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characteristics of reflector beamwaveguides. Diffraction effects of
propagation between two reflectors have been modeled by a fast
spherical wave expansion technique. Numerical results indicate that
for aperture sizes less than 30 wavelengths, there is insufficient
control on defocusing due to amplitude and phase shaping. Design
trade-offs on spillover loss and defocusing are possible by changing
the amplitude and phase distribution of the input wavefront for
larger size apertures.
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spacing of Z, = 142.5 X, there is little control of defocusing for
small reflectors (e.g., diameters less than 30 \).

Fig. 8 shows a comparison of the radius of curvature computed
from the SWE technique and the corresponding value obtained from
the Gaussian beam analysis [3]. The agreement between the two is
poor for large values of R, wherein the paraxial ray approximation
of the Gaussian technique does not hold well.

Fig. 9 illustrates the variation of root mean square phase error for
an apparent phase reference point that is displaced from the best-fit
phase center O,. For a given value of the spacing Z,, the variation
of rms phase error is more rapid for larger diameter reflectors. For
small sized reflectors we have a relatively diffused focusing. Hence
for a “‘small” reflector system, the overall gain of a beamwave-
guide-fed reflector antenna is relatively less sensitive to defocusing.
Experimental measurements on NASA /JPL beamwaveguide anten-
nas confirm these results.
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Experimental Verification of the 2-D Rooftop
Approach for Modeling Microstrip
Patch Antennas
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Abstract—Radiation pattern and input i ped measur ts for
a rectangular microstrip patch are used to establish the accuracy of a
general moment method approach. The approach uses two-dimensional
(2-D) rooftop basis functions to model arbitrarily shaped, three-dimen-
sional (3-D) posite, conductor-dielectric structures. The numerical
results show agreement with the measurements. However, both the
experimental and theoretical results show considerable differences when
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compared with previously published analyses using pulse-basis func-
tions. These differences and others that are pointed out cast serious
doubts on the validity of using pulse basis functions to model scattering
or radiation from composite structures.

1. INTRODUCTION

Theoretical studies have demonstrated the use of subsectional
basis functions to model the volume polarization current in dielectric
structures for scattering analysis [1]-[6]. Recently this approach has
been extended to handle composite conductor-dielectric structures;
in [7], the scattered field from conductor-dielectric structures is
calculated, and in [8], [9] the far-field pattern of a microstrip patch
antenna is calculated. The advantage of the polarization-current
approach is that the structures can have arbitrary shape, and this
permits the analysis of structures that have finite-size dielectric
regions. However, {8, fig. 21, [9, fig. 9], which are based upon the
use of pulse-basis functions, display radiation patterns that do not
agree with our results or with published experimental results for a
similar structure [10], especially below the ground plane of the
patch. Under further scrutiny the scattering results for composite
structures where the dielectric and metal are in contact [7] were also
found to be in error, based upon comparisons with numerical results
from our approach. A further search of the literature reveals a
number of publications that point to problems with the accuracy of
pulse functions [11]-[13] for modeling even purely dielectric struc-
tures.

An alternative approach uses 2-D rooftop functions to model both
the volume polarization current in the dielectric and the surface
current on the conductors [14]. This approach should be superior to
the pulse-basis approach [1]-[4], [7]-19] because rooftop functions
avoid the fictitious charge produced by pulse functions [15]. The
accuracy of the 2-D rooftop approach has been previously verified
by comparing calculated results with other published theoretical
approaches, and through extensive numerical convergence studies
[14]. In this communication, input impedance and antenna pattern
measurements are used to look more closely at the accuracy of this
method. A rectangular microstrip patch was studied to enable a
direct comparison with the results of [8]. The experimental work
confirms the use of 2-D rooftop functions, and casts doubt on the
validity of using pulse functions for modeling composite conductor-
dielectric structures.

