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ABSTRACT: A numerical study of microwave thermal emission from a
finite-size buried object is described. Results show that emission from a
finite-size object can exhibit properties similar to emission from a lay-
ered (i.e., horizontally infinite) model of the object, including an oscilla-
tory behavior versus frequency. © 2002 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 33: 9–12, 2002; DOI 10.1002/mop.10214
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1. INTRODUCTION

Microwave radiometers have been shown to be effective sensors
for monitoring soil moisture and other geophysical data [1, 2].
Models for geophysical-medium brightness temperatures often
consider horizontally stratified geometries, because exact evalua-
tion of observed brightness temperatures is possible for this case in
terms of a sum involving layered-medium reflection quantities [3].
For cases involving media at uniform physical temperature, the
formulation reduces to Kirchhoff’s law which relates emissivity to
one minus the reflection coefficient of the layered medium.

Recent studies have begun to consider the use of microwave
radiometers for detecting shallow, subsurface objects such as an-
tipersonnel landmines [4, 5]. Modeling studies [5] based on Kirch-
hoff’s law and the three-layer, horizontally stratified geometry
shown in Figure 1(a) (i.e., objects are infinite layers) show that
significant brightness-temperature contrasts can be obtained in the
presence of a subsurface object if sufficient dielectric contrast is
available and if soil-medium attenuation is not excessive. Refer-
ence [5] further demonstrated that use of multifrequency bright-
ness measurements could potentially provide detection of objects
even with low contrast or high attenuation due to the oscillatory
behavior versus frequency observed in the presence of an object.
Estimated environmental effects such as local surface temperature
or soil moisture variations would not produce oscillatory fre-
quency behavior (except in unusual circumstances [2]), so that
detections would still be possible even in the presence of environ-
mental clutter. The possibility of directly detecting the dielectric
contrast of a subsurface object suggests an advantage for micro-

wave passive sensors as compared to passive infrared [6] or
millimeter-wave sensors in which only surface-temperature effects
are detected.

However, previous buried-object detection models have ne-
glected effects of finite object size [Figure 1(b)], because subsur-
face objects were modeled as horizontally infinite layers. Numer-
ically calculated emission results from a finite-size buried object
are considered in this Letter, through use of a numerical solution
of the electromagnetic boundary value problem. The model ap-
plied is based on an iterative method of moments (including
half-space Sommerfeld Green’s functions) accelerated with the
discrete dipole approximation [7–10]. Brightness temperatures and
their variations with frequency are presented for a sample case, and
amplitudes of brightness-temperature oscillations in frequency are
shown to vary according to the fraction of the observing antenna
pattern occupied by the subsurface object. Finite-size object solu-
tions are also compared with results from the horizontally infinite
layer model to determine the parameter space under which the
layered model is applicable.

2. FORMULATION

A constant temperature medium is assumed so that brightness
temperatures can be calculated with the use of Kirchhoff’s law:

TB � Ts�1 � R�, (1)

where TB is the brightness temperature measured by an observing
radiometer, Ts is the physical temperature of the medium and
subsurface object (taken as 290 K in this Letter), and R is the total
reflectivity of the medium. The brightness temperature TB is a
function of the radiometer polar and azimuthal observation angles

 and � (respectively), the frequency of observation f, the polar-
ization of the radiometer, the dielectric properties of the medium in
which the object is buried, and the geometric and dielectric prop-
erties of the subsurface object. The total reflectivity R is equal to
the total power scattered into the free-space region when the
subsurface object is illuminated by a plane-wave field incident
from angles 
 and � in the free-space region with a polarization
identical to that of the radiometer, and can therefore be determined
by solving the corresponding scattering problem [3].

For an object modeled as an infinite layer, fields in the free-
space region consist only of the incident and reflected plane waves,
with R determined by the amplitude of the reflected plane wave.
However, in the presence of a finite-size object, total fields in the
free-space region include both incident and reflected plane waves
and spherical scattered wave components. The brightness temper-
ature is then expressed asContract grant sponsors: NSF Project No. ECS-9701678; Duke University.

Figure 1 (a) Layered-medium model for a subsurface object. (b) A
finite-size subsurface object
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TB � Ts�1 � ���2 �
Pc0 � Ps0

Pi
� , (2)

where � is the plane-wave reflection coefficient of the half-space
boundary, Ps0 is the total scattered spherical wave power above
the interface due to the subsurface object, and Pc0 is a cross-power
term due to the interaction of the reflected plane wave and scat-
tered spherical waves. Both these terms are normalized by the total
power incident on the half-space medium Pi. The above equation
is most conveniently derived by initially considering a tapered
incident field [11] and evaluating the brightness temperature in the
limit of a very large spot size on the boundary (i.e., the plane-wave
limit).

