m , which is 20 dB higher than 
that of GNSS-based illuminators [162]. In 2021, researchers 
from Warsaw University of Technology (WUT) collected 
Starlink signals to analyze their characteristics [163, 164]. 
Experiment results showed that under user demand, the 
transmission of Starlink can be composed of pulses with 
varying pulse spacing. Such signal is able to provide a bistatic 

range resolution of 1.25 m and a Doppler resolution of 750 Hz 
for one pulse on average. The frequency resolution can be 
improved through coherent accumulation of multiple pulses. In 
2023, researchers from FHR demonstrated that the transmission 
signals are mainly pulsed when the satellite is in a lower 
elevation [165]. They also discussed the feasibility of 
broadband communication satellites for passive SAR imaging, 
and the result showed that an azimuth resolution better than 1 
m can be achieved with a synthetic aperture time of 4 s. 
    However, the principal challenge in using broadband 
communication satellites for passive imaging lies in the 
significant contradiction between the communication signal 
waveform and radar imaging requirements. An example is that 
communication satellite signals are often continuous rather than 
pulsed, or pulsed signals are generally occasional, which is 
contradictory to the traditional bistatic SAR system. Shared 
waveforms [166, 167] for both communication and radar have 
not been applied in orbit, thus there are no reports of using 
broadband communication satellites for SAR imaging. 
    Different from communication satellites, GNSS signals are 
usually simple and can be considered as pulse signals with a 
duty cycle of 100% (usually the pulse length is 1 ms). At the 
same time, the pseudo-random codes of the GNSS have an 
ambiguity function like that of the LFM signal. Therefore, since 
firstly proposed by the researcher from University of 
Birmingham in 2002 [22], using GNSS signals for passive 
imaging was keeping popular research for more than 20 years, 
and most research focus on SS-BSAR. The first GNSS-based 
SS-BSAR image was obtained by researchers from University 
of Birmingham in 2006, with GLONASS as the illuminator 
[168]. Since then, they break through many key technologies 
such as synchronization methods based on direct wave, 
coherent change detection methods, and decorrelation models.  
    With the launch and maturity of Chinese navigation satellite 
system, Beidou, Chinese scholars have also carried out SS-
BSAR research based on Beidou since 2012. A representative 
research team is from BIT, where their study covers Beidou-
based SS-BSAR synchronization, imaging algorithms, 
deformation processing, etc [20]. They obtained the first 
Beidou-based SS-BSAR image in 2013 [126]. From 2015 to 
2018, they conducted multiple Beidou-based SS-BSAR 
deformation measurement experiments and obtained 
millimeter-level 3-D deformation of strong man-made 
scatterers such as corner reflectors [125] and transponders [122]. 
Relevant results show that the most significant benefit of 
GNSS-based BSAR is that with multiple satellites, it can 
perform high-accuracy 3-D deformation retrieval continuously 
throughout the day and has great potential in geological disaster 
monitoring. Since 2022, they break through a series of key 
technologies for 3-D deformation measurement in GNSS-based 
BSAR system, covering optimal selection method of satellites 
[123], improved imaging algorithms [169], adaptive Permanent 
Scatterer (PS) points selection methods [170], multi-angle PS 
points association algorithms [171], and interferometric phase 
error compensation methods [172] etc. At present, miniaturized 
GNSS-based SS-BSAR deformation measurement equipment 
has been deployed over 100 locations in southwestern China, as 
shown in Fig.  16. 
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Fig.  16 Examples of deployed miniaturized Beidou-based SS-

BSAR equipment for deformation measurement. (a) Beidou 
receiver model. (b) Beidou receiver prototype. (c) Observation 

geometry. (d) Example of SS-BSAR image.

