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Abstract—We have developed a ground-based polarimetric
broadband synthetic aperture radar (SAR) system for noninvasive
ground-truth validation in polarimetric SAR remote sensing
of terrestrial vegetation cover. This system consists of a vector
network analyzer, one dual-polarized antenna, and an antenna
positioner. It can be operated in a frequency range from 50 MHz
to 20 GHz, with a scanning aperture of 20 m in the horizontal and
1.5 m in the vertical direction. Tests carried out with standard re-
flectors showed that the polarimetric measurement capabilities of
this system are satisfactory. Using the polarimetric ground-based
SAR (GB-SAR) system, we carried out measurements on a spe-
cific vegetation cover pertinent to the remote sensing of forested
regions within Sendai City, consisting of three different kinds
of trees common within the Kawauchi Campus of Tohoku Uni-
versity. Measurements were collected in spring, summer, and
autumn. Three-dimensional (3-D) polarization-sensitive images
were reconstructed from the acquired data. Analysis of the 3-D
polarimetric images of each measurement found differences (at
times strong differences) among the polarization signatures. There
were stronger reflections in all of the HH, VH, VV images in the
second (summer) measurement, especially in the VH image, due
to the substantial growth of branches and leaves in summer. This
ground-truth validation system provided valuable information
about the scattering mechanisms of the three trees selected for
analysis in different seasons, which can be detected by broadband
polarimetric ground-based SAR measurements. The experimental
results demonstrate the excellent polarimetric performance of the
newly developed SAR imaging system, which should find many
useful and immediate applications in noninvasive ground-truth
validation of diverse terrestrial vegetation covers.

Index Terms—Polarimetric calibration, radar polarimetry, syn-
thetic aperture radar (SAR), vegetation monitoring.

I. INTRODUCTION

SYNTHETIC aperture radar (SAR) using spaceborne and
airborne platforms has attracted interest for many years. Po-

larimetric SAR (POL-SAR) is a microwave imaging technique
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for extracting geophysical texture and volumetric vegetation pa-
rameters from SAR images, and its usefulness in terrain classifi-
cation and surface change detection has been demonstrated [1].
Typical modern methods of SAR polarimetry are radar target
decomposition and classification, topographic mapping [1], and
more recently, monitoring of ground displacements using differ-
ential interferometric and polarimetric ground-penetrating SAR
concepts [2], [3]. SAR polarimetry can also be exploited in
ground-based radar imaging systems.

Recently, a few design options of ground-based SAR systems
have been proposed as monitoring tools for large man-made
structures, environmental studies, and ground surface defor-
mation detection. Tarchi et al. [4] showed an application of
radar interferometric techniques aimed at monitoring structural
deformations of buildings by a ground-based interferometric
SAR system. Pieraccini et al. [5] proposed a ground-based
interferometric SAR technique for terrain mapping and masonry
investigation [6]. Most of these applications of ground-based
SAR were based on interferometric techniques and were de-
veloped only for narrow bandwidths. In the present work, we
have extended those earlier approaches and developed an ul-
trawideband, ground-based, fully polarimetric SAR system for
noninvasive ground-truth validation in environmental studies
of terrestrial vegetation cover, and especially in biomass esti-
mation. This work uses the three-dimensional (3-D) imaging
algorithm derived from microwave holography as originally
introduced by Larson et al. [7], the wave migration technique
developed for geophysical exploration [8]–[12], and further
two-dimensional (2-D) SAR focusing algorithms discussed in
[13]–[16]. A fundamentally more basic origin of the migra-
tion algorithm derives from the square-integrable functions
of Fourier transforms [17], which have absolute convergence
for the square integration implied conservation of energy. The
ground-based polarimetric broadband SAR technique has re-
cently been employed by our research group for environmental
studies by detecting changes in various kinds of vegetation cover
due to seasonal variations. This system makes use of a vector
network analyzer, one dual-polarized broadband antenna, and a
positioner. By implementing methods of radar polarimetry [2],
[18], the ground-based broadband SAR system can be used for
monitoring changes in various vegetation and especially tree
structure characteristics, such as the growth pattern of leaves and
branches due to seasonal variations. In this paper, we describe
first a ground-based broadband polarimetric SAR system and
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give the calibration results with some experimental perfor-
mance examinations, and then interpret experimental results of
monitoring seasonal variations in trees. The method provides
a most useful tool for noninvasive 3-D ground-truth valida-
tion and polarimetric systems calibration of POL-SAR images
collected with airborne sensors [the National Aeronautic and
Space Administration/Jet Propulsion Laboratory Airborne SAR,
the German Aerospace Center E-SAR, the Japan Aerospace
Exploration Agency (JAXA)/National Institute of Information
and Communication Technology (NiCT) Polarimetric and In-
terferometric Airborne Synthetic Aperture Radar (Pi-SAR)]
and spaceborne (e.g., Space Shuttle Spaceborne Imaging
Radar-C/C-Band SAR, the existing Environmental Satellite,
and the forthcoming satellites JAXA Advanced Land Observing
Satellite (ALOS) Phased Array Type L-Band Synthetic Aperture
Radar, Canadian Space Agency RADARSAT-2/CSA) multi-
modal fully polarimetric POL-SAR and POLinSAR sensors [3].

