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Abstract: Over time, Synthetic Aperture Radar (SAR) imaging techniques have been developed from two-
dimensional SAR, two-and-a-half-dimensional SAR (InSAR), and three-dimensional SAR to multi-dimensional
SAR. This has led to great technological achievements. This paper briefly summarizes the development of SAR
and its imaging technology, presents the concept of holographic SAR and clearly defines it for the first time,
and highlights the differences and connection between the holographic SAR definition and existing concepts
such as holographic radar, circular tomographic SAR, and multi-dimensional SAR. On this basis, under the
framework of the existing multi-dimensional SAR techniques, the imaging system and signal model of
holographic SAR are established, and preliminary imaging ideas are proposed, which provides a preliminary

theoretical and technical framework for the development of holographic SAR technology.
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Abstract: Synthetic Aperture Radar (SAR) technology has undergone two-dimensional, two-and-a-half-dimen-
sional, and three-dimensional SAR. It has also developed to multidimensional SAR and has made great technic-
al achievements. After a brief summary of the development of SAR and its imaging technology, this study pro-
poses the concept of holographic SAR and gives a clear definition of the concept for the first time. Furthermore,
it points out the difference and connection between this holographic SAR definition and existing concepts, such
as holographic radar, circular tomographic SAR, and multidimensional SAR. On this basis, the imaging system
and signal model of holographic SAR are established under the framework of the existing multidimensional
SAR, and preliminary imaging ideas are proposed. Thus, a preliminary theoretical and technical framework for

the development of holographic SAR technology is provided.
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1 Introduction

Microwave imaging is an imaging method
that uses microwaves as information carrier.
Compared with optical imaging, microwave ima-
ging has the characteristics of all-time, all-weath-
er, and penetrating capability. Therefore, mi-
crowave imaging is an irreplaceable remote sens-
ing method for ground and air survey.

Microwave imaging includes microwave ra-
diometric imaging and microwave scattering ima-
ging. Microwave radiometric imaging is a com-
pletely passive imaging system, which obtains the
microwave radiometric image of the object by re-
ceiving the thermal radiation of the object at a

certain microwave band. Microwave scattering
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imaging obtains images of the object by receiving
the scattering microwave signal of the signal emit-
ted by a certain emission source. The emission
source and receiver can be on the same or differ-
ent platforms. When they are on the same plat-
form, it is usually called active imaging equip-
ment; when they are on different platforms, the
receiver is passive imaging, but the entire ima-
ging system is still an active system. Compared
with microwave radiometric imaging, microwave
scattering imaging is more flexible, controllable,
and widely used. Therefore, microwave imaging
technology refers more to microwave scattering
imaging technology.

Microwave scattering imaging (hereinafter re-
ferred to as microwave imaging) technology ini-
tially only realized one-dimensional imaging,
meaning it has high resolution only in range dir-
ection but low resolution in azimuth angle, which
is the traditional radar technology. Synthetic
Aperture Radar (SAR) technology is a revolution
in the history of radar technology, achieving a
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leap from one-dimensional high-resolution dis-
tance detection to two-dimensional high-resolu-
tion imaging.

Since Carl Wiley proposed the basic concept
of synthetic aperture in 1951 and after nearly 70
years of development, various advanced ground-
based, airborne, and spaceborne SAR have been
successfully developed, and remarkable applica-
tion results!! © have been achieved. Especially in
this century, SAR has undergone profound
changes in the realization mechanism, system
form, technical system, processing method, ima-
ging effect, and even information extraction!”. Lit-
eraturel” provided an in-depth analysis of the
evolution trend and law of radar ground imaging
technology from a macroscopic perspective over a
long time scale. It pointed out that the SAR aper-
ture manifold evolved from straight lines into
curves and planes and evolved toward three-di-
mensional manifold with multiple interweaving
curves. The system form evolved from monostat-
ic into bistatic/multistatic and toward cluster
multistatic. Literature® introduced the concept of
multidimensional space joint-observation SAR
(MSJosSAR) normatively and scientifically,
defined multiple dimensions and multidimension-
al observation space, unified the SAR system un-
der the concept of multiple dimensions, and enu-
merated the number of joint observation spaces in
typical SAR configurations. It pointed out that
SAR has been developed from a two-dimensional,
high resolution, interferometric measurement of
terrain elevation (two-and-a-half-dimensional) to
three-dimensional imaging and from the exten-
sion of a single observation dimension (such as
polarization, angle, and frequency) to the synthes-
is of multiple observation dimensions (such as po-
larimetric SAR interferometry and circular tomo-
graphic SAR). It also pointed out the trend of the
SAR imaging system toward a higher dimension
in the future.

Thus, the manner by which the future higher-
dimensional SAR and the full-dimensional SAR
system, which is developed to the extreme state,
should be defined. Inspired by the “holographic
principlel”)” this study proposes the concept of
“holographic SAR”.

