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1. INTRODUCTION 

The Polarization State of electromagnetic wave scattering is an important feature and a wide range of 
classification algorithms and inversion techniques have recently been developed based on the 
transformation of the polarization state by scattering objects [1, 2]. Synthetic Aperture Radar (SAR) 
can advantageously be exploited in a ground-based radar imaging system, named Ground-Based SAR 
(GB-SAR). It is a new application of the SAR expansion in the spatial domain. We have extended 
those earlier approaches [3, 4] and developed an ultra-wideband, ground-based, fully polarimetric 
SAR system for environmental studies [5]. Polarimetric calibration obviously improved the features of 
the GB-SAR system. Using the developed SAR system, we carried out measurements on three 
different kinds of trees in spring, summer and autumn, respectively. 3-D images were reconstructed 
from the acquired data by a series of signal processing procedures. Analyzing the polarimetric images 
of each measurement, differences among the different polarizations were found. Further, different 
polarimetric analysis techniques were employed to interpret the acquired polarimetric data. The results 
of polarimetric analysis are presented in this report, which show good agreement with ground truth.  
 

2. SYSTEM CALIBRATION AND FIELD EXPERIMENTS 

Polarimetric Calibration:  

Based on SAR principles and simulation results [6], an ultra-wideband ground-based polarimetric 
SAR system was developed, as illustrated in Fig. 1. The radar system consisted of a vector network 
analyzer, a diagonal dual polarized broadband horn antenna, an antenna positioning unit, and a 
PC-based control unit. The synthetic aperture is realized by scanning the antennas on a horizontal rail 
and moving along a vertical post. The horizontal and vertical scanning aperture widths determine the 
horizontal and vertical resolutions. Testing results showed satisfactory polarimetric performance of the 
developed system [5, 6].  
 
A modified polarimetric Radar Cross Section (RCS) 
calibration technique using two orientations of the 
dihedral corner reflectors as calibration targets is 
introduced [6, 7]. This method is valid for any 
monostatic or quasi-monostatic radar system. From 
the theoretical value of two calibrators and 
measured data, we can recover calibration 
coefficients. With the use of the calibration 
coefficients, the auto-calibrated results are 
presented in Table 1 resulting in observable 
improvements after calibration, especially in the 
phase term. Although neglecting effects of noise in 
the calibration measurement, desired improvements 
due to calibration have been achieved. 
 Fig. 1 A developed polarimetric GB-SAR system
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Table 1 Auto-calibrated scattering matrices 

 
Field Experiments with the Ultra-wideband Polarimetric GB-SAR System:  

Due to the fact that trees are some of the most important factors of the terrestrial vegetation cover, we 
selected an experimental site with different types of trees used for the non-invasive remote monitoring 
measurements. The main targets are denoted in Table 2 by T1, T2 and T3, and represent three different 
kinds of trees. T1 is a Japanese Zelkova, which is a deciduous tree that has no leaf in spring, exuberant 
broad leaves during early summer up to mid-autumn, after then leaves fall off. T2 is a Japanese cedar, 
which is an evergreen with needles. It almost does not change from spring to winter. T3 is a kind of 
shrub of the Azalea genus which is a short bush surrounded by some plants: Japanese honeysuckle. 
From spring to summer, they have very dense foliage while there are some bare stems and branches 
after autumn. We have carried out three measurements at the same exact position for the three different 
trees in late spring (April 19, 2002), in early summer (May 28, 2002) and in late autumn (Nov. 11, 
2002), respectively [6]. There were a few fresh leaves during the first measurement in spring. Very 
significant growth in leaves and branches was observed in the second measurement in summer, while 
the third measurement was at a time when the leaves had fallen off. HH, VH and VV polarization 
frequency domain data were acquired which cover the spectral domain of 1 GHz to 5 GHz. 
 

3. NON-INVASIVE GROUND-TRUTH VALIDATION ASSOCIATED DATA INTERPRETATION 

Due to different data structure, GB-SAR signal processing is not the same as for airborne SAR data 
processing. A combined broadband polarimetric GB-SAR data processing procedure associated with 
band-pass filter, IFFT, time gating, FFT, calibration, matched filter and wave migration algorithms is 
created [6]. 3-D image reconstruction is obtained via an extended back-projection algorithm [8]. 
 
Single Frequency Scattering Matrices:  

From migrated data, spatial frequency domain data can be created by Short Time Fourier Transform 
(STFT) [6]. Three observation points A, B, C from main targets area are selected [6], which 
correspond to T1, T2 and T3, respectively. At each point, scattering matrix was calculated from their 
spatial frequency domain data. Scattering matrices of 3 GHz for each measurement and each target are 
shown as follows in Table 2. 