II. GROUND-BASED POLARIMETRIC SAR SYSTEM

A. System Description

The radar system consisted of a vector network analyzer, two
diagonal dual-polarized broadband horn antennas, an antenna
positioner unit, and a personal computer-based control unit.
The network analyzer, operated in a stepped frequency contin-
uous-wave mode, was used to generate the transmitting signal
and to detect scattered signals both in amplitude and phase. The
synthetic aperture was realized by scanning the antennas on a
horizontal rail and moving along a vertical post similar to the
early microwave holographic image information (hologram)
collection systems [7]. The horizontal and vertical scanning
aperture widths determine the horizontal and vertical resolu-
tions. The range resolution depends on the radar frequency and
bandwidth[19].

Fig. 1 shows our broadband ground-based polarimetric
SAR system. This system may operate at frequencies between
400 MHz and 6 GHz, with a scanning aperture of 20 m in the hor-
izontal and 1.5 m in the vertical range. The working frequency
range can however be easily extended from 50 MHz up to 20 GHz
when double-ridged waveguide broadband horn antennas and
a high-speed extrawideband network analyzer are employed.
The measurement and data acquisition were accomplished by a
specially designed control program. The 3-D broadband polari-
metric radar images can be reconstructed from the scattering data
by wave migration algorithms as discussed in [20], which differ
somewhat from the microwave holographic image reconstruc-
tion methods [7], [13], [16], a topic that deserves further in-depth
analyzes. Because a 3-D reflectivity image can be formed by syn-
thesizing the 2-D aperture, a modified 3-D diffraction stacking
algorithm was applied to reconstruct the radar image from the
scattering data [9]. Based on computer simulation results,
some experimental parameters were determined in advance for
antenna calibration and system validation.

B. Polarimetric Characteristics of the SAR System

Several measurements were made for initial characterization
of the polarimetric ground-based SAR system. The dual-polar-
ization broadband diagonal horn antenna was calibrated using
standard test reflectors. A metallic sphere was used as our first

Fig. 1. Configuration of the broadband ground-based polarimetric SAR
system. (a) A schematic and (b) photograph of the developed system as built.

calibration target. If the range distance is not long enough for
the dual-polarized diagonal broadband horn antenna for such a
wide frequency range from 1–5 GHz, the signal returned from
the calibration target cannot be distinguished from the directly
coupling wave [21]. Another problem was encountered by the
long-range separation of the calibration target and its relative
electric distance above the ground. Since the calibration target
was relatively close to the ground surface, the returned signal
could not easily be separated from the inherent ground clutter.

Hence, the arrival time difference between the direct reflec-
tion from the target and the wave reflected from the ground and
then rereflected by the target must be longer than the continuing
reflecting wave (i.e., the arrival time difference between the re-
flection from the front of the sphere versus the backscatter from
the sphere—the creeping wave) from the target. Otherwise, the
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Fig. 2. Testing scenario with measurement results of a metal sphere with radius
0.075 m. (a) Reflection signal waveforms. (b) Theoretical and measured HH,
VV, and VH backscattering curves of the sphere. (Solid line) Theoretical curve.
(Dotted line) HH. (Dashed line) VV. (Dashed-dotted line) VH.

reflections of the target and the ground scattering cannot be sep-
arated. Fig. 2(a) shows the reflected signal of a metallic sphere
of radius 0.075 m. The dashed-line circles indicate reflection
from the sphere and the creeping wave contributions.

Substituting the radius of the metallic sphere m to
(A6) of the Appendix , the equation of normalized radar cross
section [22], [23], shown in Appendix A, we obtain the theoret-
ical normalized radar cross section (NRCS) value shown as the
solid line in Fig. 2(b). The measured data of HH, VV, and VH
components compensated by the gain factor of the antenna used
in the system are also plotted in Fig. 2(b).