    Considering that communication satellites based SS-BSAR 
has not been completely verified, this article mainly reviews the 
key technologies of GNSS-based SS-BSAR, which mostly 
focus on 3-D deformation measurement recently, including 
combination of satellite, multi-angle PS association and phase 
error compensation [173].
    To improve the performance of 3-D deformation 
measurement by GNSS-based SS-BSAR systems, an optimal 
GNSS satellite selection method was proposed [123]. The 
method is conducted under the criteria to maximize the number 
of PS points while constraining the resolution, theoretical 3-D 
deformation accuracy, and elevation angle of the utilized 
satellites within a reasonable range. The second challenge is the 
multi-angle PS points association methods, where the 
distributions of PS points between different GNSS-based SS-
BSAR images are significant differences due to their diverse 
observation angles. To address it, an efficient association 
method was proposed, which uses the Intersection over Union 
(IOU) as the indicator to associate PS points [171]. To 
compensate phase errors in GNSS-based SS-BSAR
interferograms is also one of the key technologies. Using a 
linear observation model considering residual height of the 
scene, and combined with optimal filtering algorithms, phase 
errors from DEM errors and atmospheric errors can be removed 
[172]. 

IV. TYPICAL APPLICATIONS OF DISTRIBUTED SPACEBORNE
SAR

A. Image Enhancement
    Thanks to the improved capability of SAR image acquisition 
by distributed spaceborne SARs, it becomes possible to perform 
image enhancement, such as ambiguity suppression [174, 175]
and intensity enhancement, using multiple images. For
homogenous spaceborne SAR, researchers from DLR
conducted demonstrated experiments of Doppler ambiguity 
suppression using TerraSAR-X and TanDEM-X in 2014 [176]. 
They compared the single-channel SAR image acquired with a 
lower PRF than the nominal one, with the reconstructed image 
with two channels. The results were shown in Fig.  17. The 
quantitative analysis demonstrated a significant improvement 
in azimuth ambiguity-to-signal ratio (AASR) after ambiguity 
suppression. 

(a) (b)
Fig.  17 Ambiguity suppression using TerraSAR-X and 
TanDEM-X [176]. (a) TerraSAR-X image shows strong 

azimuth ambiguities. (b) The reconstructed image based on the 
data of TerraSAR-X and TanDEM-X, where a much lower 

ambiguity level can be seen.

    For heterogeneous distributed spaceborne SAR, researchers 
from BIT studied intensity enhancement methods of BeiDou-
based SS-BSAR images based on image fusion in 2014. One
method is to coherently fuse multiple repeat-pass images [177].
As shown in Fig.  18(a) and (b), by coherently fusing 22 images, 
the fused image has a much better contrast, with a SNR gain of
10.7 dB compared to a single image. The other is to enhance the 
intensity from multi-angle images. By fusing 26 SS-BiSAR 
images with significantly different view angles, the image 
details were greatly enhanced, and the SNR was improved [124, 
126], as shown in Fig.  18(c) and (d). In 2015, researchers from 
Beihang University demonstrated that it is also feasible to 
enhance image resolution by jointly use Galileo E5 signals at 
different frequency points [178]. Recently, researchers from 
BIT proposed to improve the resolution of SS-BSAR image via 
spectrum synthesis, and the method was demonstrated by two 
repeat-pass Beidou-based images [179]. 
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(a) (b) 

(c) (d) 
Fig.  18. Intensity enhancement of Beidou-based SS-BSAR 
images. (a) Incoherent fusion of 22 repeat-pass images. (b) 
Coherent fusion of 22 repeat-pass images [177]. (c) Single 

image. (d) Fused image from multi-angle images [124, 126]. 

    There are also conceptual missions that are aimed at image 
enhancement. A typical example is the aforementioned 
ARGOS, which utilizes along-track formations to improve 
azimuth resolution [52]. For such formations, when the satellite 
trajectories are not completely coincident, grating lobes will 
occur due to discontinuous Doppler spectra. This can be 
resolved by optimizing SAT of each satellite [180].  
    Another popular application motivated by rich datasets of 
distributed spaceborne SAR is the Video SAR, which enables 
capabilities of dynamic scene monitoring [181]. In 2023, 
researchers from Capella used the Capella X-SAR to obtain 8 
subaperture frames from a single-pass echo data of 30 second 
acquired in the spotlight mode. They used the open-source 
kernelized cross correlation (KCF) to track a moving vessel 
near harbors [182]. 
    When utilizing bistatic/mulistatic and multi-angle images for 
image enhancement and fusion, it is necessary to pay special 
attention to two issues arising from geometric differences. The 
first is resolution degradation due to bistatic observation 
geometry [183], and the second is the scattering difference. The 
two issues raise challenges in fusion, which can be solved by 
intelligent solutions based on machine learning [184]. 