Microwave holography, holographic radar,
holographic SAR, and other terms have been used
by many researchers. As early as the 1990s, Byrd
et al.'! of Houston Advanced Research Center
proposed the concept of 3D microwave holo-
graphy and built a holographic imaging facility to
perform experiments in a chamber!'!l. The equip-
ment is a bistatic SAR system. The transmitter
can move in the height direction, and the receiv-
er can move in the height and azimuth directions.
In the experiment, at 360° azimuth angle, 45°-90°
elevation angle, and different bistatic angles, the
target on the experimental table in the center of
the chamber was measured at 2—40 GHz, and
multiangle three-dimensional imaging results were
obtained. In 1994, scholars from Fudan Uni-
versity published an article entitled “Space Mi-
crowave Holographic Radar!'?”; the microwave
holographic radar introduced in this article could
be regarded as an array interferometric SAR,
which could take enough two-dimensional samples
of the returned scattered wavefront to recon-
struct the ground objects. The Polish scholar
Krzystofik!"®! published an article entitled “Mi-
crowave Holography” at the 2000 International
Conference on Microwave, Radar and Wireless
Communications; this article defined the mi-
crowave holographic measurement technology as a
special form of bistatic continuous-wave inverse
SAR imaging technology. The process of obtain-
ing holograms using microwave signals is similar
to the process of generating optical holograms us-
ing lasers.

In recent years, in the field of ground penet-
rating radar, some researchers have used the term
“holographic radar”. The Remote Sensing Labor-
atory of Bauman Moscow State Technical Uni-
versity has developed the holographic ground pen-
etrating radar series named RASCAN!* which
uses one transmitting antenna and two orthogon-
al receiving antennas to form two-dimensional in-
terferograms or so-called holograms to obtain
imaging results of different height layers. The lit-
eraturel'’ jointly published by scholars from many
countries also introduced a holographic ground

penetrating radar and proposed an algorithm for
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generating high-resolution planar images of geo-
graphical objects.

In the field of SAR, an existing system named
holographic SAR tomography is also called Multi-
Circular SAR (MCSAR). When Ponce et al.l'!*
of German Aerospace Center reported their air-
borne experiments, they used MCSAR in the EU-
SAR and IGARSS conference papers in 2012 and
later gradually called this imaging system holo-
graphic SAR tomography or HoloSAR for
short'”l, Most Chinese researchers also use the
above-mentioned terms and translate them into
MCSAR or holographic SAR. Many institutions,
such as the Aerospace Information Research Insti-
tute, Chinese Academy of Sciences, the National
University of Defense Technology, the Xidian
University, and the University of Electronic Sci-
ence and Technology of China, have conducted
research on related technologies and achieved
fruitful results in imaging algorithm and experi-
mental verification® 29,

The above situation reveals that although the
term “holography” has been mentioned and ap-
plied by many researchers in the field of radar
imaging, its concept is neither clear nor unified.
Thus, understanding the essence of “holography”
and distinguishing “holography” from other re-
lated radar systems are difficult. To this end, this
study starts from the theoretical framework of
MSJosSAR, draws on the concept of holographic
principle in physics, provides a clear definition of
holographic SAR for the first time, establishes a
holographic SAR signal model and processing
framework, and points out that the holographic
SAR system is an important direction for devel-
opment in the future.

The remainder of this paper is arranged as
follows: Section 2 presents the concept and defini-
tion of holographic SAR, describes the holograph-
ic SAR system, and points out the relationship
and difference between holographic SAR and MS-
JosSAR. Section 3 establishes the target charac-
teristic model and signal model of holographic
SAR, presents the preliminary imaging inversion
processing framework under some basic hypo-

theses, and further discusses the essence of holo-

graphic SAR imaging and the key points of fol-
low-up research. Lastly, Section 4 summarizes the

study and presents prospects for future work.

2 Concept and System of Holographic
SAR

2.1 Concept and definition

The concept of holography, which has been
introduced in the field of microwave imaging,
mostly comes from “holography” in optics. It
refers to a photographic technology that records
all information (amplitude and phase) of the re-
flected (or transmitted) light wave of an object.
The light reflected or transmitted by an object
can be used to realize stereo reconstruction
through a recording film. In 1948, British-
Hungarian physicist Dennis Gabor?” invented
holography and won the Nobel Prize in physics in
1971 for his work. Fig. 1 shows a schematic of
typical reflection holography.

“Holography” mainly refers to the complete
recording of the amplitude and phase information
of the light wave by coherent reference light. It is
more comprehensive than the previous photo-
graphy technology, which only records amplitude
information. Another additional characteristic is
that people are accustomed to linking holography
and 3D because holography records phase inform-
ation and can realize the stereo reconstruction of
objects. 3D has become a widely recognized basic
attribute of “holography”. From these character-
istics, Interferometric SAR (InSAR) can be con-
sidered a holographic microwave imaging techno-
logy. The concepts of microwave holography and

10-15] are also based

holographic radar in references!
on the characteristics of recording microwave
amplitude and phase for three-dimensional recon-

17191 further con-

struction. HoloSAR in literature!
tains the meaning of full-angle observation in azi-
muth direction; thus, the information is more
complete than traditional SAR with straight tra-
jectory.

