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Abstract: Synthetic Aperture Radar three-Dimensional (SAR 3D) imaging technology can eliminate severe

overlap in 2D images, and improve target recognition and 3D modeling capabilities, which have become an
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important trend in SAR development. After decades of development of SAR 3D imaging technology, many

types of 3D imaging methods have been proposed. In this study, the history of SAR 3D imaging technology is

systematically reviewed and the characteristics of existing SAR 3D imaging technology are analyzed. Given

that the 3D information contained in SAR echo and images is not fully used by existing techniques, a new

concept of SAR microwave vision 3D imaging has been proposed for the first time. This new concept is

integrated with microwave scattering mechanism and image visual semantics to realize three-dimensional

reconstruction, which form the theory and method of SAR microwave vision 3D imaging and can achieve high-

efficiency and low-cost SAR 3D imaging. This study also analyzes the concept, goal and key scientific problems

of SAR microwave vision 3D imaging and provides a preliminary solution, which will contribute in several ways

to our understanding of SAR 3D imaging and provide the basis for further research.

Key words: SAR 3D imaging; Array InSAR; SAR Tomography; SAR microwave vision 3D imaging
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Abstract: Synthetic Aperture Radar three-dimensional (SAR 3D) imaging technology can eliminate severe over-
lap in 2D images, and improve target recognition and 3D modeling capabilities, which have become an import-
ant trend in SAR development. After decades of development of SAR 3D imaging technology, many types of
3D imaging methods have been proposed. In this study, the history of SAR 3D imaging technology is systemat-
ically reviewed and the characteristics of existing SAR 3D imaging technology are analyzed. Given that the 3D
information contained in SAR echo and images is not fully used by existing techniques, a new concept of SAR
microwave vision 3D imaging has been proposed for the first time. This new concept is integrated with mi-
crowave scattering mechanism and image visual semantics to realize three-dimensional reconstruction, which
form the theory and method of SAR microwave vision 3D imaging and can achieve high-efficiency and low-cost
SAR 3D imaging. This study also analyzes the concept, goal and key scientific problems of SAR microwave vis-

ion 3D imaging and provides a preliminary solution, which will contribute in several ways to our understand-

ing of SAR 3D imaging and provide the basis for further research.
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1 Introduction

Synthetic Aperture Radar (SAR) microwave
imaging technology is an important means of
high-resolution ground observation with great po-
tential in military reconnaissance, topographic
mapping, environmental monitoring, geological

exploration, and disaster investigation. However,
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due to the significantly different mechanisms of
SAR and optical imaging, SAR target recogni-
tion and image interpretation are extremely diffi-
cult, restricting the widespread use of current
spaceborne and airborne SAR systems. The main
reason is that the traditional SAR can only ob-
tain 2D images. 3D targets in areas with steep
terrain change and complex infrastructures will
introduce severe overlap of the 2D SAR images.
SAR 3D imaging can obtain the 3D electromag-
netic scattering of the target structure directly,
and eliminate the phenomena of contraction,
overlap, and inversion of the top and bottom,
which is of great significance to the application of
3D environment construction, target interpreta-

tion, urban mapping, and disaster assessment.
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In this context, SAR 3D imaging technology
has received great attention from various coun-
tries, leading to significant progress. Depending
on whether the technology has 3D resolution, the
development of SAR imaging from 2D to 3D can
be roughly divided into two periods. The first
started in the 1960s, which includes the interfero-
metric synthetic aperture radar!’’ (InSAR) and
StereoSARP? to obtain 3D scene information.
However, both the InNSAR and StereoSAR techno-
logies essentially used observations from different
angles to extract the 3D position of the re-
gistered pixels. When overlap of multiple scatter-
ers occurred, only the position of the synthetic
scattering center can be solved. Therefore, only
3D surface information can be obtained, and 3D
resolution is not available with these two tech-
niques. The second period started in the 1990s. In
1995, K. K. Knaell and G. P. Cardillol¥ of the
U.S. Naval Research Laboratory first proposed
the concept of 3D SAR, and the technical idea of
using a 3D synthetic aperture to realize 3D ima-
ging. After that, research on SAR 3D imaging

5-11]

was performed around the world! Currently,
two SAR 3D imaging technologies are mainly
used, i.e., SAR Tomography (TomoSAR) and ar-
ray interference SAR 3D imaging technology (ar-
ray InSAR). These 3D imaging technologies both
form a synthetic aperture in the elevation direc-
tion through multiple angle observations by mul-
tiple antennas to obtain the 3D resolution.
However, these two methods require a large num-
ber of multi-angle observations, which leads to a
long imaging period and highly complicated sys-
tems, preventing them from wide application.
Based on the development of SAR 3D ima-
ging technology, from the early interferometric
SAR technology to the current TomoSAR 3D
imaging technology, the 3D position of the target
is calculated via the radar imaging geometry com-
bined with multi-angle observations. However,
there are 3D clues in the SAR image such as the
structure of the scene and the target, texture, and
occlusion relations which have not been fully in-
vestigated in the current 3D imaging methods.
This paper proposes a new SAR 3D imaging tech-
nology, i.e., SAR microwave vision 3D imaging.

