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Abstract: This paper pursuits a possibility of fully polarimetric and threedimensional (3-D) imaging by Holographic Synthetic Aperture Radar
Tomography (HoloSAR). HoloSAR is 3-D extension of Circular Synthetic
Aperture Radar (CSAR) along the vertical direction whose trajectory is a
circle in a horizontal plane. By adding fully polarimetric capability to
HoloSAR, it becomes a perfect 3-D imaging radar system which reveals
scattering mechanisms from object through scattering power decomposition.
This paper attempts to achieve such a prototype system in an anechoic
chamber. The experimental result successfully yielded a 3-D image reconstruction of objects with exhibiting polarimetric scattering mechanism.
Keywords: Synthetic Aperture Radar (SAR), CSAR, HoloSAR, scattering
mechanism
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1

Introduction

With the advent of Synthetic Aperture Radar (SAR), various functions to SAR
systems and data acquisition methods have been applied and added to improve the
system performances. Recent SAR advances are well explained in [1], including
polarimetry, interferometry, tomography, etc. One goal of SAR applications will be
3-D reconstruction of objects under imaging. Since precise 2-D imaging around
360° is available now by Circular SAR whose trajectory is circular in a horizontal
plane, it will be possible to use multiple CSAR in the vertical direction for 3-D
imaging.
The pioneering HoloSAR work [2] explains the principle and 3-D reconstruction method in detail together with related problems. This work intends the
HoloSAR by adding polarimetric scattering power decomposition scheme [3] to
achieve advanced 3-D image reconstruction system. If this kind of PolarimetricHoloSAR system becomes available, precise 3-D image reconstruction with
scattering mechanisms will be available for future applications.
In the following, a brief HoloSAR principle using backprojection method is
described in Sect. 2, followed by polarimetric scattering power decomposition
scheme in Sect. 3, and the experimental results in Sect. 4. Sect. 5 is the conclusion.
2

HoloSAR methodlogy

Among various CSAR schemes, we use Step Frequency Continuous Wave (SFCW) radar system [4] for the measurement based on a vector network analyzer.
2.1 Formulation
Fig. 1 shows the HoloSAR measurement conﬁguration. The aspect angle φ, and
height Zc are deﬁned as
’ ¼ k’

ðk ¼ 0; 1; 2 . . . ; N’ Þ

Zc ¼ Zmin þ lZc

ðl ¼ 0; 1; 2 . . . ; NZc Þ

ð1Þ
ð2Þ

where ’ and Zc are sampling intervals, N’ , NZc are number of sampling points,
and Zmin is the minimum height. Step frequency f is deﬁned by
f ¼ f0 

B
B
þm
2
Nf

ðm ¼ 0; 1; 2 . . . ; Nf Þ

ð3Þ

where f0 is the center frequency, B is bandwidth, and Nf is number of steps.
Transmitted impulse signal s of SF-CW radar is written as
sðt; !Þ ¼ expðj!tÞ:

ð4Þ

In the model shown in Fig. 1, the received signal p for the point target ðxn ; yn ; zn Þ.
p is represented by
pðt; !; ’; Zc Þ ¼

Ntgt
X

gn expfj!½t  n ð’; Zc Þg

ð5Þ

n¼1
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where Ntgt is number of point objects, gn is reﬂection coeﬃcient, n is round trip
time delay from antenna position to the position ðxn ; yn ; zn Þ of object n. The time
delay n is represented by
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(a)HoloSAR image

(b)Top view

(c)Side view

System model

Fig. 1.

n ð’; Zc Þ ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 ðxn  Rg cos ’Þ2 þ ðyn  Rg sin ’Þ2 þ ðzn  Zc Þ2
c

ð6Þ

where Rg is trajectory radius. The transmission and reception ratio S becomes
tgt
pðt; !; ’; Zc Þ X
gn expfj!n ð’; Zc Þg:
Sð!; ’; Zc Þ ¼
¼
sðt; !; ; Zc Þ
n¼1

N

ð7Þ

The HoloSAR reconstruction is achieved by calculating g in (8) using the backprojection method. g is represented by
XNf XN’ XNZ
Sð!; ’; Zc Þ expfj!tðx; y; z; ’; Zc Þg
k¼0
l¼0
m¼0
gðx; y; zÞ ¼
ð8Þ
Nf N’ NZc
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 ðx  Rg cos ’Þ2 þ ðy  Rg sin ’Þ2 þ ðz  Zc Þ2
tðx; y; z; ’; Zc Þ ¼
ð9Þ
c
where t in exponential term is round trip time delay from antenna position to space
ðx; y; zÞ.
c
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2.2 Image reconstruction
HoloSAR reconstruction is implemented with the following steps using backprojection scheme.
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1. Range compression of raw data
SðtÞ ¼ Fð!Þ ½Sð!; ’; Zc Þ1
where, Fð!Þ ½:1 is fast time inverse Fourier transform.
2. Approximation of round trip time delay from antenna position to space
tðx; y; z; ’; Zc Þ ≒ t0 ðxp ; yq ; zr ; ’; Zc Þ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 ðxp  Rg cos ’Þ2 þ ðyq  Rg sin ’Þ2 þ ðzr  Zc Þ2
¼
c
where, xp ; yq ; zr are represented as followed using size of one boxel
x  y  z.
xp ¼ xmin þ px