3D reconstructed X

virtual object

Laser

T

’ \\Object

Hologram

Fig. 1 Schematic of reflection holography
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The root word of “holography” is “holo,”
which means entire, whole, or complete. It is the
original meaning of “holographic principle” in

9,28

physics”?). The “holographic principle” holds that
the attributes of a space can be encoded on its
boundary, such as the lightlike boundary of the
event horizon, or that a system can be fully de-
scribed by some degrees of freedom on its bound-
ary in principle. The inspiration of the holograph-
ic principle comes from black hole thermodynam-
ics, which believes that all the information con-
tent of objects falling into black holes may be
completely included in the surface fluctuation of
the event horizon, which is so-called “The world
as a hologram”.

Inspired by the holography principle, this art-
icle defines holographic SAR as follows: Taking
SAR as the basic observation method, holograph-
ic SAR creates an electromagnetic scattering field
within a limited space and records complete in-
formation on a certain boundary of the space;
thus, a SAR system with complete inversion and
reconstruction of target electromagnetic scatter-
ing characteristics (frequency, polarization, angle,
phase) in a three-dimensional geometric coordin-
ate system is achieved. According to the above
definition, holographic SAR is a high-dimensional,
high-complexity SAR system. Its purpose is to
achieve the complete reconstruction of the target
electromagnetic characteristics in the observation
space. Its core foundation is the high-precision co-
herence between the observation units of the holo-
graphic SAR system, i.e., to ensure that the pro-
duced and recorded electromagnetic scattering
field has a uniform space-time reference. The
above definition emphasizes that holographic SAR
should first be able to achieve three-dimensional
geometric resolution imaging, which is not only in
line with people’s general understanding of the
concept of holography but also because only
based on the three-dimensional space coordinate
system can the target characteristics be presen-
ted naturally without distortion.

2.2 Relationship with multidimensional SAR

The holographic SAR defined in this study is

closely related to the MSJosSAR defined in Ref.

[8], and it is a specific and advanced implementa-
tion system under the framework of the MSJosS-
AR model defined in Ref. [8].

MSJosSAR emphasizes “multi” and requires
that the observation degrees of at least two di-
mensions are greater than 1 in the four-dimen-
sional observation space composed of polarization,
frequency, angle, and phase. For example,polari-
metric SAR interferometry and multiband polari-
metric SAR are MSJosSAR. The MSJosSAR
defined in Ref. [8] only needs to satisfy the condi-
tion of “multi” in the observation dimensions and
does not require that the observations in the di-
mension must be coherent and complete. For ex-
ample, a uniform phase reference is not necessary
for signals between bands of multiband polarimet-
ric SAR.

In this study, the holographic SAR emphas-
izes ‘holo”, and the purpose is to be able to recon-
struct the target characteristics completely in all
the observation dimensions defined by the MS-
JosSAR. Therefore, in theory, holographic SAR
should satisfy two conditions:

(1) In terms of “dimension”, holographic SAR
is a full-dimensional SAR, i.e., the observation de-
gree of each dimension of time (phase), frequency,
angle, and polarization is greater than 1;

(2) In terms of “degree”, the observation de-
gree of each dimension needs to meet certain
number and condition requirements, which are
called requirements of completeness. These re-
quirements are similar to that of the Nyquist
sampling theorem or the sampling conditions un-
der the sparsity hypothesis to realize the com-
plete reconstruction of the target characteristics
in the dimension, including the reconstruction of
the three-dimensional spatial position of the scat-
tering center, namely, three-dimensional imaging.

In practice, the above holographic observa-
tions are usually impossible; thus, we supplement
with the concept of compact holographic SAR.
The purpose of compaction is for engineering real-
ization while retaining the important characterist-
ics of “holography”. In summary, compact holo-
graphic SAR needs to meet three conditions:

(1) A three-dimensional SAR, inheriting the
basic attributes of holographic SAR;
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(2) A multidimensional SAR in which the ob-
servation degrees of at least two dimensions are
greater than 1 in the observation dimensions of
time(phase), frequency, angle, and polarization;

(3) Can realize complete observation in at
least one dimension.