If the half-space medium and object are assumed to be lossless,
the same brightness temperature can also be calculated with the
use of the power radiated into the half-space medium as

TB � Ts� �T�2
0

1
�

Pc1 � Ps1

Pi
� , (3)

where T represents the plane-wave transmission coefficient at the
boundary, 0 and 1 are the characteristic impedances of free
space and the half-space medium, respectively, and Ps1 and Pc1

are the scattered power and the cross-power terms, respectively, in
the half-space medium. Comparison of the brightness temperatures
obtained from Eqs. (2) and (3) provides information on the level of
power conservation obtained in the numerical solution; results will
be plotted for brightnesses obtained from both methods.

For a plane-wave incident field, the cross-power terms can be
shown to reduce to

Pc0 �
2�

��
Im�êr � F� s�� (4)

and

Pc1 �
2�

��
Im�êt � F� sT �, (5)

where � � 2�f is the radian frequency of the radiometer, � is the
permeability of free space, Im denotes the imaginary part operator,
êr and êt are unit vectors in the directions of the half-space
reflected and the transmitted plane wave electric fields, respec-
tively, and F� s is the scattered spherical-wave amplitude in the
reflected (for Pc0) or transmitted directions (for Pc1). The above
equations are equivalent to an optical theorem [3] for an object in
a lossless half-space.

Spherical-wave scattered fields from a subsurface object under
plane-wave illumination were numerically evaluated with the use
of an iterative method-of-moments algorithm. Because a half-
space (Sommerfeld) Green’s function was employed in the formu-
lation, discretization was required only on the subsurface object,
which was sampled onto a three-dimensional uniform Cartesian
grid. Use of the volume equivalence principle and a point-match-
ing approach reduces the integral equations of the method of
moments to a matrix equation for coupling between a set of
discrete dipoles [7]. Computational efficiency is improved through
the methods described in [8–10], so that electromagnetic coupling
between all points on the object grid is computed in order N log N,
where N is the number of sampling points. In the brightness-
temperature calculations the cross-power term is computed with
the use of only specular scattered fields, whereas the scattered
spherical-wave power term requires a numerical integration of

far-zone scattered powers over the upper or lower hemispheres.
Tests varying the number of points in this integration were per-
formed to ensure accurate total scattered power computations.

To clarify the influence of a subsurface object, results will be
presented in terms of the brightness temperature change caused by
the presence of the object. Because the scattered power and cross-
power terms vanish when no object is present, the change in the
brightness temperatures caused by the object is

�TB � �Ts�Pc0 � Ps0

Pi
� � Ts�Pc1 � Ps1

Pi
�. (6)

A final issue involves evaluation of the Pi term when plane wave
observations are considered. Because a plane wave would illumi-
nate an infinite portion of the half-space in the corresponding
scattering problem, Pi approaches infinity and the effect of the
object becomes negligible. In fact, a radiometer observing a sub-
surface object would be sensitive to only a finite-sized portion of
the half-space, so that Pi remains finite and approximately equal to

Pi �
1

20
A (7)

for nadiral observations (
 � 0). Here A is the spot-size area of the
observing antenna, which is assumed to have dimensions compa-
rable to or larger than the electromagnetic wavelength so that the
plane-wave field model used in the numerical solution is valid. To
make the results presented independent of the antenna spot size A,
brightness temperature deviations are rewritten as

�TB � �Ts�
Pc0 � Ps0

1

20
Aobj ��

Aobj

A � (8)

� �Ts�
Pc0 � Ps0

1

20
Aobj � F, (9)

where Aobj is the cross-sectional area of the object. The term F in
the final equation thus represents a beam fill factor that describes
the fraction of the observing antenna pattern occupied by the
subsurface object. The following plots use F � 1 for simplicity; it
should be noted that the curves presented are to be multiplied by
F for a specified antenna and object in order to predict the
brightness changes observed by that antenna.

3. RESULTS

Figure 2 illustrates �TB as a function of frequency from the
numerical solution (symbols) for a half-space relative permittivity
of 4 and object relative permittivity of 3.15 (close to the values for
dry soil and plastic, respectively.) The object is a cube with side
length 2 cm centered 5 cm below the boundary, and was dis-
cretized into 16 by 16 by 16 points to ensure accurate calculations
over this range of frequencies. Nadiral observation 
 � 0 is
considered, and the radiometer polarization is aligned with the
cube edge. Numerical �TB values plotted from both the reflected
and the transmitted powers are in agreement to within approxi-
mately 2 K, confirming power conservation in the numerical
solution to better than 1%. Results from the layered medium model
(i.e., with the object modeled as an infinite layer) are also included
as the solid curve in Figure 2, and show good agreement with
finite-size object brightness deviations even though the object is
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relatively small compared to the wavelengths considered. Only
slight effects due to finite object size are observed, primarily at the
higher frequencies, although again the beam fill factor for a spe-
cific antenna would reduce finite-object results proportionately.
Overall, results show that finite-size object effects are not likely to
modify the basic strategy of searching for oscillatory brightness
features for detecting objects.