ðp ¼ 0; 1; 2 . . . Np Þ

yq ¼ ymin þ qx

ðq ¼ 0; 1; 2 . . . Nq Þ

zr ¼ zmin þ rx

ðr ¼ 0; 1; 2 . . . Nr Þ

where, xmin ; ymin ; zmin are minimum analysis area, Np ; Nq ; Nr are number of
boxels in each direction.
3. Taking the sum
XN’ XNZ
S ð!; ’; Zc Þ expfj!t0 ðxp ; yq ; zr ; ’; Zc Þg
l¼0
m¼0 ðtÞ
gðxp ; yq ; zr Þ ¼
:
N’ NZc
c

3

Polarimetric scattering power decomposition

By the polarimetric measurement using the combination of Tx and Rx with H-pol.
and V-pol. basis, it is possible to obtain scattering matrix. This matrix can be
transferred to Pauri vector,
2
3
OHH þ OVV
1 6
7
ð10Þ
kP ¼ pﬃﬃﬃ 4 OHH  OVV 5
2
2OHV
where OHH , OHV , OVH , OVV are observed scattering matrix elements after the
reconstruction processing. The Pauli vector is used to create coherency matrix
which retain the second order statistics of polarimetric information. The ensemble
average of the coherency matrix, denoted as h½T i, is deﬁned by,
2
3
T11 T12 T13
Nave
X
1
6
7
ð11Þ
kP kyP ¼ 4 T21 T22 T23 5
h½T i ¼
Nave
T31 T32 T33
where † is complex conjugate and transpose, and Nave is the number of averaged
boxels. The scattering power decomposition method expand the measured coherency matrix into sub-matrices representing scattering models [5], as follows:
h½T i ¼ fs ½T surface þ fd ½T double þ fv ½T volume þ fc ½T helix :
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ð12Þ

By comparing the quantity of the measured data and scattering model, we can
retrieve the following 4-scattering powers to be used in the next section.
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The
The
The
The
4

surface scattering power Ps (Blue color assigned)
double bounce power Pd (Red)
volume scattering power Pv (Green)
helix scattering power Pc (Yellow)

Experimental results

In this section, we pursuit a possibility of Polarimetric-HoloSAR to retrieve
scattering mechanism from reconstructed images of concrete blocks in an echoic
chamber measurement.
4.1 Measurement speciﬁcation
Measurement speciﬁcations and object conﬁguration are shown in Fig. 2. We used
several concrete blocks with cube of 0.1 m, placed on an iron plate. The combination of these blocks were modeled as a building, collapsed building, and four
isolated houses as shown in Fig. 2(b) for top view. Fig. 2(c) is a photo taken from
’ ¼ 0°, along the x axis of Fig. 2(b). Fig. 2(d) is a model of collapsed building
whose maximum height is 0.3 m. Elevation angle of four isolated houses are 0°,
10°, 20°, 30° from the top of Fig. 2(b) with respect to x-axis. The origin of antenna
height is set on the iron plate surface at z ¼ 0. At each height, we used Inverse SAR
(ISAR) scheme [6] to obtain fully polarimetric data set in a horizontal plane with
circular trajectory.

(a)Radar parameters

(c)Photo seen from the x-axis
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(b)Top view installation

(d)collapsed building model

Fig. 2. Experimental situation
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4.2 3-D image reconstruction
The data sets of fully polarimetric data by HoloSAR measurement were used to
create 3-D image using the following parameters,
Size of one boxel: x  y  z ¼ 0:01  0:01  0:01 [m]
Analysis area: 1  x  1, 1  y  1, 0:5  z  0:5 [m]
Averaging size: x  y  z ¼ 3  3  3 [boxel]
Threshold: maximum power [dB] −20 [dB]
Fig. 3 shows a 3-D and fully polarimetric scattering power image of the scene
under test (Fig. 2). The movie ﬁle Fig. 3(a) shows the reconstructed image viewed
from 360° directions. Fig. 3(b) shows the image seen from top, while (c) is side
view image (seen at ’ ¼ 0°).
As can be seen in Fig. 3, the image shows accurate mapping in the horizontal
plane. The plotted box position is corresponding to the actual position in the
measurement situation. The accurate 2-D positioning is the most advantageous of
multi-lateral observations of HoloSAR.
The second advantage is an estimation of the maximum object height by
vertical information of HoloSAR measurement. Also in the block with elevation

(a)Movie file seen from 360° directions
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(b)Top view

Fig. 3.

(c)Side view

Polarimetric reconstruction image of Fig. 2.

127

IEICE Communications Express, Vol.8, No.4, 122–128

angles of 20° and 30°, strong surface scattering Ps is seen. Since the elevation angle
of a typical houses are 15° to 30°, the house height can be detected.
These above two advantages may be common to HoloSAR systems. The most
important and third advantage of Polarimetric-HoloSAR is correct building detection capability by strong scattering power Pd caused by the double bounce
scattering mechanism. By circular trajectory observation, it is possible to receive
very strong double bounce scattering generated by the right angle structure of
building walls and the ground. This happens four times if the building is rectangular. By adding the polarimetric capability, it becomes possible to classify or
identify objects more accurately.
5

Conclusion

In this paper, we examined the possibility of fully polarimetric and HoloSAR to
retrieve 3-D scattering information from objects under imaging scene. Basic
experimental results showed advantages of HoloSAR for 1) accurate 2-D positioning in the horizontal plane, and 2) height information in the vertical direction.
Furthermore, by polarimetric measurement, the capability of scattering mechanism
information retrieval is added to the HoloSAR system, which leads to classify or
identify objects accurately. If this kind of polarimetric HoloSAR systems becomes
available, precise 3-D image reconstruction will be available for future applications.
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