The above definition indicates that holo-
graphic SAR is an advanced special case of multi-
dimensional SAR, which adds the condition re-
strictions of “three dimensional” and “complete-
ness in the observation dimension”. In addition,

®'is split into two

the angle dimension in reference
subdimensions (i.e., the incident and scattering
angles) to consider the situation of bistatic/
multistatic SAR (i.e., to consider the backscatter-
ing and nonbackscattering of the target). In con-
sideration of the importance of the above two
angles for the description of the scattering charac-
teristics, the incident and scattering angles are
considered independently when calculating the
multidimensional number of bistatic/multistatic
SAR.
2.3 Holographic SAR system

The idea of a typical holographic SAR sys-
tem is shown in Fig. 2. In this holographic SAR
system, the transmitting (Tr) and receiving (Re)
systems use full-polarization antennas, and the
transmitted signals are whole-band coherent
broadband signals of horizontal and vertical po-
larization; moreover, the system units are com-
pletely coherent. The green transmitting array
transmits signals through time division or differ-
ent modulation signals, and the blue receiving ar-
ray receives signals. First, the angle between the
transmitting array and the receiving array (for
example, a value from 0° to 180°) is fixed, and
the data acquisition of bistatic (monostatic when
the angle is 0°) circular tomographic whole-band
full-polarization SAR is completed. Then, the bi-
static angle is changed to obtain the next dataset
of circular tomographic whole-band full-polariza-
tion SAR until all the bistatic angles are tra-
versed. Afterward, the above observations are
continuously made for a period.

Regardless of the specific implementation
technology, the above holographic SAR system
achieves a complete observation of the polariza-

Fig. 2 Typical holographic SAR system

tion-frequency-incident angle (incident azimuth
angle-elevation angle)-scattering angle (scattering
azimuth angle-elevation angle) phase. The com-
plete reconstruction of the target electromagnetic
scattering characteristics within the four-dimen-
sional space-time range is achieved.

Several examples of compact holographic
SAR systems are shown in Tab. 1, where K, M,
N, K1, K2, K3, and K4 are positive integers,
which refer to the observation degree in the cor-
responding dimension. Single-band full-polariza-
tion circular tomographic SAR, whole-band coher-
ent full-polarization circular tomographic SAR,
and single-band full-polarization array interfero-
metric SAR continuous monitoring systems,
which have already been covered by existing re-
search and has met the definition of compact
holographic SAR, are compact holographic SAR
systems. In Ref. [19], the MCSAR, which is also
called HoloSAR, achieved a complete observation
in scattering azimuth angle. However, the obser-
vation degrees in frequency, polarization, incid-
ent angle, and phase are all 1, which does not
meet the basic requirements of multidimensional
SAR; thus, the HoloSAR in Ref. [19] does not be-
long to the compact holographic SAR defined in
this study. The HoloSAR mentioned above can
only be called minimalistic holographic SAR or

one-dimensional holographic SAR.

3 Signal Model and Processing Frame-
work of Holographic SAR

3.1 Target characteristic model of holographic
SAR
In accordance with Ref. [8], under the hypo-
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Tab. 1 Examples of compact holographic SAR system
Observation degree
Incident angle Scattering angle . Number of
System .. - - - - Time . .
Frequency Polarization Elevation Azimuth Elevation Azimuth hase Dimension
angle angle angle angle P
Single-band full-polarization array
interferometric multipass SAR ! 4(complete) / / ! ! K 2
Single-band full-polarization circular
tomographic 3D-SAR 1 4(complete) / / 1 N(complete) 1 2
Multi-band full-polarization array
interferometric 3D-SAR K 4(complete) / / ! ! ! 2
Multi-band full-polarization tomographic
3D-SAR K 4(complete) / / 1 1 1 2
Single-band full-polarization tomographic
AD-SAR 1 4(complete) / / 1 1 K 2
Multi-band coherent full-polarization
tomographic 3D-SAR M(complete) 4(complete) / / 1 1 1 2
Multi-band coherent full-polarization . )
circular tomographic 3D-SAR M(complete) 4(complete) / / 1 N(complete) 1 3
Multi-band coherent full-polarization o ) )
circular tomographic 4D-SAR M(complete) 4(complete) / / 1 N(complete) K 4
Single-band distributed multiple-input .
multiple-output full-polarization 3D-SAR ! 4(complete) Kl K2 K3 K4 ! 3
Multi-band distributed multiple-input K 4(complete) K1 K2 K3 K4 1 4

multiple-output full-polarization 3D-SAR.

thesis of a monochromatic plane wave, the scat-
tering field of the observed object at any position
7 can be obtained and expressed as
E(p. £k, t;0) = 0 (p, ., t,7) [ (7)) p]
(1)
where f is the wave frequency; ¢ is the propaga-
tion time; k is the unit vector describing the
propagation direction of the wave; the dot
product of k and the position vector r represent
the projection quantity of the wave vector at this
position; p is the unit Jones vector, p =1/v/2
[ elPms gOms }T, which represents the polariza-
tion in the electromagnetic field propagation; and
o(p, f,IE:,t,r) is the 2 x 2 complex backscattering
coefficient matrix of the observed object at » to
the incident wave. If we further consider the case
of bistatic SAR where the transmitter and receiv-
er are not in the same location (as shown in Fig. 3),
then the scattering field detected by the receiver
is
E(p, f, kr, kr,t;0)
—o(p, f, ’%T7 I%R,t,r) |:ej27tf(t—fi‘,T~1‘T/c—12:R~rR/C) ~13}
(2)
where kr and kg are the propagation directions of

the incident wave and scattered wave, respect-

x

Fig. 3 Schematic of bistatic SAR imaging

ively; rr =r — St and rg = Sg — r are the trans-
mitting and receiving distance vectors, respect-
ively; and St and Sy are the position vectors of
the transmitter and receiver, respectively. The
complex wavenumbers of the incident and
scattered waves are defined as