Through investigation into the microwave scatter-
ing mechanism and image visual semantics, the
3D information contained in the radar echo and
2D images are extracted. Combined with the tra-
ditional SAR imaging theory, efficient SAR 3D
imaging can be achieved, which will greatly re-
duce the number of observations required.

The remainder of this paper are organized as
follows. In Sections 2 and Sections 3, the basic
principles, technical characteristics and limita-
tions of the current SAR 3D imaging technolo-
gies are analyzed. On this basis, the SAR mi-
crowave vision 3D imaging technology is pro-
posed in Section 4. The concept, connotation and
key scientific issues of the SAR microwave vision
3D imaging technology are introduced in detail,
and preliminary approaches are given. Conclu-

sions are drawn in Section 5.
2 TomoSAR 3D Imaging
2.1 Principle of TomoSAR 3D imaging

For the 3D reconstruction of complex scenes,
such as urban areas with severe overlap, various
studies are performed by institutions all over the
world. Inspired by the medical Computed Tomo-
graphy imaging technology, SAR Tomography
(TomoSAR) 3D imaging technology is proposed.
The principle of TomoSAR 3D imaging is presen-
ted in Fig. 1.

The 3D resolution ability of TomoSAR is
presented in Fig. 1. Similar to traditional 2D SAR
imaging, the range resolution is realized by trans-
mitting a large bandwidth signal combined with
the pulse compression technology, and the azi-
muth resolution is obtained by synthetic aperture.
In the elevation direction, an equivalent array is
constructed using multiple observations, of which

the tracks are accurately controlled and meet the

Elevation (multipe observations,
synthetic aperture )

Azimuth
(synthetic aperture)

Range (pulse compression)

Fig. 1 Diagram of the TomoSAR 3D imaging
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Nyquist Sampling Law to achieve synthetic aper-
ture and obtain the resolution in the elevation
direction. The geometry of TomoSAR 3D ima-
ging is shown in Fig. 2I"l. First, a stack of SAR
images with nearly the same incidence angle are
registered. Then, the reflection profile in the elev-
ation direction is reconstructed pixel by pixel.
Consider that there are N images in total, the
complex value of pixels of the nth SAR image is

as follows!’

Fig. 2 TomoSAR imaging geometry

m= [ A@ew| TR0

For the same pixel, the measurement vector vy is
formed using a stack of SAR images. After dis-
cretization in the elevation direction, the meas-
urement equation can be expressed as:

y = Py+n (2)
in which @;; = exp(—jdn/\- Ab;sj/Ry). By solv-
ing the inverse problem of Eq. (2), the reflection
profile in the elevation direction can be obtained.
2.2 Research status of TomoSAR 3D imaging

The research of TomoSAR 3D imaging star-
ted in the mid-1990s, and its development has
gone through three stages: laboratory research,
airborne SAR tomography and spaceborne SAR
tomography. In 1995, Pasquali et al. from
European Microwave Signal Laboratory (EMSL)®
proved for the first time that it is feasible to ob-
tain resolution using a synthetic aperture in the
elevation direction with multiple observations.
The laboratory designed a Ku-band radar system
with eight baselines, and two layers of metal
spheres hidden in the medium were successfully

distinguished in the elevation direction, which is

the first demonstration of the TomoSAR 3D ima-
ging technology. In 1998, Reigber et al. from
Deutsches Zentrum fiir Luft- und Raumfahrt
(DLR)! conducted research on airborne SAR
tomography. L-band airborne SAR measured data
was used to reconstruct the 3D structure of build-
ings and vegetation, which is the first airborne
TomoSAR 3D imaging results. In 2005, Fornaro
et al. from the University of Naples!'”) used 30
SAR images of Naples acquired by the European
Remote Sensing Satellite (ERS) from 1992 to
1998, and achieved spaceborne TomoSAR 3D
imaging for the first time. In 2007, the German
TerraSAR-X (TSX) satellite was launched. The
satellite has good orbit control capability and ex-
tremely high phase measurement accuracy. The
SAR image resolution can reach 1 m under the
spotlight mode, which further promoted the de-
velopment of the TomoSAR technology. In 2010,
Xiaoxiang Zhu et al.'? from DLR obtained Tomo-
SAR 3D imaging results of complex urban scenes
for the first time using TerraSAR-X data. The
TomoSAR 3D imaging result of Las Vegas is
shown in Fig. 3. The team then used the satellite
data to conduct more spaceborne TomoSAR re-
search, and achieved rich results regarding the
tomographic SAR 3D imaging algorithm* %,
With the application of more fully polarized
spaceborne and airborne SAR systems, Polarimet-
ric TomoSAR (PolTomoSAR) technology emerges
and plays a significant role in applications such as
forest biomass inversion’”!. In the framework of
traditional TomoSAR imaging, the incidence
angle of different observations are nearly the
same, tomographic imaging of shadow areas of the
SAR image cannot be realized. To solve this prob-
lem, research on airborne SAR Holography (Ho-
loSAR) imaging technologies have been conduc-
ted, which can realize 3D imaging which makes
use of observations from all azimuth directions®’),
Some PolTomoSAR and HoloSAR results are
presented in Fig. 4. Research on the TomoSAR
technology have also been performed in China.
The Institute of Electronics, Chinese Academy of
Sciences (IECAS), Wuhan University, University
of Electronic Science and Technology of
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(a) TerraSAR-X radar image of LasVegas

(b) TomoSAR 3D point cloud of LasVegas

Fig. 3 TomoSAR 3D imaging result of urban areas by DLR['?
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(b) HoloSAR 3D imaging results of forest®!

