
TABLE 1 Effect of the Counterclockwise Winding of the Parasitic QHA onthe Performance of the Axial Ratio and HPBW

Pitch Angle Length of Copper Wires With Printed ResonantFrequency Bandwidth with AR � 3 dB
Ž . Ž . Ž . Ž .� Normalized to 	 Copper Strips GHz MHz HPBW

30� 0.936 Yes 3 81.3 54�
0.936 No 3 40.5 38�

35� 0.75 Yes 2.67 60.3 41�
0.75 No 2.67 20 41�

40� 0.5 Yes 3.17 80.2 39�
0.5 No 3.17 39.9 33�

45� 0.5 Yes 3.64 170 68�
0.5 No 3.64 40 52�

50� 0.7 Yes 2.67 55.8 79�
0.7 No 2.67 20.8 50�

Figure 4 Radiation pattern of configurations in a counterclockwise
winding at l � 0.5	 and � � 45� at 3.64 GHz. ������ LHCP of the
QHA with parasitic strips, � � � � � � LHCP of the QHA without
parasitic strips, �� RHCP of the QHA with parasitic strips, ——
RHCP of the QHA without parasitic strips

use of a parasitic copper strip QHA is still under investiga-
tion.

4. CONCLUSIONS

A novel QHA with a second parasitic QHA is proposed and
intensively studied. It is found that the return loss can be
reduced from �28 to �47 dB, and the impedance bandwidth
Ž .with SWR � 2 can be broadened to 39%. The bandwidth
with circular polarization can also be significantly increased.
The HPBW of the radiation pattern can be increased from 53
to 68�. This compact antenna is ready for use in mobile
satellite communications.
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ABSTRACT: A study of scattering from a dielectric object located abo�e
a half space is performed to clarify the accuracy of a ‘‘ four-path’’ model
which includes single scattering effects only. An iterati�e method-of-
moments solution is used for comparison, and both frequency- and time-
domain examples are illustrated to clarify the scattering interactions
which occur. � 2001 John Wiley & Sons, Inc. Microwave Opt Tech-
nol Lett 30: 130�134, 2001.
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1. INTRODUCTION

Many practical geometries for radar applications involve ob-
jects in the presence of the Earth surface. Although the
ground surface typically has complex features such as vegeta-
tion, surface roughness, or dielectric constant variations, in
many cases, these effects can be neglected, and the surface of
the Earth can be modeled as a planar boundary between free
space and a homogeneous dielectric medium. Electromag-
netic scattering from objects above a half space has been
studied extensively, but analytical solutions are not readily
available due to the complexity of the half-space Green’s
function. A simple ‘‘four-path’’ approximate model which
includes only single scattering effects has been widely applied
� �1�4 , but the accuracy of this model has not been explored in
detail. Numerical solutions which include all scattering inter-

� �actions have also been developed 5�7 , but insight into the
scattering process is not directly provided by these tech-
niques. An analysis of numerical model results to clarify the
important scattering mechanisms would therefore be useful
for improving understanding and for testing the simple four-
path model.
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In this paper, an examination of the four-path model is
performed through comparison with results from an efficient
numerical model for scattering from a three-dimensional
dielectric object in the presence of a dielectric half space.
Results in both frequency and time domains are illustrated to
allow distinct scattering interactions to be compared. Results
show the four-path model to provide reasonable predictions,
although higher order interactions are also observed in nu-
merical model data. The following section describes the nu-
merical model used, and Section 3 discusses the example
problem considered. A description of the computational is-
sues involved follows in Section 4, and results are presented
in Section 5.

2. NUMERICAL MODEL

Figure 1 illustrates the basic geometry considered in this
paper: a dielectric object with relative complex permittivity �3
is located above an interface between free space and a
dielectric half space with relative complex permittivity � . A2
method-of-moments formulation of this problem typically
would be based on use of the half-space Green’s function, so
that unknowns would be required only on the dielectric

� �object. However, the current study applies an algorithm 8
which places volumetric electric current unknowns inside the
dielectric object and electric and magnetic surface current
unknowns on the dielectric boundary, allowing use of the
simpler unbounded medium Green’s function. This model
was developed for studies of scattering from objects in the
presence of rough surfaces, for which the half-space Green’s
function formulation is invalid.