2
kr = %f (0i, i)

2
kr = %f (907 900)

(3)

where 6; is the incident elevation angle, and 6, is
the scattering elevation angle; ¢; is the incident
azimuth angle, and ¢, is the scattering azimuth

angle. The space of the whole complex wavenum-
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ber k is the Kronecker product of kr and kg,
namely, k = kr ® kr. Therefore, the target scat-
tering characteristic o (p, f, kr, I%R,t,r) can be de-
scribed by the multidimensional space joint obser-
vation sphere set in Ref. [8] under a certain k.
3.2 Signal model and processing framework of
holographic SAR

For holographic SAR, the collected signal is
not only from the scattering field of a single ob-
served object (point target). At a certain observa-
tion time, the signal collected by holographic SAR
is the sum of the scattering fields of all targets in
the observation space. For the basic observation
unit (a certain SAR) in holographic SAR, the tar-
get scattering characteristic o is generally as-
sumed to remain constant within the synthetic
aperture and a certain signal bandwidth range,
and then the synthetic aperture processing and
the broadband signal compression processing are
used to achieve two-dimensional high-resolution
imaging. Super-resolution two-dimensional ima-
ging can also be realized under the hypothesis of a
sparse scene. However, the number of variables to
be solved under the sparsity hypothesis is limited;
thus, o is usually assumed to be stable in syn-
thetic aperture and signal bandwidth. In addition,
the existing technology uses array interfe-
rometry®*?! tomography??*!, and other methods
to obtain additional observations in the elevation
angle dimension and distinguish layover targets in
the third dimension. Moreover, three-dimensional
super-resolution imaging is performed on the basis
of the sparsity hypothesis. Similar to azimuth res-
olution, the difference between elevation angles
should not be too large to ensure coherence
between the elevation dimensional observations.
In addition, the number of unknown variables to
be solved under the sparsity hypothesis is limited;
thus, the existing tomographic 3D imaging also
assumes that o is constant within the range of el-
evation angle variation. On this basis, the holo-
graphic SAR system in this study sets the eleva-
tion angle observation degree of tomographic or
array interferometric SAR to 1. If the number of
tomographic observations is enough and the ob-

servations span a period of time, then the posi-

tional change of o is often considered, and the
rate of change is included in the sparsity calcula-
tion formula as an unknown variable®*° At
present, in wide angle SAR or circular SAR, some
researchers have begun to consider o as an angle
change function and solve it on the basis of the
sparsity hypothesis®®. At this time, the observa-
tion degree of azimuth angle can be considered to
be greater than 1.

The purpose of holographic SAR is to achieve
the complete reconstruction of the scattering
characteristics o (p, f, kr, kr,t,7) of all targets
within the observation range. Thus, the manner
by which complete reconstruction can be achieved
must be detemined. Moreover, the number of ob-
servations that can be considered complete and
can constitute a holographic or compact holo-
graphic SAR in a certain dimension, as well as
the manner of observation, must be explored. The
above issues are the basic problem of the realiza-
tion of holographic SAR systems and the inver-
sion and reconstruction of holographic SAR tar-
get characteristics. This study preliminarily dis-
cusses this problem under some basic hypotheses.
3.2.1 Basic hypotheses

Some basic hypotheses of holographic SAR
signal models on target characteristics continue
the hypotheses of MSJosSAR in Ref. [8] and add
some sparsity hypotheses, as follows:

H1: Each scattering mechanism is statistic-
ally independent;

H2: The polarization characteristics of each
scattering mechanism are stable;

H3: The frequency characteristics of each
scattering mechanism are stable in a limited
bandwidth;

H4: The angular characteristics of each scat-
tering mechanism are stable in a limited angle;

H5: The time(phase) characteristics of each
scattering mechanism are stable in a limited time;

H6: In a certain polarization, a limited angle,
and a limited time, the frequency characteristics
of each scattering mechanism can be fully charac-
terized by a limited number of bases and their
coefficients within the allowable error range of en-
gineering application, i.e., the frequency charac-
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teristics are sparse in a space composed of a group
of bases;

H7: In a certain polarization, a limited fre-
quency band, and a limited time, the angle char-
acteristics of each scattering mechanism are
sparse in a space composed of a set of bases;

HS8: In a certain polarization, a limited fre-
quency band, and a limited angle, the time vari-
ation characteristics of each scattering mechan-
ism are sparse in a space composed of a set of
bases;

H9: In the observation range, the distribu-
tion of strong scattering mechanism is sparse
within the allowable error range of engineering.

