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the DARPA program on Countering Camouflage, Concealment and Deception (CCCD). 
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ANTENNA EFFECTS ON POLARIMETRIC IMAGERY IN 
ULTRAWIDE SYNTHETIC APERTURE RADAR 

1. INTRODUCTION 

The value of collecting and processing fully polarimetric data in synthetic 
aperture radar (SAR) has been firmly established (Refs. 1, 2, 3). Polarimetric decomposi-
tion of SAR data at low resolution has led to the development of techniques for automatic 
terrain and scene classification (Refs. 2, 3), and polarimetric processing at higher 
resolution has been shown not only to reduce scene radiometric noise but also to support 
improved classification of individual targets (Refs. 1, 4). For the most part, these benefits 
have been demonstrated at SAR frequencies in the upper microwave bands, where high 
resolutions in both range and cross range are obtained with relatively small SAR 
integration angles (~3 deg) and signal waveform percentage bandwidths (<10 percent).  

Because of these successes, many of the developers of ultrawide SARs, which 
operate in the VHF and UHF spectral bands, are investigating the application of similar 
polarimetric methods. Typical ultrawide SARs, however, operate over angular beam-
widths of up to 90 deg or more, and the bandwidth-to-center-frequency ratio can exceed 
100 percent. Moreover, practical considerations of platform integration generally lead to 
physical constraints on antenna design that inevitably affect electromagnetic perform-
ance. Consequently, the instantaneous wave polarization received at a single point to be 
imaged will vary significantly over these wide frequency and angular apertures, not only 
due to inherent and unavoidable deviations in geometrical projection (which are not the 
subject of this paper), but also as a result of inevitable discrepancies between the 
nominal, intended wave polarization and the polarization realized by a practical antenna 
in a given direction. These antenna effects could have serious implications for the 
accuracy and interpretation of ultrawide polarimetric SAR imagery. To gauge the impact 
of practical antenna cross polarization we have exploited an exhaustively thorough set of 
measurements on an existing antenna prototype intended to support ultrawide polari-
metric SAR in the VHF and UHF bands (150–550 MHz). 
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2. ANTENNA DESCRIPTION 

The antenna prototype developed by Ball Aerospace  (Ref. 5) consists of an array 
of circular electrodes on a polyhedral surface over a resonant cavity. In Figure 1, this 
antenna is shown inverted. The size and shape of this prototype are driven by the need to 
fit into the available volume of an unmanned aerial vehicle (UAV), in this case the 
Global Hawk. This packaging requirement has forced notable departures from the 
desirable symmetry characteristics that normally support good cross-polarized response. 
The radiating elements of this array are the points of tangency between the circular 
elements. This array is configured so that either the vertical or horizontal points of 
tangency can be fed using a balanced transmission line with the intent of providing 
linearly polarized radiation in either the vertical or horizontal planes. Figure 1 illustrates 
the case in which the horizontal points are fed. This feed condition is denoted “H-Port.” 
Feeding the vertical points of tangency is denoted “V-Port.” 

 

Figure 1. UHF Circles Array Fabricated by Ball Aerospace, Shown Inverted  
from Normal Orientation. This view illustrates the feed points for  

achieving nominal horizontal polarization. 

Depending on the particular elements chosen for excitation and their phasing, the 
beam is principally directed to either the left or right sides of the platform aircraft at a 
nominal depression angle of 30 deg below horizontal. Other than this, there is no attempt 
to steer the beam electronically. Because the antenna is required to operate over a very 
wide bandwidth, it is inevitably electrically small at the lowest frequency, so that pattern 
directionality is difficult to maintain, as well as polarization purity at the angle extremes 
of the synthetic aperture. 

For this program, Ball Aerospace constructed both full-scale and 1/4-scale 
models. The data set exploited in this paper was measured on the 1/4-scale model in a 
scaled fuselage model of the Global Hawk aircraft. Ball Aerospace made all 
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measurements of the 1/4-scale article over the 600–2,200 MHz band, equivalent to 150–
550 MHz full scale. Pattern measurements for all antennas were made over a full 4π 
steradians. At each point in angle-frequency space, antenna response was measured with 
respect to two orthogonal, linearly polarized sources. All measurements were fully 
coherent with respect to frequency and polarization. Thus, the data can be used to 
synthesize the antenna’s response to any arbitrary polarization. In the case studied here, 
we will use the true polarization of the transmitted signal together with the true 
polarimetric response to synthesize the apparent polarimetric signature of “pure” targets 
in a known polarimetric basis. 