I1. MODELING APPROACH

The structure under consideration is shown in Fig. 1, with
dimensions chosen to match those of [8]. The patch is modeled
using a moment method technique. First, each dielectric region is
replaced by an equivalent region that consists of a 3-D array of
thin-wall sections, as described in [14]. This allows the 2-D rooftop
functions to represent both the polarization current in the dielectric
regions and the surface current on the conductors. The electric field
boundary conditions are then applied, over both the dielectric
thin-walls and the conductors, through the use of surface impedances.
Fig. 2 illustrates the use of the thin-wall sections to model the
dielectric region, and the use of rooftop functions to model the
currents. In Fig. 2, a patch antenna structure is subdivided into a
3 x 3 x 2 grid. Two surface impedances are associated with each
thin-wall section, one for each orthogonal direction in the plane of
the section. The approach is described in detail in [14]. Consistent
with the discussion in [14], for this particular structure, only
half-rooftop functions are used to represent the polarization and
surface currents. Corresponding half-rooftop functions are subse-
quently combined, by making their coefficients dependent, to form
corner functions so that current at each corner is continuous and the

Fig. 1. Microstrip patch geometry. The patch is 5 cm by 5 cm and is
symmetrically fed by a 1 cm wide and 5 cm long transmission line. The
patch/feed are centered on a 93 + 5-/mil-thick substrate having sides 20 cm
along x and 15 cm along y, with &, = 2.33 = 0.02. A second structure
with substrate 40 cm along x and 10 cm along y was also studied. Both
structures include finite-size ground planes which cover the entire backside
of the substrate.
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Fig. 2. Diagram indicating the use of thin-wall sections and rooftop
functions to model the current density in a structure including a conductive
patch.

net current at each junction of thin-wall regions is zero. This
procedure prevents generation of fictitious charges that would other-
wise lead to numerical problems. A matrix equation is generated
and solved in standard fashion. Good agreement with previously
published results and consistency with physical principles have been
demonstrated in [14]. However, patch antennas were not considered
in those references, through microstrip lines, dielectric cubes, and
other composite structures were analyzed. This same approach has
also been applied to spiral-shaped patch antennas [16] and guided-
wave problems that involve finite-size dielectric regions [17]. In the
latter references, 2-D and 3-D waveguides were analyzed, including
coaxial, microstrip, and dielectric structures.

The computer code based on the algorithm given in [14] can be
used for any structure that can be defined by steps along a Cartesian
coordinate system. The number of independent current elements is
currently limited to about 6000 because of run time and storage
constraints. Though not a fundamental limitation, the grid must be
uniform along the x, y, and z directions; the use of such a uniform
grid allows table-lookup and other procedures that drastically reduce
the computer time necessary to fill in the elements of the resulting
matrix equation. In particular, a grid of 20 X 30 X 1 was used for
the first structure, and a grid of 40 x 20 X 1 for the second
structure (Fig. 1). Because the substrate is thin compared to the
wavelength, only one subsection along z for this structure is
needed; one subsection allows for a linear variation of polarization
current along this direction. Symmetry about the y direction allows
a factor of two reduction in matrix size; for the smaller substrate,
3334 independent current elements are required (run time is about
50 min per frequency point, using an IBM Mod 600 vector proces-
sor unit), and 4449 elements are required for the larger substrate.

Consistent with other moment formulations, the patch antenna is



692 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 39, NO. 5, MAY 1991

dB

80 ey
;
-40

-180 -90 0 90 180
8  (Degrees)

Fig. 3. Calculated (solid line) and measured (dashed) pattern for the
E-plane (Ej,) for the 20 cm X 15 cm patch in Fig. 1. Note that rectangular
plots have been used because they accentuate small differences in the
sidelobe levels that are difficult to see in a polar plot.

excited by a 1 V source placed across a delta gap in one of the
conducting segments [18]. In the patch structures discussed here,
that source is placed in a short rectangular segment, having zero
thickness and the same width as the feed line, that runs from the
ground plane to the left end of the feed line shown in Fig. 1. In the
formulation, the source location can only be specified to within
one-half a subsection. For the aforementioned grids, the subsection
sizes are 1.0 cm along x, 0.5 cm along y, and the substrate
thickness, or 0.236 cm, along z.