Although the scattering characteristics of
ground objects are complex, the above hypo-
theses are valid in most cases of engineering ap-
plications. This study supplements the definition
of “degree” in MSJosSAR and holographic SAR.

The degree of polarization dimension is easy
to define, i.e., the number of different polariza-
tion modes used by the system. For example, the
degree of dual-polarization SAR is 2, and that of
full-polarization SAR is 4. The degree of hybrid-
polarity architecture-based polarimetric SAR sys-
tem® depends on the situation.

The degrees of frequency, angle, and phase
are respectively defined in accordance with
whether the scattering mechanism satisfies hypo-
theses H3, H4, and H5. If the hypothesis is satis-
fied, i.e., the echo signal is coherent, and the ima-
ging processing uses the coherence-synthesizing
mode to improve the resolution, then the observa-
tion degree is recorded as 1. If the hypothesis is
not satisfied, i.e., the echo signal is incoherent,
then the observation reflects the different scatter-
ing characteristics in this dimension. Thus, the
observation degree is greater than 1. For example,
the observation degree of the angle dimension of
high-resolution spotlight SAR is 1, whereas the
observation degree of the angle dimension of cir-
cular SAR, multistatic SAR, SAR satellite con-
stellation, or some azimuthal multiangle space-
borne SARF¥ with strong beam scanning ability is
greater than 1.

Although the above definition is not rigorous

in mathematics, it is reasonable in engineering. In
a specific application, the division standard of ob-
servation degree can be determined in accordance
with the statistical model of actual ground objects.
3.2.2 Reconstruction processing framework un-
der the typical system

The following uses the single-band full-polar-
ization circular tomographic 3D-SAR as a typical
example of a compact holographic SAR system to
discuss the processing problem of inversion and
reconstruction of target characteristics. The com-
pleteness in the polarization dimension is relat-
ively easy to achieve; thus, full polarization has
become the current common imaging mode for
airborne and spaceborne SAR. Moreover, al-
though the existing compact polarimetric SAR
can further reduce the observations required for
the reconstruction of the polarization dimension,
the polarization dimension only needs four obser-
vations to realize complete observation even
without compaction. Therefore, the analysis is
based on the traditional four-polarization SAR.

Suppose the scene observed by single-band
full-polarization circular tomographic 3D-SAR has
M scatterers,

Om (’%R(on)armﬂav f7 I%Tataeo = 91 = 9’%‘ = 900)
m=1,2, M (4)

where the observation degree of variables after
the semicolon is fixed, and no inversion is needed
in this dimension. Therefore, the unknown vari-
ables include the M position vectors
Pm,m=1,2 - M of the scatterers and the vari-
ation characteristic o,,(p,) of the scattering char-
acteristics of the scatterers at each position vec-
tor with the angle. According to the basic hypo-
thesis H7, suppose
op.m (o) = !Poa:(? (5)

where o, ,,(p,) is the complex scattering coeffi-
cient of the m-th scatterer in the polarization
state p, ¥, is a matrix consisting of a set of bases,
ajy is a sparse coefficient and a complex number,
and K, is the average sparsity. Then, the un-
known variables include the following:

(1) M position vectors, namely, 3M real un-
known variables; and
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(2) M x K, complex coefficient unknown vari-
ables, namely, 2M x K, real unknown variables.

A total of 3M + 2M x K, real unknown vari-
ables.

To simplify the analysis without loss of gener-
ality, this study starts with the analysis of two-di-
mensional complex images obtained by two-di-
mensional imaging based on a limited angle. Sup-
pose each circular SAR obtains N subaperture
imaging results. If M scatterers can be resolved in
each imaging result, then N x M observations are
obtained. However, in each subaperture image,
some of the M scatterers fall into the same pixel
due to the low azimuth resolution and lack of
third-dimensional resolution. Only M1 (M1 < M)
independent observations are assumed to be ob-
tained in each subaperture image. Only M1y,4 ob-
servations contain one scatterer, and the remain-
ing M1— M1;,q observations contain multiple
scatterers. Under the assumption that the num-
ber of tomographic layers is L, then the number
of observation samples obtained by the single-
band full-polarization circular tomographic SAR
in a certain polarization is I x N x M1. For each
observation sample, the information of unknown
variables to be solved can be obtained, including
the following;:

(1) In each subaperture image, M1;,q4 inde-
pendent observations containing only one scatter-
er obtain two degrees of freedom equations
(range—Doppler equations) of the position vector
of the scatterer and one sample of scattering coef-
ficient varying with angle; that is, a total of
4 x M1, real equations.