Fig. 4 Three-dimensional PolTomoSAR and HoloSAR imaging results

Chinal?! 2! have achieved rich results regarding
TomoSAR imaging algorithms.
2.3 Technical characteristics of TomoSAR

TomoSAR 3D imaging technology has
achieved great success in 3D reconstruction in
complex urban areas. However, there are two
main difficulties in practical applications. First,
the use of traditional signal processing methods,
such as matched filtering, spectral estimation, re-
quire dozens, or even hundreds of flights with a
long imaging period and high costs, which make it
not applicable in applications with high timeli-
ness requirements. Second, in order to ensure the
coherence of SAR images of repeated orbit obser-
vations, accurate control of the trajectory is
needed, which increases the difficulty of imple-
mentation.

Considering that TomoSAR 3D imaging
method processes each pixel of the SAR image in-

dependently and the ground objects are sparsely
distributed in the elevation direction, Compressed
Sensing (CS) theory provides a solution for the
first problem. In 2006, the theory of CS proposed
by Donoho et al.””) breaks through the limitation
of Nyquist Sampling Law and can use a few ob-
servations to reconstruct the original signal with
high probability under the sparsity hypothesis. In
2007, Baraniuk et al. proposed to adopt CS in the
radar imaging®®?*7, In 2009, Alessandra Budil-
lion et al.?®*! from Italy conducted a TomoSAR
simulation experiment based on CS theory. Not-
ably, the CS technique can reduce the number of
observations required for 3D reconstruction of the
target. The technology was then applied to the
ERS satellite data to successfully achieve 3D ima-
ging of the buildings. In the same year, Xiaoxi-
ang Zhu!' from DLR applied the CS theory to
high-resolution images of TerraSAR-X and ob-
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tained tomographic results of TerraSAR meas-
ured data. In 2011, the team proposed the SLIMMER
algorithm and systematically analyzed its per-
formance. In recent years, researchers around the
world carried out a lot of research on tomography
combined with CS theory, and obtained fruitful
results in sparse imaging algorithms/'7:18:30-32],
Fig. 5 illustrates the 3D imaging results with tra-
ditional and sparse observations. There is little
difference between the results of seven images and
64 images, which proves the feasibility of the
sparse observation in TomoSAR 3D imaging.

In order to ensure coherence between the re-
peated observation SAR images, the TomoSAR
repeated orbit observations need to have a short

baseline to avoid spatial decorrelation, which puts

forward a high requirement for the orbit control
accuracy. With the advancement of satellite orbit
control technology, the accuracy of satellite orbit
control, such as TerraSAR-X, has increased. For
example, compared with the reference track, the
orbit control accuracy of TerraSAR-X is better
than 500 m, i.e., all tracks are controlled in a pipe
with a radius of about 250 m around the refer-
ence track as the axis, as shown in Fig. 6. Espe-
cially in the radial direction, the accuracy of re-
peating orbit control is better than 100 m?*, and
the track measurement accuracy is better than a
decimeter. The orbit control and measurement ac-
curacy of the high-resolution spaceborne SAR sys-
tems, such as TerraSAR-X and Cosmo-Skymed, is

33-37

sufficient for TomoSAR 3D imaging!® *7.. In con-
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(c) TomoSAR results with 64 images

Fig. 5 TomoSAR imaging results of the DB Headquarters in Munich
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Fig. 6 Diagram of the TSX orbit control performance!
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clusion, the orbit control accuracy of spaceborne
SAR is sufficient for TomoSAR processing.
However, it is very difficult to obtain effective air-
borne TomoSAR data because the system is eas-
ily affected by airflow.

Overall, the current TomoSAR 3D imaging
process still requires more than ten repeated ob-
servations with strict orbit control and a long
time span. These characteristics make it difficult
to meet the timeliness requirement in many ap-
plications.

3 Array InSAR 3D imaging

3.1 Downward-looking array 3D imaging

Downward-looking array 3D imaging is a
SAR 3D imaging technology based on array an-
tennas. By deploying array antennas in a cross-
track direction, 3D imaging of the scene directly
below the aircraft can be achieved. A schematic
diagram of the downward-looking array 3D ima-
ging technology is shown in Fig. 7.

A downward-looking array 3D imaging sys-
tem transmits a wideband signal directly below
the aircraft. Combined with pulse compression
technology, elevation resolution is achieved. In
the azimuth direction, platform movement is used
to form a synthetic aperture and obtain Doppler
information to achieve azimuth resolution. In the
cross-track direction, an array antenna is used to
realize the cross-track synthetic aperture, which
provides the cross-heading resolution.