III. MEASUREMENTS

A variety of patch feed arrangements were tried both experimen-
tally and theoretically. All gave similar patterns except at large
angles 6 (near +180°) where the detected signal levels were small.
A backside feed through the substrate (Fig. 1) was found to give the
most reproducible results for large angles. A flange mount jack
receptacle was used to transition from coaxial cable to the feed line
(Omni-Spectra part 2052-1200-00, inner diameter 50 mil and outer
diameter 162 mil), and was attached to the ground plane with an
aluminum block as shown in Fig. 1. The signal transmitted by the
patch is received by a 20 dB rectangular horn spaced six free-space
wavelengths from the patch. The close proximity of the horn and
patch were simulated in the modeling and found not to significantly
change the pattern from the far-field pattern.

Initially the patch antennas were made with copper adhesive tape
placed on single sided copper clad Duroid RT5870 circuit board. It
should be noted that the resistive losses at 5 GHz of the copper tape
may be up to 10 times greater than for boards with cladding on both
sides, due to the nature of the nonconducting tape adhesive. Includ-
ing a resistance 10 times greater than bulk copper, however, was
found to change the computed results only slightly. To further
confirm this, a patch was etched on a two-sided copper board and
the impedance measurements did not change significantly.

E-plane (¢ =0°, 6 = [—-180°, +180°]) and H-plane (¢ =
90°, 6 = [—180°, +180°]) patterns at 1.875 GHz for the smaller
substrate are shown in Figs. 3 and 4. This particular frequency was
chosen because it corresponds to the 16 cm free-space wavelength
used in [8]; it is also close to the patch resonance. The agreement
for the backside radiation in the H-plane is not as good as in the
E-plane, because the measured field was found to be extremely
sensitive to the alignment of measurement setup. This behavior was
also observed in the simulations, but was not as pronounced. The
metal block used to secure the coaxial connector under the ground
plane (inset Fig. 1) may be a source of error in the backside
radiation patterns.
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Fig. 4. Calculated (solid line) and measured (dashed) pattern for the
H-plane (E,) for the 20 cm X 15 cm patch in Fig. 1. For this plane only,
measurements and calculations showed that sidelobe levels are very sensitive
to alignment of the antenna and horn. Two measurements with the alignment
changed slightly are displayed to illustrate this.
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Fig. 5. E-plane plot showing discrepancies between rooftop calculation
(solid line) and [8] (dashed) for the 20 cm X 15 cm patch in Fig. 1 with
€, = 2.56. Solid circles indicate rooftop calculations for e, = 1.0.

The results of Figs. 3 and 4 differ significantly from those
presented in [8], which show a null in the E-plane pattern at
¢ = 90°. The measured structure in this paper differs from that in
[8] only in the manner in which the patch is fed and slightly in the
value of the relative dielectric constant of the substrate (e, =2.56
in [7] against ¢ = 2.33 here). However, numerical studies, which
include the ideal feed of [8] and the slightly higher dielectric
constant substrate, show that this does not significantly change the
pattern and so cannot account for the discrepancy. Qualitative
experimental agreement with our results is also given in [10, fig. 9]
which considers a similar structure operated at a frequency, like
ours, near the patch resonance.