(2) In each subaperture image, for
M1 — M1;,q observations containing multiple scat-
terers, suppose each observation contains an aver-
age of d scatterers, i.e., dx (M1 — Mlq)+
M1i,q = M, then each observation can obtain one
complex equation about the scattering coefficient
and two real equations about the position of the
observation pixel; i.e., a total of 4 x (M1 — M1;,4)
equations.

Therefore, a total of [ x N x M1 x 4 real
equations can be obtained. In principle, only
when L x N x M1 x4>3M+2M x K, is satis-

fied can the equations have a unique solution and
the complete reconstruction of the target charac-
teristics be realized.

The above is a simplified conceptual analysis
and an analysis based on traditional processing
ideas. In traditional SAR imaging processing,
two- and three-dimensional imaging are often con-
ducted independently. For example, Tomo-SAR
processing always performs two-dimensional ima-
ging first and then solves the problem of layover
in elevation direction; two-dimensional imaging
and angle characteristic acquisition are per-
formed independently. For example, when pro-
cessing the circular SAR, subaperture imaging is
often performed first, and then the subaperture
image is processed by fusion analysis and other
methods to obtain the angular scattering charac-
teristics of the target. This processing method is
equivalent to projecting the high-dimensional ob-
servations of which the dimensions are coupled
with each other onto a two-dimensional projec-
tion plane (mainly the slant range imaging plane).
In this manner, the coupling degree between ob-
servations is reduced (e.g., the azimuth-range
coupling on the imaging plane is removed by the
imaging algorithm). Then, from the obtained
series of decoupling projection results, data re-
lated to the given target or the given position are
selected to solve variables in other dimensions.
Although this method of projecting onto the two-
dimensional imaging plane first greatly reduces
the complexity of the processing, it also brings
many disadvantages. First, the data alignment
between different observation projections is diffi-
cult, leading to a lack of information in the sub-
sequent processing of other dimensions. Second,
the optimal and comprehensive use of the high-di-
mensional observation data obtained by SAR is
difficult.

Starting from raw data of SAR, this study es-
tablishes an integrated processing framework for
the inversion and reconstruction of the target
characteristics of holographic SAR. With the
aforementioned compact holographic SAR (single-
band full-polarization circular tomographic 3D-
SAR) taken as an example, the imaging model in
a certain polarization can be described as
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y=Ao+n (6) A=
] . ' ] a1 a2z - 41D
where y, a one-dimensional vector, is obtained Gz1  Gg2 - 2D
after all the observation samples (that is, echo : : " :
g1 ap2 - AED J(LXN.xNg)x(N.xXNyxNzxNy)

samples) obtained by the compact holographic
SAR are rearranged in a certain order; A is the
observation matrix describing the imaging trans-
fer function; n is a noise vector with the same di-
mension as y, meshing the three-dimensional
space in the imaging area in accordance with the
expected resolution; o is a long vector composed
of vectors whose scattering coefficients change

with angle. The more specific expression is

i y(l,l,l)

y(l,l:,Na)
y(l,l:\fr,l)
y(LN},Na)

y(L, Ny, 1)

L y(L7Nr7Na) 4 LxN,xN,

Where N, N, are the sampling numbers in azi-
muth and range respectively, L is the number of

tomographic layers.

r o o(1,1,1) 7
0'(171.,Nx)
a’(l,é\@,,l)
a(l,Ny,Nz)

o(N;, Ny, 1)

L G(Nz7NyaN:E) = N.XNyxNyxN,

where N, N,, N, are the numbers of meshes di-
vided in the three directions of space, and the
number of meshes can be different in different dir-
ections. N, is the number of meshes divided by
the scattering azimuth angle; each element in the

formula is o (i, j, k) = W,ay).

(9)
where E =L x N, X No,D =N, x N, x N X Ny,

and each element is
o A
aij = G(i,j) exp (—J/\T(m)) (10)

The above elements represent the scattering
contribution of the target at the 3D mesh posi-
tion corresponding to j to the observation of the
range pixel corresponding to ¢ obtained at the
radar position (radar azimuth angle position and
elevation angle position) corresponding to . In
the above equation, G(i,7) is the weighted coeffi-
cient, which considers the pattern and side-lobe
effect after range compression; r(4,5) is the dis-
tance between the meshed target position corres-
ponding to j and the radar position correspond-
ing to i.

Holographic SAR imaging is transformed in-
to solving Eq. (6) by the optimization method
based on sparsity constraints. When the sparsity
of the target distribution in the three-dimension-
al space is M, sparse reconstruction can only be
realized if L x N, x N, > M x K, is satisfied. On
the basis of Eqs. (6)—(10), the complete recon-
struction of M x K, sparse target characteristics
can be theoretically realized by using the basic
principle and method of sparse reconstruction.

The signal model and inversion reconstruc-
tion processing framework of the single-band full-
polarization circular tomographic 3D-SAR, a kind
of compact holographic SAR system, are given
above. The signal models and processing methods
of other compact holographic SAR systems and
even holographic SAR systems can also be de-
duced under this model framework.