In 1999, the concept of 2D downward-looking
imaging radar was first proposed by DLRI®®. In
2004, Giret et al.® from ONERA proposed the

Fig. 7 Diagram of the downward-looking array 3D imaging

concept of downward-looking array 3D imaging,
which combines the array technique and SAR,
realizing resolution ability in all three directions.
The group then started to develop the corres-
ponding downward-looking array 3D imaging sys-
tem DRIVE. The system has two working modes,
downward-looking 3D and side-looking 2D. The
carrier is a glider with a wingspan of 23 m and a
weight of 900 kg, Between 2006 and 2010, Nou-
vel et al." conducted downward-looking array
imaging experiments with the DRIVE system,
and the azimuth-elevation 2D imaging results
were disclosed (Fig. 8). The azimuth span is 1
km, while the cross-track span is 42 m. Klare et
al.2%] from FGAN-FHR began to develop the
unmanned aerial array 3D SAR system ARTINO
in 2005, with a wingspan of 4 m and a weight of
25 kg. In 2010, a flight experiment was per-
formed on the calibration points, but the 3D ima-
ging results were not published!!). IECAS and
UESTC in Chinal**%l conducted research on
downward-looking array 3D imaging, and has
achieved rich results in imaging algorithm and ex-
perimental systems.

However, the downward-looking array SAR is
limited by the imaging mechanism and has the
following problems. First, the mapping swath is
generally narrow. For example, the DRIVE sys-
tem’s cross-track mapping swath is only 42 m,
leading to low work efficiency. Second, the down-
ward-looking array SAR imaging system realizes
resolution in the cross-track direction using a real
aperture. The system needs to have a large num-
ber of channels in order to resolve the contradic-
tion between resolution and swath, which cause
the system to have higher complexity and cost.
Finally, because of the downward-looking mode
and limitations in the length of the array an-
tenna, its cross-track resolution is low, which will
lead to low density of the 3D point cloud and
poor 3D imaging performance. So far, results by
downward-looking array 3D imaging system have
not been publicly published at home and abroad.
3.2 Array InSAR 3D imaging system

To address the problems of the downward-

looking array 3D imaging, IECAS proposed the
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Transmit
antennas

Receive antennas

Transmit
antennas

(b) Multi-Input Multi-Output (MIMO)
antenna array of ARTINOM!

(c) ONERA BUSARD motorglider!")

(e) Imaging result of DRIVE in the azimuth-elevation planel!!

(f) 2D SAR image of the same area

Fig. 8 Global array 3D imaging systems

array InSAR technology that is used under side-
looking imaging mode. A cross-track array an-
tenna is used to virtualize multiple equivalent An-
tenna Phase Centers (APCs) based on the Multi-
Input Multi-Output (MIMO) technology. Multi-
channel SAR images are obtained and 3D ima-
ging results are obtained in a single flight, with
good coherence and timeliness. Compared with
the downward-looking array 3D imaging techno-
logy, the array InSAR 3D imaging adopts the
side-looking imaging mode, which leads to a lar-
ger mapping swath. The number of equivalent
phase centers is much smaller than that of the
downward-looking array system. The system com-
plexity is lower with better stability and feasibil-
ity. The resolution in the range direction is bet-
ter and the density of the reconstructed point
clouds is greater, which will lead to a relatively
good 3D imaging performance. The principle of
the array InSAR 3D imaging is shown in Fig. 9.
The IECAS!Y7*8 began to develop the array
InSAR system in 2005. A rigid antenna array

with a length of 2 m and a weight of 150 kg is
used to ensure the stability of the baseline. The
baseline is measured based on the millimeter-level
high-precision calibration and the multi-channel
images are registered with high accuracy. A pixel
by pixel 3D imaging method is adopted and the
world’s first 3D scene imaging results are ob-
tained in 2015. The system combines the advant-
ages of the high-resolution multi-channel array
and high-precision coherent measurement. The
system realizes the 3D reconstruction of complex
scenes such as layover areas, which addresses the

shortcomings of the conventional InSAR techno-

N antennas

[ Noa |[No2 | - [ NoN |

Transmit Receive

3D reconstruction in one flight

Fig. 9 Diagram of the array InSAR 3D imaging
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logy and expands the application range of the
SAR mapping technology.
3.3 Technical characteristics of the array InSAR
Array InSAR technology uses an antenna ar-
ray to achieve 3D imaging in a single pass. It
solves the problems of the long observation peri-
od in TomoSAR and low mapping efficiency of
the downward-looking array 3D imaging.
However, TomoSAR also has three core technical
problems. First, the resolution capability of the
array InSAR is based on angular resolution. Ac-
cording to radar resolution theory, the resolution
is inversely proportional to the antenna size: the
better the resolution, the longer the antenna size.
To achieve 1 m 3D imaging resolution, an an-
tenna array with length about 20 to 50 m is re-
quired, which is difficult to implement in engin-
eering and becomes the core problem that re-
stricts high-resolution 3D imaging. Second, the ar-
ray InSAR system is based on the MIMO prin-
ciple. When multiple channels transmits and re-
ceives signals at the same time, there will be seri-
ous interference and aliasing between multi-chan-
nel signals. Traditional orthogonal coding meth-
ods cannot effectively suppress this interference,
which is also a bottleneck problem that restricts
the performance of the array InSAR. Third, the
phase measurement accuracy requirements of ar-
ray InSAR 3D imaging are very high; the relative
deformation of the array antenna typically need
to be less than 1 mm. In an airborne system, due
to aircraft tremors and crosswind, the flexible de-
formation of the distributed array antenna is on

the order of centimeters, which leads to the des-

(a) Array InSAR imaging geometry

Anntenna

array

troyed coherence between the multi-channel im-
ages and failure of the high-precision 3D imaging.