3. ANTENNA MEASUREMENTS 

Figure 2 shows the coordinate system. At each value of (scaled) frequency from 
150 to 550 MHz, antenna pattern measurements in orthogonal linear polarizations 
corresponding to the θ (horizontal) and φ (vertical) directions were made over the full 4π 
radiation sphere. Note that in this coordinate system, lines of constant φ correspond to 
SAR Integration path at depression angle φ and that θ is the angular integration variable. 
As the SAR overflies a point on the ground, the illumination polarization varies from the 
nominal desired polarization. This point is illustrated for nominal horizontal polarization 
in Figure 3, which plots the trajectory of measured polarization on the Poincaré sphere 
(depicted as a flat surface) as θ varies from 45 to 135 deg at a depression angle of  
–30 deg. The ellipse shows the boundary of points for which the undesired polarization 
component is at least 15 dB below the desired polarization. For emphasis, Figure 3 shows 
the most dramatic departure from ideal polarization. Figure 4 represents another case for 
which the off-polarization component is generally within the –15 dB region. Not 
surprisingly, the lowest frequencies exhibited the largest departures from nominal 
polarization. 

The Poincaré sphere is well known and widely used as a medium for displaying 
wave polarization, but it does not readily lend itself to scattering calculations. For this we 
convert the complex phasor field measurements, EXh and EXv (where X stands for either 
H or V, the nominal horizontal or vertical antenna port, and the lower case v or h denote 
the true field polarizations), in the orthogonal linear basis to complex spatial vectors  
(Ref. 6): 

 jEiEE XvXhX
ˆˆ ⋅+⋅=    . (1) 
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Figure 2. The Aircraft Spherical Coordinate System (ASCS) Defined for the Ball Antenna 
Analyses. Note that the polar angle, θ, is measured with respect to the aircraft nose,  

and the nominal “azimuthal” angle, φ, is measured in the roll-plane. 
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Figure 3. Polarization Purity of 1/4-scale Antenna. The coordinates (psi, gamma) are the 

Poincaré sphere plotted as a plane. The point psi = 0, gamma = 90 deg represents perfect 
horizontal polarization. The polarization trajectory is shown over a 90-deg azimuth beam 
width centered at broadside and at a 30-deg depression angle. Polarization points within 

the dotted region correspond to at least 15 dB of cross-polarized rejection. 
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Figure 4. Same as Figure 3, but at a Slightly Higher Frequency. Note that in this case  

the polarization trajectory remains almost entirely within the goal region. 

This complex vector is reduced to a unit complex vector corresponding to each 
port of the antenna: 
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 XXX EEe =ˆ    . (2) 

From these complex vectors we can form a complex (2 × 2) matrix describing the 
antenna response to a wave of arbitrary polarization: 

    . (3) 







=

VvVh

HvHh

ee
ee
ˆˆ
ˆˆ

A

This matrix is a function of frequency as well as direction (θ, φ). The off-diagonal 
elements of A give an immediate indication of polarization quality. The magnitudes of 
these elements are plotted in Figures 5 and 6 at a 30-deg grazing angle for the nominal H 
and V antenna ports, respectively. Note that although cross-polarized response deterio-
rates at large off-boresight angles, there is a broad region of ±30 deg from broadside for 
which cross-polarized isolation is generally 15 dB or better. It is this region of response 
that we hope to exploit in SAR polarimetry. 
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Figure 5. Cross-Polarized Response of H Antenna Port. The curve represents the envelope 

of the maximum response at each frequency from 200 to 550 MHz. Note the valley  
of good cross polarization occurring near broadside (0 deg). 
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Figure 6. Cross-Polarized Response of V Antenna Port as for Figure 5. Note here  

as well that cross-polarized response is acceptably low near broadside. 
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4. CANONICAL SCATTERERS 

The goal of SAR polarimetry is to exploit the scattering matrices that may be 
unique to specific scatterers or scattering regions in order to (1) classify targets or terrain 
types or (2) separate ground-level scattering from that originating in elevated foliage 
(Ref. 7). To gauge the impact of imperfections in antenna polarimetric response, we 
define a canonical linear-polarization basis set of scattering matrices corresponding to 
sphere-like (odd-bounce, trihedral, etc.) targets, 0-deg diplanes, and 45-deg diplanes. The 
polarization directions of the scatterers are defined to be the same as those used in the 
antenna measurements. Thus: 

    . (4) 