For the case of a sphere, we find that the waveforms of both
the HH and VV reflected signals in Fig. 2(a) have very sim-
ilar amplitude and the same phase. We also observe that there
are the same number of peaks and that the resonance points of
the measured curves coincide with those of the theoretical value
shown in Fig. 2(b). Hence, the measured backscattering data of
copolarization components are consistent and very similar to the
theoretical value. For our exploratory test set-up, the cross-po-
larization component is about 12 dB lower than copolarization
components.

Making use of our broadband ground-based polarimetric SAR
system, we carried out some experiments with a few of the stan-
dard reflectors for radar polarimetry to demonstrate the polari-
metric performance of this system. We used a vertical dihedral,
a 45 dihedral, a vertical wire and a 45 wire as the calibration

Fig. 3. (a) Scene with calibrator arrangement and (b) reflected waveforms of
a vertical dihedral.

targets shown in Fig. 3(a). According to the reflecting signals of
each standard reflector for HH, VH, and VV scattering matrix el-
ements, we calculated the associated scattering matrix at various
frequencies across the entire spectral measurement domain. The
matrix elements for 2 GHz for each reflector are given as follows:

Vertical dihedral:

(1a)

45 dihedral:

(1b)

Vertical wire:

(1c)

wire:

(1d)
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The theoretical scattering matrices of the above four reflectors
are known and given respectively by

Compared with the theoretical results, good agreement can be
found. Moreover, from the HH and VV reflection waveforms of
the vertical dihedral in Fig. 3(b), we observe the same magni-
tude and inverse phases. These test results demonstrate that the
polarimetric performance of our system is more than satisfac-
tory for both narrow and broadband measurements.

A modified polarimetric RCS calibration technique using two
orientations of the dihedral corner reflectors as calibration tar-
gets was introduced [24]. This method is valid for any mono-
static or quasi-monostatic radar system. From the theoretical
value of two calibrators and measured data, we recovered the
calibration coefficients. Using these calibration coefficients, the
calibrated scattering matrices can be calculated. From the cal-
ibrated scattering matrices of the data collected from dihedral
reflectors given in (2a) and (2b), we find the improvements after
calibration to be rather considerable and satisfactory for the in-
tended application, especially in the phase term.

Vertical dihedral:

(2a)

45 dihedral:

(2b)

C. Three-Dimensional Imaging

In order to obtain 3-D images, we used a matched filter for
pulse compression [25]. Matched-filter processing of a target
echo signal can be thought of as a coherent summation of the re-
flected signal energy from each of the target’s reflection points
[26]. Fig. 4 shows an example of pulse compression by the
matched filter approach (3), where achievement of the SNR after
pulse compression is indicated as follows:

(3)

where
compressed data;
measured data;
reference data; and the superscript denotes the
complex conjugate.

The acquired data are compressed by matched filter com-
pression, in which the reference signal is a reflection from
an aluminum plate measured by the same radar system and
parameters.

A 3-D SAR image can be reconstructed by using the data set
acquired with the two-dimensional aperture by implementing
the wave migration method. Wave migrations are often used for
image reconstruction by wave field extrapolation, which is sim-
ilar yet quite distinct from that of microwave holography [7].

Fig. 4. Pulse compression by matched filter. (a) Reference signal. (b) Raw
signal. (c) Compressed signal.

The goal of wave migration is to make the stacked section ap-
pear similar to the real location. The diffraction stacking is an
integral solution of the wave equation. It can extrapolate wave
fields of an observation aperture to larger 3-D space. Diffrac-
tion stacking migration produces one migrated sample (a pixel)
at a time by computing a diffraction shape for a scatter point at
that location, summing and weighting the input energy along a
diffraction path, and placing the summed energy at the scatter
point location on the migrated section [9], [10].

The origin of this algorithm derives from the square-inte-
grable functions of Fourier transforms. The transformation of
migration is a spatially variant many-to-one mapping in ,
where refers to a mathematical space that is square-inte-
grable [17], as in

(4)

where is in space. It lies at the heart of the formality in
which Fourier transforms behave according to the law of energy
conservation etc. This fundamental lemma often is assumed, ex-
plicitly or implicitly, as the basis for analysis of many radar sys-
tems, including especially SAR, and similar signal and imaging
processing systems.

In our case, 2-D scanning data are recorded in the domain
of , then transformed to the domain of by
inverse fast Fourier transform, where is the measuring
point. Each trace can be thought as a point source radiating, at
time , a spherical wave that reaches the sampling point (a
pixel of 3-D imaging space) after different time intervals.