3.2.3 Further discussion on the essence of holo-
graphic SAR imaging

The holographic SAR signal model and integ-
rated signal processing framework proposed in
this study are considerably different from the tra-
ditional SAR imaging model in two aspects.

First, the signal modeling and solution space
of the holographic SAR are built directly on the
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complete holographic target characteristic space,
and the reconstruction of holographic electromag-
netic target characteristics on the three-dimen-
sional geometric model can be directly achieved
through an integrated solution. In traditional
SAR imaging, the signal modeling and resolution
space are built on a certain projection subspace
(such as the 2D range-Doppler plane at a certain
observation angle) of holographic target charac-
teristics. The aliasing caused by this dimensional-
ity reduction projection makes it difficult to re-
construct the holographic target characteristics
accurately.

Second, the holographic SAR imaging frame-
work is an optimization model based on sparsity
constraints. This model can naturally integrate
the observation data of different sensors and ob-
servation parameters (time phase, frequency,
angle, polarization, etc.) and achieve optimal pro-
cessing under the “big data” observation condi-
tion. Compared with traditional SAR, this model
has considerable performance improvement poten-
tial.

Given these two characteristics, holographic
SAR can be defined as a new SAR technology
system and become an important trend in the de-
velopment of SAR imaging technology. The sig-
nal model and processing framework given in this
study are preliminary but provide a reference
framework for in-depth research. In the future,
substantial in-depth research on holographic SAR
and its inversion reconstruction are needed, in-
cluding but not limited to the following aspects:

(1) High-precision coherence of the whole sys-
tem of holographic SAR. To use various observa-
tions of holographic SAR for the complete recon-
struction of target scattering characteristics, all
the observations must have a uniform high-preci-
sion reference in the phase-frequency-angle-polar-
ization observation space. How to maintain the
coherence of the signals among various units and
among various bands of the distributed system is
the key problem to be solved in the development
of holographic SAR systems.

(2) Optimization of holographic SAR observa-
tion configuration. A condition where the num-

ber of holographic SAR observations is greater
than the sparsity of target characteristics is not
enough. To solve the inverse problem of inversion
and reconstruction, the observation matrix A
must have a series of good characteristics®”, such
as a weak correlation between column vectors.
Thus, the system configuration and parameters
should be optimized when the holographic or
compact holographic SAR is used to obtain the
observation samples. Related work can refer to
some considerations on the optimization of 3D
imaging configuration of array SAR in referencel’.

(3) Reliable solution of giant observation
equations. The observation equations of SAR ima-
ging and SAR three-dimensional imaging are
large. However, the observation equations of holo-
graphic SAR will be larger or even become giant
equations due to the increase in dimensionality
and the requirement of completeness. Theoretical
problems, such as the feasibility and convergence
of solving giant equations based on sparsity con-
straints, and engineering implementation prob-
lems, such as efficiency, must be studied and
solved, respectively.

(4) Sparse representation of target character-
istics in angle and frequency dimensions. Com-
pletely reconstructing the target characteristics
without sparse hypotheses is impractical in engin-
eering, but the changes of electromagnetic scatter-
ing characteristics in angle and frequency dimen-
sions are complex. Therefore, for engineering im-
plementation, how to find an appropriate base
space to reduce the dimension effectively and
achieve the reconstruction of holographic target
characteristics is a key issue to be studied.

4 Conclusions

SAR technology has been developed from
two-dimensional SAR, two-and-a-half-dimension-
al SAR (InSAR), three-dimensional SAR to mul-
tidimensional SAR and is developing toward a
higher dimension and more complex system. Fo-
cusing on the cutting-edge trends of SAR system
development, this study proposes the concept of
holographic SAR and provides a clear definition
of the concept for the first time. The differences

and relations between the definition and existing
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concepts, such as holographic radar, MCSAR, and
MSJosSAR, are pointed out. Furthermore, on the
basis of the existing MSJosSAR model framework,
the target characteristic model and signal model
of holographic SAR are established. The prelimin-
ary processing framework of the inversion and re-
construction of holographic target characteristics
is also proposed. In addition, a preliminary theor-
etical and technical framework is proposed for the
development of holographic SAR technology.

Holographic SAR is an important trend in
SAR development. It is also an urgently needed
technical means for applications, such as target
characteristic detection and electromagnetic en-
vironment detection and perception. With the
rapid development of three-dimensional SAR,
miniaturized SAR, MIMO SAR, distributed SAR,
and other technologies, as well as the continuous
improvement of the accuracy of time service and
space-time reference, realizing the complete recon-
struction of holographic target characteristics in a
certain detection space is gradually becoming pos-
sible through space-air-ground-integrated net-
works. In addition, the concepts and characterist-
ics of the holographic SAR proposed in this study
have a certain universality, which can be further
promoted to the concepts of holographic mi-
crowave imaging and even holographic electro-
magnetic imaging.
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