In order to solve the above problems, the re-
search team of the IECAS proposed a series of
solutions.

To address the low resolution in the eleva-
tion direction due to the limited array antenna
length, an array InSAR 3D super-resolution ima-
ging method was proposed. The layover problem
is analyzed in detail, and a super-resolution meth-
od based on the constraints of the curve model
was proposed according to the characteristics of
the continuous layover scenario. The continuous
natural terrain is expressed as a piecewise curve
model, and the traditional imaging problem based
on matched filtering is transformed into an optim-
al estimation problem of the curve model para-
meters!!’l. If the parameters of the segmented
curve model satisfy the sparse conditions, super-
resolution parameter estimation can be achieved.
By solving the observation equation of the radar
array, the 3D super-resolution imaging with a
small antenna can be realized. The principle of a
3D super-resolution imaging method for the ar-
ray InSAR is shown in Fig. 10.

In the specific implementation, an adaptive
segmentation curve division method is first pro-
posed, and the optimal curve segmentation is per-
formed according to the resolution determined by
the 2D spatial spectrum of the radar echo. An ob-
servation model based on the minimization con-
straints of the terrain’s second derivative is pro-
posed considering the layover terrain curve can be
expressed as a function of the distance r with re-

L
il .

T
| B

R |

(b) Adaptive segmentation of curve model

Fig. 10 Diagram of the array InSAR super-resolution imaging algorithm
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spect to the elevation s, and the points on the
curve have three pieces of information, the scat-
tering coefficient amplitude, phase, and coordin-
ates. Continuous terrain spatial correlation con-
straints are introduced into the observation mod-
el for the first time. The optimization objective
function is as follows:

2

min (HF(K.,’ Ké) — Z O-Z,e*j(KrTH*Kssi*(ﬁi) ,

e flarn) ®

Eq. (3) contains two purposes: the spatial spec-
trum of the solution is as close to the measured
value as possible, and the curve meets the prior
knowledge as much as possible, i.e. the curve is as
smooth as possible. Details about the algorithm
are referred to Ref. [47]. By introducing the con-
tinuous terrain spatial correlation constraint into
the array InSAR observation model, combined
with the optimization method, 3D resolution per-
formance can be greatly improved. Compared
with the traditional method, the array InSAR
model can realize 50 times super-resolution in the-
ory and about ten to twenty times in engineering.
With the proposed method, a 2 m antenna can be
used to obtain the same resolution of a big an-
tenna with a length of around 20-40 m. The com-

parison between the three-dimensional imaging

Traditional imaging

method g

Low resolution

Y

Matched filter
o=IFFT{F(k) H"(k)}

results obtained using the traditional spectral es-
timation method and array super-resolution ima-
ging algorithm is shown in Fig. 11. In the compar-
ison between Fig. 11(b) and Fig. 11(c), the eleva-
tion resolution of the traditional imaging method
is limited due to the limited array antenna size.
The array InSAR super-resolution algorithm ef-
fectively solves this problem and improves the 3D
imaging quality.

To solve the problem of interference between
multi-channel signals, a MIMO array radar ortho-

19521 was proposed.

gonal signal coding method!
Based on the 2D time-frequency coding, the spa-
tial dimension formed by the movement of the ar-
ray antenna is used to increase the dimensional-
ity of the spatial phase coding. The multidimen-
sional filtering model is used to realize the de-
modulation and separation of multiple aliasing
echoes in the 3D space-time-frequency space
(Fig. 12). As a result, the aliasing suppression ra-
tio is reduced from —10 dB to —38 dB and the im-
age quality is significantly improved (Fig. 13). To
address the elastic deformation of the distributed
array antenna with an aircraft tremor, the multi-
baseline measurement method based on a combin-
ation of rigid and flexible baselines® is proposed,
as shown in the diagram in Fig. 14. First, an iner-

tial measurement system is used to measure the

Array InSAR

super-resolution i
imaging method @==  Super-resolution
e y
/
Parameter estimation
~ . O al
d=arg min©(o)

(a) Comparison of traditional imaging methods and array InSAR super-resolution imaging algorithm
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%y o g o 200 20 %
prp ()

(b) 3D imaging results by spectral estimation
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(c) 3D imaging results by super-resolution algorithm

Fig. 11 Comparison of principles and performances of traditional methods and the array InSAR imaging method
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Fig. 12 Diagram of the multidimensional waveform coding

rigid part of the baseline with a precision of 1 cm.
Based on this, the initial value of the three-di-
mensional terrain is reversed. The ground control
point is used to calculate the deviation from the

actual elevation. Then, the built-in error of the

inertial measurement system is accurately calcu-
lated. Furthermore, the multiple baseline interfer-
ence model is used to accurately invert the flex-
ible deformation of each array node. Finally, the
antenna deformation measurement and compensa-
tion with an accuracy better than 1 mm can be
achieved.