The arrival times relative to the same target [echoes relative to
the same scatterer ], if displayed in the plane,
cluster along a curve which is a hyperbola [13] with apex in

(the along azimuth position of the source), .
For 3-D case, the distribution of cluster echoes should be on
the surface of a hyperboloid with apex at . There-
fore, for reconstructing the image of this scatterer, we sum the
energy along the diffraction path (the hyperboloid surface), and
place the summed energy at the scatter point location on the
migrated section . The process is repeated for all mi-
grated samples and for the full polarimetric data set in order to
reconstruct 3-D images.
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Fig. 5. Illustration of diffraction stacking algorithm.

The 3-D image reconstruction via modified diffraction
stacking, derived from a back-projection algorithm [15], [16],
is obtained in terms of time delays by

(5)

The pulse compression of the matched filter is also shows in
(3) in frequency domain. Then we have (6)–(7), shown at the
bottom of the page, which is the round-trip delay of the echoed
signal for the target at when the receiving antenna is
at . is the 2-D synthetic aperture, where

pulse compressed data in time domain;
transmitter position;
receiver position;
reconstructed images in spatial domain;
velocity of electromagnetic wave.

Fig. 5 gives descriptions of these variables.
A migration method of modified diffraction stacking [13],

[16] has been employed to reconstruct the complete polarimetric
images such that the specific polarization behavior is correctly
reconstructed at each point in the 3-D imaging space. This mi-
gration algorithm focuses the time-domain scattering signal on
the target in space by computing (6).

III. APPLICATION TO TREE MONITORING

A. Measurements

We selected three typical local trees as our research objects
for which the full polarimetric scattering matrix data takes were
collected as described above. These targets were selected for the
following reasons:

1) Trees are some of the most important scatterer compo-
nents in biomass estimation of the terrestrial covers for
which “noninvasive ground-truth validation tools” are still
not available or in definite need of subtle improvement as
regards the implementation of air/spaceborne POL-SAR
and POLinSAR imaging, which are rapidly advancing.

Fig. 6. Coordinate system of measurement site.

2) Different types of trees (deciduous, evergreen, broad-
leaved, conifer, etc.) have different shapes and substruc-
tures to form different scatterers. The implementation of
air/spaceborne POL-SAR and POLinSAR imaging allows
the best feature classification hitherto available for this
type of vegetation cover. However, practical and easily
to implement “noninvasive ground-truth validation tools”
are lacking.

3) Different trees also change their shapes with different
seasons, for example, bare trunk and branches in winter
and early spring for most trees and plants, buds in spring,
blooming flowers and growth of leaves in late spring
and summer, leaves falling off in autumn, and sap con-
tracting into the subsurface root system during winter,
and so on. All of these season-dependent factors can best
be remotely sensed with air/spaceborne POL-SAR and
POLinSAR imaging for which the pertinent “noninvasive
ground-truth validation tools” need to be developed most
urgently.

4) The tree water content and the moisture of the surrounding
air also vary with seasons, and even diurnally during a full
day-and-night cycle. That causes at times subtle changes
in permittivity, conductivity, and permeability affecting
the scattering from these vegetation scatterers. Trees, ei-
ther alive or dead, display other features which can be
detected with air/spaceborne POL-SAR and POLinSAR
imaging, again indicating the need to develop “noninva-
sive ground-truth validation tools.”

Using the ground-based polarimetric SAR system described
above, which represents such a “noninvasive ground-truth val-
idation tool,” data acquisitions were carried out for three dif-
ferent but common types of trees growing near our laboratory;

(6)

(7)
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Fig. 7. Scattering scenario with seasonal imaging of different trees. (a) Spring. (b) Summer. (c) Autumn.

measurements were collected over three seasons. The experi-
mental site is located at the Kawauchi Campus, Aoba-Ku of
Tohoku University in Sendai, Miyagi-Ken, Japan. The config-
uration of the target area and of the coordinate system is shown
in Fig. 6. The main targets are denoted by T1, T2, and T3, and
represent three different kinds of trees: T1 is a deciduous tree
with broad leaves, T2 is an evergreen tree, and T3 is a bush of
small height. The three measurements were repeated in spring
(April 19, 2002), in summer (May 28, 2002), and in autumn
(November 11, 2002), respectively. Fig. 7(a)–(c) shows the ex-
perimental scenes in spring, summer, and autumn, respectively.
There were a few fresh leaves during the first measurement in
spring. Very significant growth in leaves and branches was ob-
served in the second measurement in summer, while the third
measurement was at a time when the leaves were falling off.