Although the current model will clearly have an increased
number of unknowns when compared to a half-space Green’s
function method, the efficiency of the formulation still allows
solutions to be obtained in a reasonable time. Computational
efficiency is achieved through the use of an iterative solution

Žof the moment-method matrix equation using the bi-
� �.CGSTAB algorithm 9 and through application of the

Ž . � �canonical grid CAG 10�11 and discrete-dipole approxima-
Ž . � �tion DDA 12�13 methods for computing surface-to-surface

and object-to-object point couplings, respectively, in order
N log N computations, where N is the number of surface or
object unknowns. A detailed description of the algorithm is

� �provided in 8 .

Figure 1 Geometry of problem

3. EXAMPLE PROBLEM

A dielectric rectangular box with dimensions 7.62 cm � 7.62
Ž .cm � 2.54 cm thickness and relative permittivity � � 3 �3

i0.03 is used as the object in the results illustrated below. The
center of the box is located 7.62 cm above an interface
between free space and a medium with relative permittivity
� � 5 � i1.25. Scattering from this object is to be deter-2
mined for a field incident at either 15 or 45� from normal
incidence at frequencies from 2 to 5.1 GHz.

Because the model used places unknowns on the dielectric
interface between regions one and two, the interface consid-
ered must be of finite size. A 1.28 m � 1.28 m interface is
used, and artificial edge scattering effects are avoided through

� �use of the ‘‘tapered-wave’’ incident field described in 14 .
This field is designed to mimic an incident plane wave, but
provides attenuation of incident fields as surface edges are
approached. For tapering parameter g � 3.333, the field inci-
dent on the surface edges is approximately 24 dB lower than
that at the center, and the object horizontal cross section
projected onto the flat interface is well within the 3 dB
incident spot size. A test of tapered-wave influence will be
described below through comparison with a plane-wave inci-
dence half-space Green’s function code.

Figure 2 illustrates the scattering mechanisms considered
in the approximate four-path model, which includes only a
single scattering interaction with the dielectric object. Path 1
is a standard backscattering path, and is calculated as though
the object were located in free space. Paths 2 and 3 involve a

Žbistatic scatter from the object again computed as if the
.object were in free space and a reflection from the bound-

ary, so an appropriate reflection coefficient must be included
in the scattered field amplitude. Note that, since these two
paths are identical under time reversal, their contributions
are equal. Path 4 involves two reflections from the interface
and a backscatter from the bottom surface of the object.
Since the object considered in this example is symmetric in z,
paths 1 and 4 involve the same object scattering coefficient.
The four-path model represents scattering from an object in
the presence of a dielectric boundary as the sum of these
four mechanisms, including appropriate phase shifts due to
the excess path lengths traveled in paths 2�4.

4. COMPUTATIONAL ISSUES

Since the 1.28 m � 1.28 m interface ranges between 8.5 and
21.76 free-space wavelengths as the frequency is varied from
2 to 5.1 GHz, the interface is sampled into 256 � 256 points
in the results shown. Although this is somewhat small for the
higher frequencies given that the lower medium wavelength
is approximately 2.25 times shorter than that in free space, a
set of comparisons using 512 � 512 points showed only slight
changes in scattered cross sections. While a smaller number
of points could be used for the lower frequencies, a constant
number of points sampling the interface as the frequency is
varied was chosen for convenience. The resulting number of
field unknowns on the interface is 262,144. The object is
sampled on a 32 � 32 � 8 point grid with step size 3.175 mm
Žranging from approximately 1�27 to 1�11 of the wavelength

.in the object as the frequency varies , resulting in a total
number of 13,824 object unknowns. The combined problem
thus contains approximately 276,000 unknowns.

Although the problem considered can be solved on a PC
level platform, total computing times for the multiple cases
considered in this paper were further reduced through use of
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Ž .Figure 2 Scattering mechanisms of four-path model. a Path 1.
Ž . Ž . Ž .b Path 2. c Path 3. d Path 4

IBM SP parallel computing resources at the Maui High
� �Performance Computing Center 15 . Since results as a func-

tion of frequency were of interest, single-frequency calcula-
tions were performed on individual nodes of the parallel

Ž .computer comparable to PC platforms to obtain 32 frequen-
cies between 2 and 5.1 GHz. Single-frequency computing
times on a single node were approximately 2 h; attempts to
optimize computing times have, at present, not been per-
formed extensively. Note that these times compare favorably
with half-space Green’s function codes due to the extensive
computational time required for calculation of the half-space
Green’s function.