In 2015, the IECAS successfully developed
the first array InSAR 3D imaging system, as
shown in Fig. 15. This airborne radar system ad-
opts the side-looking imaging mode. It consists of
a total of 10 array elements, with two transmit-
ters and eight receivers forming 16 channels in the
cross-track direction. The equivalent phase cen-
ters are evenly distributed. The system adopts the

(a) Imaging result soft raditional waveform coding

(b) Imaging results of multidimensional orthogonal waveform

Fig. 13 Comparison between traditional and multidimensional orthogonal waveform imaging results
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Fig. 14 Sketch of the flexible baseline measurement and compensation algorithm



No. 6

DING Chibiao et al.: Synthetic Aperture Radar Three-Dimensional Imaging

From TomoSAR ... 703

frequency-modulated continuous wave and works
in the Ku-band with a bandwidth of 500 MHz.
The mapping swath is around 34 kms. Also in
2015, a large number of flight experiments were
conducted in Shanxi. For the first time, 3D ima-
ging of large-scale complex cities was achieved us-
ing airborne arrays. Fig. 16 shows the 3D recon-
struction results of the array InSAR for a single
building. As shown in Fig. 16, the layover in the
original SAR image is serious, and the three parts
of the ground, i.e., the roof, fagade and ground,
are difficult to distinguish. Using the array In-
SAR 3D imaging method, the layover areas were

(a) Airplane of array InSAR

(b) Linear array

distinguished. SAR 3D imaging results were ob-
tained based on the constrained model of the
buildings. The scattering information of the
ground in front of the building, the texture in-
formation of the front steps, the concrete pave-
ment, the side of the building, the structure of
windows, glass curtain walls, the rain cover, and
the dihedral reflection of the building are clearly
shown. Fig. 17 illustrates the SAR image of the
entire scene and the 3D imaging results of the ar-
ray InSAR. The 3D structure of the community is

clear, which confirms the high-precision urban 3D

imaging capability of the array InSAR system.

(c) Processing center

Fig. 15 Array InSAR 3D imaging system by IECAS

Azimuth (m)

-20 -10

Azimuth (m)
Azimuth (m)

(d) 2D image of the facade

-20 -10
FEESIA) (m)
(e) 2D SAR image of the roof

Azimuth (m)

0 10 20 -20 -10 0 10 20
FRES [ (m)
(b) 2D SAR image

ERESIA (m)
(c) 2D image of the ground

(f) 3D imaging results

Fig. 16 array InSAR 3D imaging results of a single building
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(a) SAR image of array InSAR system

(b) 3D imaging results by array InSAR

Fig. 17 3D imaging results by the array InSAR

4 SAR Microwave Vision 3D Imaging

Based on the above analysis, the current
three-dimensional imaging technology, such as
TomoSAR and array InSAR, requires more than
ten flights or antennas due to the need to con-
struct an equivalent array in the elevation direc-
tion. This requirement makes it difficult to real-
ize on a satellite, to distribute and apply, and to
miniaturize. Therefore, a method to reduce the
number of antennas or repeated orbit observa-
tions required for TomoSAR and array InSAR 3D
imaging is at the core of the investigation in the
field of SAR 3D imaging.

To solve these problems, new sources of in-
formation are needed. In fact, SAR 2D images
contain 3D information, which can be perceived
by trained SAR image readers, especially for 3D
targets with rich information such as buildings
and bridges. In addition, the scattering mechan-
ism in the SAR echo signal also contains 3D in-
formation. It is possible to extract the structure
of the scattering center through extraction of the
scattering mechanism and parameter inversion.
Therefore, this paper fully investigates the SAR
2D image and echo signal as a new information
source, which combines the SAR imaging mechan-
ism to realize 3D imaging. At the same time, the
number of array antennas and times of repeated
orbit observation are reduced. Overall, this is the
basic idea of the SAR microwave vision 3D ima-
ging method.

4.1 Concept of the SAR Microwave vision 3D
imaging

SAR microwave vision 3D imaging refers to
the extraction of 3D information from radar

echoes and 2D images through the microwave

scattering mechanism and image visual semantics
mining methods. These clues are then embedded
with the traditional SAR 3D imaging methods to
reduce the number of multi-angle observations
and realize high-efficient 3D imaging. SAR mi-
crowave vision 3D imaging is a new SAR 3D ima-
ging method that combines the theories of compu-
tational electromagnetics, computer vision and
radar signal processing.

Compared with traditional 3D imaging meth-
ods, SAR microwave vision 3D imaging has the
following characteristics. First, the SAR mi-
crowave vision 3D imaging method starts from
the echo, establishes the 3D scattering mapping
relationship between the 3D structure of the tar-
get component and echo, and constructs the
structured model of the 3D scattering mechanism
of the target to increase the information for the
3D target reconstruction. Second, existing SAR
3D imaging methods proceed pixel-by-pixel in
isolation, while the SAR microwave vision 3D
imaging combines computer vision methods to ex-
tract semantic information from images to add
constraints to the inverse problem and reduce the
number of observations required.