B. Results and Data Interpretation

Following pulse compression procedures, the diffraction
stacking was applied to migrate the time-domain data in order

to acquire the spatial domain data. The 3-D reconstructed
images for the HH, VH, and VV polarization components of
the scattering matrix recovered from the three experiments
are respectively shown in Fig. 7. Here the image pixel size is
0.05 0.05 0.05 m. By analyzing the three polarimetric
images of each measurement, we can find differences among
the different polarizations, which in turn changes considerably
from one season to the other depending on the particular tree
species, and especially for foliage trees. The HH image shows
the reflections from trunks and some horizontal branches and
ground clutter; the VH image indicates strong reflections from
leaves and some slant branches; the VV image shows reflections
from vertical trunks and branches; and a specifically optimized
combination of the scattering matrix components (amplitude
and phase included) allows for the distinction between leaves
and flowers during the spring season.

Comparing the corresponding images of the different mea-
surements shown in Fig. 7, we find that the reflections from
the trunks and the leaves are different and demonstrate seasonal
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variation. There are stronger reflections in the images of Experi-
ment 2 due to the lush growth of branches and leaves in summer.
Moreover, the clearer ground surface reflection can readily be
seen in Fig. 7(c1)–(c3) in autumn, which agrees well with the
real situation. These differences also exist between Fig. 7(a1)
and (c1), and between Fig. 7(a3) and (c3). Hence, we can as-
sume that the main reflections were caused by the volume scat-
tering due to the different volume distribution of leaves of dif-
ferent shape and electric properties during the different seasons.
Although the shapes of the trees were very similar in late spring
and late autumn, the water content of the trees in late spring
was higher than that in autumn. This fact caused the slight dif-
ferences between the reconstructed polarimetric images in late
spring and late autumn. The different scattering performances
of the different types of trees in the different seasons can be ob-
served clearly demonstrating the intrinsic usefulness of devel-
oping our ground-based polarimetric SAR system into a reliable
“noninvasive ground-truth validation tool.” Additional measure-
ments for a greater variety of the local vegetation structures
would be desirable in order to more clearly distinguish the as-
sociated scattering mechanisms, which are currently being pur-
sued in collaboration with the arboretum of the Botanic Garden
of Tohoku University in Sendai.

IV. CONCLUSION

In this paper, the development of a broadband ground-based
SAR system and its application to vegetation monitoring are
presented with the eventual objective of designing eventually
a reliable “noninvasive ground-truth validation tool.” Test re-
sults showed satisfactory polarimetric performances of the de-
veloped system associated with theoretical RCS calculations for
a metallic sphere. Calibration was performed using a modified
two-way-riented dihedral-based passive polarimetric calibrator.
Improvement of the specific polarimetric characteristics of the
vegetation images for the broadband ground-based SAR system
was achieved by implementing these polarimetric calibration re-
sults regularly during the measurement cycle, which usually as-
sumed more than 20 h for recovering a complete image with our
current broadband ground-based SAR system.

Trees represent one of the most important types of vegetation
scatterers in studies of local to global-scale biomass estimation.
Continuous data acquisitions were carried out for three different
common types of trees of the Miyagi prefecture in three sea-
sons at an experimental site close to our laboratory by using
a newly developed ground-based polarimetric broadband SAR
system. Signal processing methods for the collected broadband
ground-based polarimetric SAR data were summarized. It was
demonstrated that our algorithms of time gating, matched fil-
tering and diffraction stacking were very effective techniques
for our ground-based SAR data processing procedures. They
made up for the interference drawbacks of the ground-based
imaging system, which included restraining the antenna direct
coupling of monostatic returns from bistatic reflections gener-
ated by ground clutter, and extrapolating the imaging space by
alternate diffraction stacking. The reconstructed 3-D images of
HH, VH, and VV polarization components were consistent with
ground-truths and polarimetric radar theory. Hence, radar po-
larimetry provided valuable scattering information on targets,

particularly the scattering features of trees in different seasons,
so that the different components of trees contributing to the
polarimetric microwave backscatter in different growth phases
could be distinguished.

The test results showed that the polarimetric performance of
the SAR system is satisfactory and could be implemental for
an improved understanding of the underlying scattering mech-
anisms for widely distributed vegetation scatter as a reliable
“noninvasive ground-truth validation tool.” It was demonstrated
that the broadband ground-based polarimetric SAR system
presents advantages for vegetation monitoring as well as for
environmental studies of a great variety of vegetation structures,
which we are currently further pursuing.

APPENDIX

RADAR CROSS SECTION OF SPHERE

The backscattering radar cross section of a metallic sphere
can be calculated from the Mie series by the following formulas
[22]:

(A1)

where

(A2)

(A3)

and

(A4)

(A5)

where
radius of sphere;
wavelength of radar wave;
spherical Hankel function of the first kind;
spherical Bessel function of the first kind;
spherical Bessel function of the second kind.

NRCS is defined as the backscatter factor of a radar target and
can be expressed as [23]

NRCS

(A6)
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