Table 2 Scattering matrices at 3 GHz 
 A: Tree 1 B: Tree 2 C: Tree 3 
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For point A, the HH and VV are dominated due to horizontal scattering features, ground clutter and 
vertical branches and the trunk of tree T1. Moreover, values of the cross polarization terms in spring 
and autumn are smaller than the ones for summer. The fact may be that there were many larger leaves 
in summer to cause stronger VH reflection. We can also find that the co-polarization terms of point B 
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are dominant but the VH returns are almost alike and stronger than those at point A. It is due to the 
fact that point B is located at an evergreen tree. The conifer needles and branches cause large VH 
reflection. For point C, VH terms are stronger than HH and VV terms in spring and in summer due to 
number leaves and plants. When leaves fall off, the VH term became smaller. 
 
Polarimetric Power Density Images from Covariance Matrix:  

A way to visualize the polarimetric information is to transform to the Pauli spin matrix basis, first 
introduced in this context by Cloude [9]. In the basis of the backscatter case, the Pauli spin target 
scattering vector can be rewritten as 

[ ]1   2   
2

T
s hh vv vh hh vvk S S S S S= + −    (2) 

Then Pauli covariance matrix is defined as *Ts
s sT k k= ⋅    (3) 

Note that the diagonal terms of the Pauli covariance matrix are just the magnitudes of the three 
elements of the Pauli spin target vector squared. Therefore, if we display the three diagonal elements 
of the Pauli covariance matrix as red for the first term, green for the second term and blue for the third 
term,   

2
11

1
2

s
hh vvT S S= +   2

22 2s
vhT S=   2

33
1
2

s
hh vvT S S= −   (4) 

we can interpret red areas as having increased single reflection scattering, blue areas as mostly double 
reflection scattering, and green areas as diffuse scattering. From these equations, as long as the real 
part of the cross-correlation between Shh and Svv is positive, which means that the co-polarized phase 
we can interpret red areas as having increased single reflection scattering, blue areas as mostly double 
reflection scattering, and green areas as diffuse scattering. From these equations, as long as the real 
part of the cross-correlation between Shh and Svv is positive, which means that the co-polarized phase 
difference is less than 90 degrees, the first term will be larger than the third. The image will exhibit a 
red color. When the real part of the cross-correlation between Shh and Svv is negative, which means the 
co-polarized phase difference is greater than 90 degrees, the third term will be large than the first and 
the image will exhibit a blue color. 

Image at 4.5 GHz |HH+VV|2 |VH|2 |HH-VV|2 

Image at 2.5 GHz |HH+VV|2 |VH|2 |HH-VV|2 

Image at 3.5 GHz |HH+VV|2 |VH|2 |HH-VV|2 

Image at 1.5 GHz |HH+VV|2 |VH|2 |HH-VV|2 

Fig. 2 Polarimetric power density profiles of trees in spring at 2.5m above ground  
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The polarimetric power density images of 1.5 GHz, 2.5 GHz, 3.5 GHz and 4.5 GHz based on diagonal 
terms of Pauli covariance matrix for the first measurement in spring are shown in Fig. 2. Here 
complex spatial-frequency domain data were produced from the migrated data by STFT. For lower 
frequency images of 1.5 GHz and 1.5 GHz, the blue colors are dominant. It means that the real part of 
the cross-correlation between Shh and Svv is negative, which means the co-polarized phase difference is 
greater than 90 degrees and double bounce scattering happened. Hence, blue colors indicate scattering 
of double reflections more than from the ones of single reflections. The concentrated areas interpret 
the main trunks of trees. With frequency increased, the green color areas become more dominant and 
larger in 3.5 GHz and 4.5 GHz images. It means that diffuse scattering terms are dominant. It is caused 
by diffuse scattering mechanisms of leaves and inclined branches, which become negligible compared 
to the wavelength at low frequency. Small scatterers have shown strong backscattering features at high 
frequency. However, the blue colors still remain in the images of high frequencies due to the double 
bounce scattering from trunks and ground. 
 
4. CONCLUSIONS 

Development of an ultra-wideband polarimetric GB-SAR system and its non-invasive application to 
vegetation monitoring were analyzed. A modified two-way oriented dihedral based polarimetric 
calibration method was introduced and improvement was verified. Continued data acquisitions were 
carried out for three different types of trees in three seasons. Novel signal processing methods used 
were effective for broadband ground-based polarimetric SAR data interpretation. Different analysis 
tools for viewing and interpreting broadband polarimetric SAR data could indicate scattering 
mechanisms for vegetation and exhibit slight differences of variation of tree species. At the same time, 
a ground-based SAR system also can be used as ground truth demonstration and validation tool for 
airborne SAR and space-borne SAR in a great variety of applications. 
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