The SAR microwave vision 3D imaging tech-
nology is different from the traditional imaging
technology in terms of the information source and
resolution mechanism, as shown in Tab. 1. Take
the traditional SAR 2D imaging as an example.
For the range direction, the resolution mechan-
ism is the time resolution, the information source
is the frequency expansion, and the processing
method is pulse compression. For the azimuth dir-
ection, the resolution mechanism is angular resol-

ution, the information source is spatial expansion,
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and the processing method is synthetic aperture.
For the elevation resolution of the existing tech-
niques, the resolution mechanism is also angular
resolution, the source of information is spatial ex-
pansion, and the processing method is still funda-
mentally synthetic aperture. In the framework of
the SAR microwave vision 3D imaging, the scat-
tering mechanism and visual semantics are intro-
duced as the information source. The processing
method is a new method of SAR microwave vis-
ion 3D imaging. It can be seen that this techno-
logy is substantially different from the existing
technology and is a completely new 3D imaging
method.
4.2 Core scientific issues of the SAR microwave
vision 3D imaging

In order to achieve the purpose of SAR mi-
crowave vision 3D imaging, it is necessary to in-
vestigate the 3D information contained in SAR
echoes and 2D images. For this purpose, there is
some research foundation, including methods for
extracting 3D information of targets based on
SAR image contents” "% and a 3D information in-
version method based on SAR signal scattering

57-59

mechanism extraction! I. However, the above
methods still have large limitations, and it is diffi-
cult to meet the needs of SAR microwave vision
3D imaging of complex scenes. In summary, SAR
microwave vision 3D imaging requires theoretical
and methodological exploratory research, mainly
including three core scientific issues, the 3D mi-

crowave scattering mechanism and its inverse

problem, the theory and method of three-dimen-
sional SAR image visual cognition, and the the-
ory and method of SAR 3D imaging based on mi-
crowave vision.

(1) 3D microwave scattering mechanism and
its inverse problem

This problem is to solve how to identify the
microwave scattering mechanism from the SAR
echo data, and to a certain extent, reconstruct
the targets’ 3D cognitive parameters. Inversion of
the target structure according to the scattering
mechanism is an electromagnetic scattering in-
verse problem. Fig. 18 Due to the complex elec-
tromagnetic scattering mechanism of the actual
target, the scattering characteristics of the target
and its imaging characteristics in the SAR image
are related to its geometrical physical parameters,
such as shape and material, waveform parameters,
such as frequency and polarization, observation
conditions, such as angle and mode, and many
other factors. Therefore, the inverse of the electro-
magnetic scattering must solve problems such as
multiple solutions, convergence, and robustness.
The 3D scattering mechanism is an important
source of information for microwave vision and its
identification is one of the core scientific prob-
lems to realize SAR microwave vision 3D ima-
ging. The detection and identification of the scat-
tering mechanism and the inversion and estima-
tion of the 3D cognitive parameters of the target

need to be solved®61,

Tab. 1 Comparison between SAR microwave vision 3D and traditional 3D imaging techniques

Dimension Resolution mechanism

Processing method

Source of information Radar system

1st Range Time resolution

Range compression

Frequency expansion Traditional radar

2nd Azimuth Angular resolution

Synthetic aperture

Space expansion SAR

Angular resolution

3rd  Elevation . . .
Scattering mechanism visual

semantics angular resolution

Synthetic aperture

SAR microwave vision
3D imaging

TomoSAR and
array InSAR

Microwave vision
3D SAR

Space expansion

Scattering mechanism Visual
information space expansion

Structured
characteriazation of
the scattering
mechanism

—

Detection and
identification of
scattering mechanism

3D reconstruction

Fig. 18 Sketch of the inverse problem of electromagnetic scattering
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(2) Theory and method of three-dimensional
SAR image visual cognition

The theory and method of three-dimensional
SAR image visual cognition is used to solve the
problem of how to understand the visual se-
mantics in SAR images, extract the 3D structure
of typical targets, and to excavate 3D clues.

For optical images, the research on computer
vision-based image understanding and 3D recon-
struction of targets has been relatively mature.
Existing studies performed a 3D reconstruction

2] However, there

through a single optical image
are significant differences between SAR and optic-
al imaging. Firstly, the imaging geometry of SAR
is different from that of the optics, which is the
angle projection with occlusion and no overlap,
providing angle information and no depth inform-
ation, while SAR is the range projection with oc-
clusion and overlap, providing depth information
but no angle information. Secondly, SAR is differ-
ent from optics in the electromagnetic scattering
mechanism. The optical imaging is incoherent.
These images conform to the human vision habit
and are smooth and insensitive to the observa-
tion angle. Generally, it is easy to acquire a large
number of learning samples. As a contrast, SAR
is a kind of coherent imaging and suffers from

severe speckle noise and a sharp change with re-

e Optical imaging

Differences: .33
/ . Angular projection
e
Different -
imaging
geometries "
'E mm
with occlusion and no overlap,
providing angle information
and no depth information
e Incoherent imaging
Different
scatteering
mechanisms

No coherent speckles,
weak angle sensitivity,
large samples

spect to the angle of observation. Additionally, it
is difficult to acquire a large number of learning
samples. These factors leads to problems such as
weak robustness and poor generalization ability
when the existing optical image interpretation
methods are applied to the visual semantic under-
standing of SAR images. Therefore, current com-
puter vision methods mainly aimed at optical im-
ages cannot be directly applied to SAR image
visual understanding. It is therefore necessary to
innovatively develop 3D feature mining, target
representation and recognition theory of SAR im-
age, and establish the cognitive foundation of
SAR microwave 3D imaging.