B. Terrain mapping
    Terrain mapping is the most typical application of distributed 
spaceborne SAR, especially in close formation missions. The 
most typical system for DEM measurement in distributed 
spaceborne SAR is TanDEM-X. From 2010 to 2015, the 
TanDEM-X covered the entire continental Earth twice, and the 
first global TanDEM-X DEM was created and released in 2016 
[185, 186]. The spatial resolution of the TanDEM-X DEM is 12 

m at the equator, with an absolute vertical height accuracy 
better than 10 m. It is now one of the DEMs with the highest 
accuracy generated by spaceborne sensors. In 2017, the 
TanDEM-X mission decided to conduct an additional 
comprehensive coverage scan of the continental Earth, aiming 
to create an independent dataset between 2017 and 2020 to 
observe terrain changes. These data will contribute to the 
production of a new global DEM, TanDEM-X DEM 2020, 
scheduled for release in 2024 [186]. In addition to TanDEM-X, 
close formation missions such as TH-2, LT-1, Gaojing-2 and 
HT-1 have all acquired high-precision DEMs through single-
pass methods, but they did not release global DEM products. 
    As the TanDEM-X mission has covered the globe multiple 
times, a new TanDEM-X DEM Change Map will be released 
based on the comparison between the upcoming TanDEM-X 
DEM 2020 and the first global DEM [187]. This will show the 
changes between the two global DEM data, reflecting variations 
in forest cover, glaciers, permafrost zones, and areas affected 
by human activities. In 2023, researchers from DLR obtained 
large-scale surface changes in several mining areas in 
Queensland, Australia, by comparing DEM changes. The 
results indicates that the rise and fall in some areas can approach 
or even exceed 30 m [187], as shown in Fig.  19. Some 
researchers also explored combining the TanDEM-X DEMs 
from ascending and descending orbits [188], and the results 
showed that the invisible areas can be reduced from 5.7% to 1.2% 
after fusion, but the accuracy is hardly improved.  

Fig.  19 TanDEM-X DEM Change Maps example over 
multiple coal mines in Queensland, Australia [187]. 

    In addition to InSAR, another DEM generation method is 
radar photogrammetry, which requires multi-angle SAR images 
[189]. In 2023, researchers from the Centre Tecnològic de 
Telecomunicacions de Catalunya used two Capella X-SAR 
images, with resolutions of 0.7 m × 0.5 m and incident angles 
of 33° and 29.5°, to reconstruct the DEM of an approximately 
7.2 km × 6 km area. The retrieved DEM has an accuracy of 
about 8.4 m [190], as shown in Fig.  20. With the rapid 
production of high-resolution images, this method has 
significant potential. 
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Fig.  20 Radargrammetry DEM using Capella X-SAR images 
[190]. 

    For distributed spaceborne SAR with small scenes, 
especially for SS-BSAR, terrain mapping is primarily a way to 
verify the feasibility and capabilities of systems. Typical 
examples are the single-pass DEM inversion based on dual-
antenna receiver conducted by researchers from UPC in 2008 
[105, 106], BIT in 2012, and IECAS in 2013 [191, 192]. 
Another example is both the single-pass and repeat-pass DEM 
inversion by researchers from BIT, based on LT-1 in 2022 [130]. 
    In addition to LEO distributed spaceborne SAR, researchers 
from BIT have also proposed the use of distributed GEO SAR 
for DEM measurement [56, 193]. The main advantage of 
distributed GEO SAR is high data rate due to its short repeat-
pass time. A challenge faced by such system, especially for one 
working in a high band (e.g., Ka), is the non-stationary non-
Gaussian phase error caused by the small-scale atmosphere and 
steep terrain. An effective solution to this problem is to 
introduce Particle Filter (PF), which can deal with non-
Gaussian noise and improve the DEM measurement accuracy 
[193].  