Four-path model contributions were calculated using an
� �object in free-space DDA code 12�13 with the same grid as

in the combined surface�object code. The smaller number of
unknowns in the object-only problem allows a complete solu-
tion for all 32 frequencies to be obtained within 10 min on a
700 MHz Pentium III PC. The dramatic decrease in time for
these computations indicates the motivation for use of the
four-path model; development of approximate solutions for
scattering from an object above a half space is also possible
with the four-path model if an approximate theory for bistatic
scattering from an object in free space is available.

5. RESULTS

Figure 3 illustrates HH polarized backscattering cross sec-
tions versus frequency for an incidence angle of 15�. For
validation, predictions from the ESP5 half-space Green’s-

� �function-based code 16 are included for comparison at a
subset of the computed frequencies; good agreement is ob-
served, indicating that tapered-wave effects are not altering
object cross sections significantly. Some discrepancies within
1 dB are observed, but are difficult to resolve due to compu-
tational limitations of the half-space code which is based on
direct matrix equation solution. Results from the four-path
model are also included, and show good agreement with
numerical results. This comparison indicates that the four-
path model captures the dominant scattering mechanisms of
the problem, although discrepancies of up to 3.3 dB and an

Ž .error standard deviation in decibel values of 1.2 dB indicate
that multiple interaction effects not captured by the four-path
model may be significant in some cases.

Figure 4 illustrates the same comparisons for 45� inci-
dence and for both HH and VV cross sections. Polarization
effects should be expected to become more important as the
incidence angle increases due to polarized object scattering

Figure 3 HH polarized radar cross sections versus frequency for
15� incidence. Comparison of method-of-moments solution with
four-path model and ESP5 half-space Green’s function solution

effects, and due to the difference between vertical and hori-
zontal half-space reflection coefficients at larger incidence
angles. Results indeed show significant differences between

� Ž .� � Ž .�HH plot a and VV plot b results, and again the current
model provides excellent agreement with the half-space
Green’s function code. The error of the four-path model
increases compared to Figure 3, with maximum errors of
approximately 6.5 dB for both HH and VV results, and with
error standard deviations of approximately 2.1 and 2.6 dB,
respectively. Note that the four-path model tends to overpre-
dict numerical model HH cross sections; the mean error
Ž .again in decibel values is 2.85 dB. These results continue to
indicate that the four-path model captures dominant scatter-
ing effects, but neglects some mechanisms which may be
significant,

To further explore the important scattering mechanisms,
Figures 5 and 6 plot time-domain backscattered fields corre-

Figure 4 Radar cross sections versus frequency for 45� incidence.
Comparison of method-of-moments solution with four-path model

Ž . Ž .and ESP5 half-space Green’s function solution. a HH. b VV
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Figure 5 Envelope of HH time-domain backscattered fields for 15�
incidence. Comparison of method of moments with four-path model

Ž .sponding to the results for Figures 3 15� incidence and 4
Ž .45� incidence , respectively. The envelope of backscattered
fields in decibels is illustrated in these figures, obtained from
an inverse FFT after applying a Kaiser�Bessel window func-
tion with parameter � � 6. Time zero is defined at the origin
of the half space, so object scattering returns appear at times
less than zero. Four-path model results are included in these
plots for each individual path as well as their combination;
individual path results show the early time return from the
object in path 1, the bistatic returns of paths 2 and 3 around
time 0, and path 4 returns at longer time delays, as expected.
Note in Figure 5 that the bistatic contribution of paths 2 and
3 is more significant than the direct object backscatter due to
the relatively low contrast of the object, which results in the
majority of energy remaining in the near-forward scattering
region. In all cases, excellent agreement with numerical model
results is obtained at early times where object only effects
dominate scattering returns. However, some differences are

Figure 6 Envelope of time-domain backscattered fields for 45�
incidence. Comparison of method of moments with four-path model.
Ž . Ž .a HH. b VV

observed around time zero, which become larger for the 45�
cases, and particularly in vertical polarization. Longer time-
delayed results show significant differences in all cases.