(3) Theory and method of the SAR 3D ima-
ging based on microwave vision

The theory and method of SAR 3D imaging
based on microwave vision is to solve the prob-
lem of how to efficiently and accurately perform
3D imaging based on the 3D information men-
tioned in the previous section, which is, how to
combine the microwave scattering mechanism and
visual semantics with traditional SAR signal pro-
cessing methods and achieve 3D imaging of com-
plex environments.

Based on the microwave vision!”), the 3D in-
formation obtained is heterogeneous, fuzzy, and

qualitative. The method to combine the hetero-

V4

Range projection /

A\

e SAR imaging

-E -
with occlusion and overlap,
providing depth information
and no angle information

o Coherent imaging

Severe coherent speckles,
strong angle sensitivity,
small samples

Fig. 19 Differences between the SAR and optical images
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geneous and qualitative 3D clues with the quant-
itative SAR imaging method to achieve accurate
and quantitative 3D imaging is a theoretical prob-
lem that must be solved. The existing SAR 3D
imaging technology needs a lot of multi-angle ob-
servations, primarily because the solution space of
the elevation parameters in the SAR image equa-
tion is too large, and the only exact solution of
parameters cannot be obtained by only a few ob-
servations. If some constraints, such as the mi-
crowave scattering mechanism and image visual
semantic information, are added, the solution
space can be effectively reduced, and parameters
of the elevation direction can be precisely determ-
ined to realize 3D imaging!/®!. Therefore, it is ne-
cessary to innovatively construct a theoretical
framework for SAR microwave vision 3D imaging
to solve the constraints model construction of im-
age semantics and microwave scattering mechan-
ism and optimize heterogeneous nonlinear SAR
3D imaging equations.

The preliminary ideas are as follows. Accord-
ing to the SAR imaging equation,

AR
Si(Rj,mj) = eXP{J 5 J}

> loi(hil Ry ;)| explioi}
i=1,2,-,N (4)

2
\/<\/Rﬁ —h? - Xj> + (hi — H;)* = Ry,

i=1,2- N

The equations above are the expression of
SAR single look complex images, in which R; is
the slant range, 7; is the azimuth time, A is the

wavelength, o; is the scattering coefficient corres-

Slant range,

Incident angle, s
Azimuth angle,
Frequency

Quantitative SAR
imaging model

ponding to the ith scatterer, ¢; is the phase and
h; is its elevation. N is the number of scatterers
overlaid on equidistant arcs, as shown in Fig. 21.

In the existing sparse 3D imaging algorithms,
there are sparseness assumptions abouto;, but no
constraints about o; and h;, which will make the
solution space very large. The equations cannot
be solved with a small number of observations, so
the number of required multi-angle observations
is large. In this technique, the constraints of visu-
al semantics and the scattering mechanism are
considered. These information will effectively re-
duce the solution space. The expressions are as
follows.

{hi € f(h,z) (5)

N e {K}, (loil, ¢4) € {lokl, o}t

In which h; € f(h,z) indicates that the scatterers
are assumed to be on a certain curve based on the
microwave vision clues. N € {K} means that the
number of layovers is known,(|o;|, ¢;) € {|ok|, ¢k }
means that there is prior information about the
scattering coefficients. The 3D information can be
extracted by solving these equations.

However, sometimes the explicit expression
above cannot be obtained using the microwave
vision method. Under these circumstances, the
constraint models can be established using 3D in-
formation extracted by the scattering mechanism
and visual semantics, such as the continuity con-
straints between pixels and the prior distribution
of the parameters. Multi-constraint CS and a
deep neural network are used to solve the com-

plex multi-constraint inverse problem.
5 Conclusion

SAR 3D imaging technology can directly ob-

Microwave SAR i
. 11me
scattering ﬁage
. semantics
mechanism se a: 8

-lp

Qualitative 3D
clues

J

Quantitative target 3D image reconstruction

Fig. 20 SAR microwave vision 3D imaging
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/" Equidistant arcs, and the scattering
center distribution is
Ui:al(h[le777j)

(X -WH-)

7 J

94

(X]77]j70)

T X, T

Fig. 21 Signal model of the overlapping pixel

tain the 3D electromagnetic scattering structure
of a target, and plays an important role in urban
mapping and disaster assessment. This paper re-
views the development of the SAR 3D imaging
technology and introduces in detail the character-
istics of TomoSAR and array InSAR. These exist-
ing 3D imaging methods are restricted by their
high complexity or long imaging period, which
has limited their popularization and large-scale
application.

In view of the above problems, this paper
proposes the SAR microwave vision 3D imaging
method. Under this framework, computational
electromagnetics, computer vision and relevant
theoretical methods are used to extract the 3D in-
formation in the microwave scattering mechan-
ism and image visual semantics that are not used
in existing 3D imaging methods. The 3D informa-
tion is extracted and expressed as constraints on
the traditional SAR signal processing to realize
feeding of 3D information, which will greatly re-
duce the dependence on the number of spatially
expanded observations. SAR 3D imaging can be
achieved with a smaller number of observations,
and the new method introduces a new direction
for the development of SAR 3D imaging. The re-
search of the SAR microwave vision 3D imaging
is still in the early stage, and further research is
needed to promote the development of SAR 3D
imaging.
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