C. 3-D Imaging
3-D imaging has played a significant role in fields such as

forest height measurement [194] and urban point cloud 
reconstruction [195, 196]. Currently, most research on 3-D 
imaging from distributed spaceborne SAR is based on TSX and 
TDX. 
    In 2013, researchers from DLR firstly used five dual-pol 
single-pass TSX/TDX interferograms with multiple baselines 
for forest observation and estimated the vertical structure of the 
forest [197]. With the Capon beamforming algorithm [198] 
applied, the height of canopy and bared soil can be estimated. 
In 2019, they referred to the single-pass interferogram-based 
tomography as coherence-based TomoSAR. Fourteen 
TSX/TDX interferograms were used to estimate the height of 
forest, where the complex coherence between repeat-pass 
image pairs were set to zero to suppress temporal decorrelation. 
The results showed that the coherence-based tomography has 
an accuracy of 2.7 m, which is much better than that of the 
classical Single-Look Complex (SLC) -based method (34.3 m) 
[194], as shown in Fig.  21.   

(a) 

(b) 
Fig.  21 Comparison between SLC-based and coherence-based 
tomography in the forest height retrieval. (a) Results of SLC-
based tomography. (b) Coherence-based tomography [194].  

    The high-resolution images provided by TSX and TDX have 
driven the research in 3-D imaging for urban areas in recent 
years. It is demonstrated that fewer single-pass interferograms 
are required for urban 3-D imaging than for typical scenes using 
SLC SAR images, due to the high coherence in each single-pass 
interferometric pair. In 2020, researchers from DLR used 3 to 5 
TSX/TDX interferograms to perform 3-D urban imaging. The 
results, as shown in Fig.  22, indicate that 62.8% of the buildings 
are reconstructed with an accuracy better than 2 m [195]. 

Fig.  22 Point clouds obtained by 3-D imaging in urban area 
[195]. 3~5 pairs of TSX/TDX images were used. 

    In heterogeneous distributed spaceborne SAR, the research 
on 3-D imaging is primarily focused on SS-BSAR, as it is much 
easier to collect multi-channel or repeat-pass data in SS-BSAR 
than SA-BSAR. Classical experiments include the 
transponder-based single-pass demonstration [108, 113, 129] 
and the repeat-pass tomography [131], both reviewed in Section 
III.   

D. Deformation retrieval
    The greatest advantage of distributed spaceborne SAR over 
a single-satellite SAR is the capability of providing multi-angle 
observations, enabling 3-D deformation measurement. This is 
an effective approach to address the issue of low deformation 
accuracy in the South-North direction of the traditional polar-
orbiting SAR. Moreover, the timeliness of deformation 
measurement can also be improved via loose formations. 
Another notable advantage of distributed spaceborne SAR is 



17

the scattering complementarity between monostatic and bistatic 
SAR, and between different observation angles, by which more 
PS points can be obtained by combining these acquisitions. The
superiority has been demonstrated for PS points association in 
the GNSS-based SS-BSAR experiments for natural slope 
deformation measurements [171]. Particularly in urban areas, 
PS points are different between monostatic and bistatic SAR 
images. This diversity allows to integrate and increase the 
density of deformation measurement points [199], which is an 
important research direction in the future. 
    In terms of homogeneous distributed spaceborne SAR, both 
SESAME and Harmony have the capability of multi-angle
observation. However, their multi-angle LOSs are nearly in the 
same plane, thus 3-D deformation should be measured through 
combining ascending and descending orbit acquisitions. In 
2021, researchers from BIT proposed a three-satellite 
distributed GEO SAR system that can observe the scene from 
three angles simultaneously, which is able to retrieve 
centimeter-level 3-D deformation [17]. Tropospheric phase 
generally distorts deformation signals in D-InSAR processing. 
It is especially serious in the presence of tropospheric 
turbulence, which cannot be removed by using external 
numerical weather models. Regarding this, in 2023, they
demonstrated that multi-angle distributed spaceborne SAR can
retrieve multi-dimensional deformation and differential 
tropospheric delay (DTD) simultaneously to eliminate the 
impacts of tropospheric turbulence in deformation monitoring, 
where the results showed an accuracy of about 2 mm in 2-D 
deformation retrieval [200, 201], as shown in Fig.  23.
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Fig.  23 2-D deformation retrieved by the MWF method via 

multi-angle distributed SAR. (a) LOS deformation. (b) 
Azimuth deformation.