=






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=
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


−

−
=
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10
01

S

d45

d00
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These matrices are sufficient to represent the polarimetric response of any discrete 
target. The measured backscatter from one of these targets, Smeas, will differ from its ideal 
scatter matrix due to antenna cross-polarization effects. The ideal and measured 
scattering matrices are related to the antenna characteristics by (Ref. 6): 

 Smeas = A·Sideal·AT   , (5) 

where AT is the transpose of the antenna matrix, A. So defined, Smeas depends on θ, φ, and 
f through A. The effect of SAR imaging over a finite aperture is obtained by integrating 
Equation (5) over angle and frequency to obtain S: 

    . (6) ∫∫
θ

θθ⋅=
f

dfdfWSS
,

meas ),(

Here, W represents a weighting function that accounts for: the f2  antenna gain variation 
with frequency, 1/R4 energy collection taper over the synthetic aperture, non-uniform 
angular sampling density over the synthetic aperture, and a two-dimensional Hann 
window. The antenna matrix, A, is obtained from direct physical measurements and 
includes non-ideal amplitude and phase variations in each polarization component. These 
subtle variations in antenna response are not reflected in the weight matrix, W. As a 
result, W does not represent an ideal matched filter to the synthesized polarization 
responses, Smeas. The resulting mismatch losses, although small, will be evident in the 
polarization decomposition performed below. In the examples that follow, we have taken 
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an integration aperture from 150–550 MHz and ±30 deg from broadside. Note that the 
matrix S still retains a dependence on the antenna depression angle, φ. 

5. SCATTER MATRIX DECOMPOSITION 

For backscattering from reciprocal targets, the integrated scatter matrix, S, is 
readily placed in the form 

    , (7) 







−

+
=

bac
cba

S

from which the (generally complex) parameters a, b, and c are easily related to the 
scattering strength of canonical scatterers in the chosen basis (Equation 4). If the antenna 
polarization characteristics were ideal over the synthetic aperture, A would be the identity 
matrix, and the resulting S matrix would be identical to the original canonical matrix. For 
the practical antenna, the decompositions of backscatter from ideal targets are shown in 
Figures 7 through 9. Note that because of the mismatch between the synthesized antenna 
port response and the weight matrix, W, the sum of the powers projected into the three 
canonical scatterers is not exactly unity. 

The discrepancy, or mismatch loss, is plotted in Figure 10. The best polarimetric 
performance, as indicated by the degree of projection of the measured scatterer on the 
originating component, tends to occur at the steeper grazing angles. At shallower grazing 
angles the apparent asymmetry of the antenna, as viewed from the target, is much greater, 
leading to somewhat degraded polarimetric purity. The design point of this antenna was a 
30-deg grazing angle; at this grazing angle the polarimetric fidelity is greater than 80 
percent. Note also that the mismatch losses are minimum near this same grazing angle. 

 

Figure 7. Decomposition of Measured Scatter Matrix from Sphere-like Target 
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Figure 8. Decomposition of Measured Scatter Matrix from 45-deg Diplane Target 

 

 

Figure 9. Decomposition of Measured Scatter Matrix from Horizontal (0-deg)  
Diplane Target 

 

 

Figure 10. The Mismatch Loss Between the Real Antenna Phase and Amplitude Variation 
Over Frequency and Angle and the Ideal Variation Postulated in the Weight Matrix, W 
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6. CONCLUSIONS 

A high degree of polarimetric fidelity is achieved among the canonical scatterers, 
even after being mixed by the polarization response of a practical antenna. Although we 
cannot draw general conclusions from the performance of a single developmental system, 
this analysis is an existence proof that compact antennas capable of supporting polari-
metric processing of UHF-band UWB SAR and compatible with the constraints of 
unmanned aircraft can be designed and manufactured. The greatest challenge for antenna 
designers is at the lowest frequencies, where good cross-polarized rejection is difficult to 
achieve with size-limited antennas over a wide angular aperture. 

Note that for this analysis, we have postulated not only ideal scatterers, but 
assumed that their scattering matrices are independent of aspect angle. We did this to 
emphasize antenna effects over inherent geometrical variations within the SAR aperture. 
Practical SAR polarimetric imagery will include, in addition to antenna depolarization 
and aspect dependence, additive clutter due both to scatterers within the imaged pixel and 
to sidelobes of strong scatterers outside the imaged pixel. All these additional effects will 
further distort the apparent scattering matrices of targets and terrain in the imagery. 
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