Several higher order object�surface interaction mecha-
nisms can be proposed to explain these differences. In partic-
ular, a path in which the incident field is scattered by the
target into a direction propagating normally onto the half
space, reflected, and then rescattered by the object into the
backscattering direction would produce contributions around
time zero. Multiple reflections between the bottom surface of
the target and the half space would then appear at later
times, beginning with the approximate time of path 4. Each
proposed higher order mechanism also has a corresponding
set of four-paths, leading to further time-delayed contribu-
tions.

6. CONCLUSIONS

The results of this paper demonstrate that the basic premise
of the four-path model for scattering from an object above a
half space is valid, but that higher order effects can be
significant in some cases which reduce four-path model accu-
racy. Clearly, the geometry of the target and its location
relative to the half space will play an important role in the
relevance of higher order mechanisms; the example illus-
trated here is one for which higher order interactions should
be moderately strong. Time-domain backscattered returns
allowed four-path model terms to be distinguished, and
showed higher order mechanisms to become more important
as time delays increase.
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ABSTRACT: A new design of two stacked shorted patch antennas
integrated on the same microwa�e substrate for DCS and WLAN
dual-band operations is presented. The two antennas together occupy a
small area of 19 � 28.5 mm2, and the heights for the DCS and WLAN
antennas are 10 and 5.2 mm, respecti�ely. Details of the measured
antenna performances are presented. � 2001 John Wiley & Sons, Inc.
Microwave Opt Technol Lett 30: 134�136, 2001.
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1. INTRODUCTION

Stacked shorted patch antennas can have enhanced imped-
ance bandwidths compared to a regular single-layer shorted
patch antenna, and several promising designs have been

� �reported 1�3 . These available designs, however, are mainly
for single-band operation. In this paper, we present a new
design for integrating two stacked shorted patch antennas on

Žthe same microwave substrate to perform DCS digital com-
. Žmunication system, 1710�1880 MHz and WLAN wireless
.local-area network, 2400�2485 MHz operations. The two

antennas, having separate feeding ports, are integrated in a
compact configuration, and meet the bandwidth requirements
for the DCS and WLAN operations, respectively. Details of

the antenna design are described, and experimental results of
a constructed prototype are presented and discussed.

2. ANTENNA DESIGN

Figure 1 shows the proposed compact configuration of two
stacked shorted patch antennas for DCS and WLAN opera-
tions. The side views of the DCS and WLAN antennas are,

Ž . Ž . Ž .respectively, shown in Figure 1 a and b . Figure 1 c depicts
the top view of the integrated configuration of the two
antennas, whose lower or driven patches are printed on the

Žsame microwave substrate thickness 3.2 mm and relative
.permittivity 4.4 in this design and short circuited to the same

ground plane through the microwave substrate. Six and four
shorting pins, symmetrically arranged close to the two ends of
the shorted edge, are used for short circuiting the lower
patches of the DCS and WLAN antennas to the ground
plane, respectively. On the other hand, the upper or parasitic
patches of the two antennas are short circuited to the same
ground plane using a single shorting pin at the center of the
shorted edge. The region between the shorted lower and

Župper patches is an air layer, and plastic posts not shown in
.the figure are used for supporting the upper patch above the

lower one. Also note that separate coax feeds are used for
the two antennas, and the feed position is selected along the
center line of the lower patch.

In order to achieve a compact integrated configuration for
the two antennas, the lower patch of the DCS antenna is
transformed to have an L shape, which effectively reduces the

Žrequired lower patch length to be 19 mm without the patch
shape transformation, the required lower patch is about

.23 mm , and placed close to that of the WLAN antenna with
a small gap of 2 mm. This arrangement makes the two
antennas together occupy a small area of 19 � 28.5 mm2. As

Ž .Figure 1 a Side view of the stacked shorted patch antenna for
Ž .DCS operation. b Side view of the stacked shorted patch antenna

Ž .for WLAN operation. c Top view of the DCS and WLAN antennas
integrated on the same microwave substrate. Dimensions given in the
figures are in millimeters, and the ground-plane size is 50 � 50 mm2
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