    For heterogeneous distributed SAR, the primary research for 
deformation measurement is focused on GNSS-based SS-
BSAR. In 2018, researchers from BIT demonstrated the
capability of Beidou-based SS-BSAR to provide temporally 
continuous 3-D deformation measurement with millimeter-
level accuracy [122]. Recently, with their proposed processing 
methods reviewed in Section III, 3-D deformation of area scene 
with millimeter-level accuracy was retrieved, as shown in Fig. 
24. In 2023, they also explored the potential of retrieving 2-D
deformation of SS-BSAR with LT-1 as the illuminator and two-
angle receivers. The deformation has the accuracy of centimeter
level, as shown in Fig.  25, indicating the potential of
heterogeneous distributed SAR with radar-based illuminator in
the aspect of multi-dimensional deformation measurements
[130].

(a) (b) ©
Fig.  24 Retrieved 3-D deformation of Beidou-based SS-

BSAR acquired by BIT. Deformation in the (a) East direction, 
(b) North direction, and (d) Zenith direction.

(a) (b)

(c) (d)
Fig.  25 Retrieved 2-D deformation of LT-1 -based SS-BSAR 
acquired by BIT. (a) SAR image of the first direction. (b) SAR 

image of the second direction. (c) The deformation in the 
equivalent LOS direction. (d) The deformation perpendicular 

to the equivalent LOS direction.

E. Atmosphere mapping
    The spaceborne repeat-pass InSAR is inevitably affected by 
the temporally varying atmosphere, which researchers focus on 
removing when conducting deformation monitoring in general.
Alternatively, in the absence of deformation, such as the data 
acquisition cases under very short InSAR repeat-pass period or 
over the stable ground surface, spaceborne D-InSAR can also 
be used to retrieve the LOS atmospheric parameters. However, 
a single satellite can only obtain the integrated atmospheric 
refractivity and water vapor along the LOS direction, unable to 
recover the 3-D atmospheric parameters, which limits the 
application scope of the related atmospheric products in 
meteorological monitoring and forecasting. 
    One configuration for 3-D atmospheric parameters retrieval
is to use a multi-angle formation, with each multiple satellites’ 
LOSs passing through the constructed 3-D atmospheric grids to 
realize atmospheric tomography processing. A representative 
research team in this field is the BIT. Since currently there are
no in-orbit multi-angle formations, the research is mainly 
focused on theory and algorithms. 
    In 2017, researchers from BIT  proposed that the 3-D 
ionospheric electron density can be tomographic retrieved by 
multiple L-band GEO SARs [202]. The main idea is firstly to 
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divide sub-bands in range and sub-apertures in azimuth and 
retrieve the Total Electron Content (TEC) along the LOS 
direction via spectrum splitting method. Then, the 3-D electron 
density can be reconstructed by solving equation set provided 
by observations from GEO SARs. Simulation results, as shown 
in Fig.  26(a), showed that with four GEO SARs, the 
ionospheric retrieval error is less than ±0.5 TECU, and the 
relative error is better than 1.5%. In 2021, researchers from TU 
Delft proposed the utilization of a C-band multi-angle 
formation to accurately estimate the zenith DTD in the presence 
of baseline knowledge errors. Taking the Harmony mission as 
an example, at least 300 km of inter-satellite distance is required 
for high-precision DTD estimation. The centimeter-level 
absolute accuracy and submillimeter-level relative accuracy of 
zenith DTD can be obtained by solving a mixed least-square 
(LS) problem [203]. Currently, researchers from BIT have been 
studying the retrieval method of 3-D differential tropospheric 
refractivity (DTR) using multi-angle formations. Simulation 
results, shown in Fig.  26(b), verified the feasibility of the 
method, with a millimeter-level accuracy of DTD with sub-
kilometer resolution in the zenith direction [204].  