Figures 3 and 4 illustrate the individual contributions of the
scattered spherical-wave power and the cross-power terms to the
�TB results of Figure 2. The brightness temperature difference
computed with the use of the fields above the interface is presented
in Figure 3. For this case the scattered power term is generally
negligible as compared to the cross-power term. Unlike the case
for the fields above the interface, the scattered-power and the
cross-power terms both show important contributions with fields
below the interface, as shown in Figure 4. However, the two power
terms still add up to give an accurate �TB. This increase in the
scattered power below the ground is possibly due to the fact that

the object size is larger as compared to the wavelength in the
medium.

Brightness temperature results for the slightly tilted object
shown in Figure 5 are presented in Figure 6. Because the tilted
object is represented on the original (untilted) grid, discretization
error in the object boundary can potentially be significant. How-
ever, several tests of the results were performed to ensure that the
results presented are accurate to within 2 K. Results show that only
moderate changes in brightness temperatures are observed as the
object is tilted to an angle of � � 20°.

4. CONCLUSIONS

Effects of finite object size on the detection of buried objects using
microwave radiometry have been investigated. Thermal emission
from buried objects has been shown to display an oscillatory
behavior versus frequency, providing a means for detecting ob-
jects. Although finite-size object effects do affect the specific
brightness temperature of the buried object, the basic strategy of
searching for oscillatory features versus frequency for object de-
tection appears to remain valid.

Figure 2 Brightness temperature deviation versus frequency—numerical
solution (discrete points) compared with layered model (solid curve)

Figure 3 Contributions of scattered and cross-power terms to brightness-
temperature deviations with the use of the fields above the ground. Nu-
merical solution (discrete points) compared with total brightness deviation
from layered model (solid curve)

Figure 4 Contributions of scattered and cross-power terms to brightness
temperature deviations with the use of the fields below the ground. Nu-
merical solution (discrete points) compared with total brightness deviation
from layered model (solid curve)

Figure 5 Geometry of tilted subsurface object
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ABSTRACT: This article describes a new strategy for controlling the
tilt angle and side-lobe level of linear array antennas by using a genetic
algorithm. A very simple fitness function for controlling the performance
of the array was constructed and is suggested. Simulations show excel-
lent results for directing the main lobe and side-lobe levels. © 2002
Wiley Periodicals, Inc. Microwave Opt Technol Lett 33: 12–14, 2002;
DOI 10.1002/mop.10215
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I. INTRODUCTION

Periodic arrays are largely employed in communication systems.
Array antennas can be easily implemented and present the flexi-
bility to control the direction of radiation, gain, side-lobe levels, et
cetera [1]. These periodic arrays generate a low side-lobe ampli-
tude taper by strategically positioning equally weighted elements.
Simple analytical methods for deriving the element positions to
obtain a desired side-lobe level are not available [2]. Probabilistic
methods can also be applied for controlling relative side-lobe level
(RSLL), but these are not accurate enough [3]. Haupt [4] presented
a means of thinning an array by turning off some elements in a
periodic array in order to improve RSLL. The method presented in
[4] uses the genetic-algorithm technique and normally arrives at
optimized thinning configurations for large arrays, where other
methods cannot be applied [5].

The aim of this article is to present an exercise of optimization
of array antennas by using the genetic-algorithm technique, con-
sidering a simple and practical developed fitness function. Initially,
it is considered a set of parameters that carries all the information
to be optimized. This set of parameters is called the chromosome,
and it is evaluated by the fitness function. The chromosome will
contain the information about the uniform phase variation along
the array, and also the amplitude excitation level of each array
element as input parameters. The fitness function will take into
account the desired direction of the main lobe and the RSLL. In
this work, two examples considering a linear array of 40 elements
are presented. In the first example, results have shown a very low
side-lobe level of �32.9 dB with the use of a �/10-element spacing
(this value is 12.9 dB below that reported in the literature [5] with
an identical linear array antenna). In the second example a more
practical spacing of 0.3� separates the elements, and simulation
still shows a very good result of �28 dB of RSLL.

II. THEORY

Genetic-algorithm optimizers are robust stochastic search meth-
ods, modeled on the principles and concepts of natural selection
and evolution [5]. The algorithm begins by initializing a popula-
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Figure 6 Comparison of brightness temperatures for tilted and untilted
objects with layered-medium model
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