(a) (b) 
Fig.  26 The simulated -3D atmospheric parameters retrieved 

by multi-angle formations. (a) The simulated recovered 
electron density. (b) The recovered DTR [204]. 

F. Ocean Observation
    Similar to the 3-D deformation retrieval, multi-angle 
formations have significant capability for multi-dimensional 
parameter measurement over ocean surface, including 2-D 
ocean current field, ice drift measurement, etc  [205]. A typical 
and dedicated distributed SAR system capable of conducting 2-
D measurements of oceanic dynamic parameters is Harmony. 
Besides, employing special imaging mode such as bidirectional 
(BiDi) SAR mode [206], TanDEM-X also has such capability, 
which currently is also an effective mission to demonstrate the 
feasibility of Harmony. Typical processing methods are 
Doppler Centroid Anomaly (DCA) and ATI. 
    In terms of 2-D ocean current field measurement, researchers 
from TU Delft demonstrated that the additional LOS of 
Harmony with the stereo configuration can capture more 
components of the ocean wave spectrum, offering unique 
advantages in observing sea surfaces under high wind speed 
conditions such as tropical cyclone. Furthermore, it can 

enhance the observational features of the wave direction 
spectrum, helping the interpretation of bistatic, high-resolution 
sea surface scatter and Doppler measurements [207]. Under the 
stereo formation, Harmony is able to measure 2-D ocean 
current field with spatial resolutions ranging from 1 to 4 km and 
a sensitivity of about 15 cm/s [208].  
    In addition, researchers from BIT proposed a GEO-LEO 
bistatic SAR system with twin LEO receivers that can also 
provide 2-D ocean current measurements. The ATI phase 
model along with the distributed configuration optimization 
method in this system, are discussed in [209].  
    The measured data of distributed spaceborne SAR for ocean 
current measurements has far been implemented only in 
TanDEM-X. Researchers from TU Delft used the BiDi SAR 
mode data from TSX and TDX for ATI processing. With an 
azimuthal angular span of approximately 13.2° for the fore and 
aft beam, 2-D ocean current fields were acquired, which helps 
mapping and understanding sub-mesoscale (1-10 km) marine 
structures [206]. The aft look of data near Barents Sea and Kara 
Sea is shown in Fig.  27 (a), the resulting velocity error in fore 
and aft beam are 0.26 m/s and 0.55 m/s respectively [206]. 
Under hybrid baseline interferometry mode with both along-
track and across-track baseline, Sea Surface Elevation (SSE) 
and principal wavelength of sea waves can be estimated, 
obtaining wave height with the error less than 0.1 m [210].  
    For sea ice drift measurement, it is analyzed by researchers 
from TU Delft that Harmony has the capability of measuring 3-
D sea ice motion velocity vectors with high accuracy (< 100 
mm/yr) and high resolution (better than 100 m × 100 m). As for 
the topography change (TOC) estimation for land ice, the 
mission can achieve an accuracy of 0.2 m/yr (goal). This will 
eventually contribute to the improvement of statistical and 
parameterized analysis of sea ice, helping for obtaining more 
accurate sea ice models [205]. What’s more, the structure and 
deformation patterns of the sea ice can also be derived, which 
would be impossible with traditional methods such as feature 
tracking.  
    TanDEM-X is also indicated to be capable of measuring sea 
ice drift. All the typical modes of TanDEM-X, including 
bistatic single-pass InSAR, repeat-pass InSAR, and pursuit 
single-pass InSAR, are able to achieve diverse applications of 
sea ice monitoring as illustrated in Fig.  27 (b) [211]. Fig.  27 
(c) shows an example of ice drift measured by TanDEM-X
pursuit mode over the Chukchi Sea coast near Alaska. It can be
seen that compared to landfast ice, the interferogram of pack ice
exhibits a stronger phase response, i.e., largely cross-track
parallel fringes, due to the faster motion of pack ice. The largely
cross-track parallel fringes are likely a result from on-shore
wind during the time of acquisition.
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(a) 

(b) 

(c) 
Fig.  27 Typical applications of ocean observation by 

TDX&TSX. (a) TDX&TSX Bidi SAR ATI acquisition over 
the Barents Sea and Kara Sea, revised from [210]. (b) 
Example of coastal sea ice and potential application of 

different TSX/TDX acquisition modes [211]. (c) TDX pursuit 
mode interferometric phase-derived motion over the Chukchi 

Sea coast near Alaska, revised from [211]. The arrows 
represent motion derived from ground-based radar data and 

land is masked out in gray. 

V. COMMENTS

    Distributed spaceborne SAR has evolved over 30 years, 
observing significant progress made on both homogeneous and 
heterogeneous distributed spaceborne SAR. Various distributed 
systems which take SAR, navigation or communication 

satellites as illuminators have significant achievements in terms 
of system, signal processing, and application. Looking into the 
future, the primary development directions for distributed 
spaceborne SAR are anticipated to include: 
    In terms of the system, large-scale constellations will 
continue to evolve rapidly with increasing scale. This includes 
the multi-baseline large constellations characterized by close 
formation such as MirrorSAR and SwarmSAR, as well as large-
scale loose constellations represented by Capella X-SAR and 
ICEYE. To achieve multi-dimensional parameter retrieval, 
multi-angle formations, such as Harmony, will continue to be 
developed and launched. With the scale expansion of satellite 
constellations, advanced multi-baseline multi-dimensional 
imaging [3-D, four-dimensional (4-D), and even five-
dimensional (5-D) (3-D structure and 2-D deformation)], multi-
angle terrestrial parameter inversion (2-D ocean currents, 3-D 
deformation, etc.), and hourly rapid response to the Earth’s 
surface monitoring will become feasible. Spaceborne SAR will 
have a wider coverage range and shorter revisit/repeat time, 
enabling the acquisition of mass SAR data. 
    Thanks to the miniaturization and cost reduction of the 
receiving systems, the extensive deployment of spaceborne 
SAR and navigation satellites will provide an abundant source 
of illumination, facilitating the promotion and widespread 
adoption of heterogeneous distributed SAR based on large-
scale satellites. Challenges in non-cooperative signal 
processing, and compensation of multi-source disturbance 
errors will be addressed in this kind of distributed SAR, which 
will promote their maturation in both technology and practical 
application. 
    On the other hand, with the continuous launch of thousands 
of broadband communication satellites, like Starlink and 
OneWeb, research on Integrated Radar and Communication 
System will get deepen. Considering the inherent contradictions 
between radar imaging and communication tasks, core issues 
such as waveform design and hardware compatibility will be 
gradually resolved. Experimental satellites accommodating 
both functionalities could be launched in the near future, and 
ultimately there will be in-orbit business satellites with 
relatively reliable detection and communication performance. 
    In terms of signal processing and application, the growing 
SAR data from distributed spaceborne SARs and the 
continuous improvement of Artificial Intelligence (AI) 
technology will facilitate the development of intelligent 
solutions significantly. AI will be applied more extensively not 
only in traditional SAR tasks for target interpretation and 
detection but also in multi-dimensional SAR imaging, 
InSAR/D-InSAR, etc. On-board real-time signal processing 
will also adopt intelligent methods.  Additionally, the multiple 
radar nodes will promote the on-board processing to move 
towards a distributed and collaborative approach. For 
applications, the use of AI in the distributed spaceborne SAR 
data processing will become more widespread. The potential 
applications will not be limited to the traditional tasks of target 
detection, recognition and classification, but even the tasks of 
decision-making and prediction in disaster monitoring and 
prevention. 
    With increasingly accessible resources for large-scale AI 
models, signal processing and applications in distributed 

Pack Ice Region

Landfast Ice Region
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spaceborne SARs will also benefit from it, but simultaneously, 
challenges of computational burden and power requirements 
will also arise. Although conventional methods (especially 
those derived from exact analytical models, e.g., 2-D imaging 
algorithms) possess good robustness, after the introduction of 
AI, many methods will be effectively improved in their 
computational speeds and resources consumption within an 
acceptable performance loss. Therefore, in the era of AI, 
discerning performance boundaries and exploring the degree of 
integration with AI in distributed spaceborne SARs will also 
remain a persistent topic of interest. 
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