The errors in [8], [9] may be due to a fundamental limitations in
the use of pulse functions, an error in computer code or numerical
inaccuracies. However, since the scattering results in [7, figs. 3-6]
could not be duplicated, even qualitatively, with the rooftop ap-
proach, there appears to be a serious shortcoming in the use of pulse
functions for modeling composite structures. An interesting, per-
haps related issue, is the ability of the pulse functions to represent
the polarization current in composite structures, at least for the
given grid. A patch structure having a relative dielectric constant of
unity (i.e., horizontal conductors in free space) would have a null at
6 = 90°, since horizontal currents alone cannot give a far-field
contribution at this angle and polarization. Calculations for a patch
in which ¢, = 1 show the same basic features as the results in [81,
which is a null in the E-plane (E,) at 90° and a single valley in the
H-plane (E,), as shown in [8, fig 2]. Fig. 5 compares our results
with those presented in [8], as well as our calculations for a patch
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Fig. 6. Calculated (solid line) and measured (dashed) pattern for the
E-plane (E,) for the 40 cm X 10 cm patch in Fig. 1.

Fig. 7. Calculated reflection coefficient data (circles) compared with mea-
surements (squares) over the range 2.0 to 2.7 GHz. A 3.75 cm X 2.5 cm
patch was used for this figure, with a backside coaxial feed. No fitted
parameters were used in this plot.

structure with ¢, = 1. The resemblance between the last two curves
supports our suspicion that the pulse functions are not properly
representing the polarization current in the dielectric.

Fig. 6 shows measured and calculated patterns for the larger
substrate (40 cm X 10 cm). Ripples in the pattern at small angles
are consistent with surface-wave resonances and/or diffraction at
the edges of the substrate [21], [22]. Note that this behavior is
accurately predicted by the analysis.

The pattern agreement (Figs. 3, 4, and 6) indicates that the
modeling technique yields reliable results for far-field quantities, but
does not provide information on the validity of the near fields.
Near-field quantities can be tested by looking at the antenna feed
impedance. Measurements of the feed impedance Z., were per-
formed by measuring the reflection coefficient p of the patch with
an HP 8510 network analyzer, p = (Zioy—2Zy)/(Zgeq + Zy)-
Fig. 7 shows good agreement between theory and experiment for
the reflection coefficient of a 3.75 cm X 2.5 cm patch, centered on a
6.25 cm X 5 cm substrate, and with a backside coaxial feed 0.9275
cm from the edge of the patch. The reference plane for the
measurement coincides with the ground plane. No fitted parameters
or additional reactances were added to the measurements in Fig. 7.

IV. DISCUSSION

The rooftop approach for modeling polarization currents for patch
antenna structures yields results which agree well with experiment.
The impedance, which relies on an accurate representation of the
near field, was shown to agree reasonably well with theory even at
frequencies where only four sections per wavelength in the dielec-
tric are employed. Agreement for the E-plane patterns were ob-
tained for both structures considered. Though the agreement for the
H-plane was good for —90 < ¢ < 90, there were differences out-

side this region, where the nulls exist. However, in this region the
H-plane is very sensitive to the alignment (Fig. 4) and each time the
patch is slightly shifted the depth and positioning of the measured
nulls change noticeably. This effect was also observed in the simula-
tions. A few decibel variation in the calculated H-plane was ob-
served when the angle ¢ was varied from 90° to 92°. Thus, the
measurement of the H-plane in this region should be given far less
weight than the measurement of the E-plane, which is not as
sensitive to alignment. Based on the disagreement in results between
the rooftop approach and the pulse function approach, the technique
described in [8], [9] appears to have limitations for the patch on a
dielectric.

The impedance calculation, as given in Fig. 7, is computationally
expensive because of the large number of rooftop currents and
frequencies required. However, the input impedance for the patch
structure varies only minimally if the substrate is reduced to only
a rectangular region slightly larger than the patch. Thus, the run
time per frequency point may be drastically reduced by using a
smaller section of substrate. The entire substrate, however, must be
modeled when the field pattern is desired, and this is made clear by
the different patterns obtained for the two different size substrates.
Considerable computing time is saved because only one subsection
along the z direction is required.

The success of this technique for accurately calculating the per-
formance of finite size antennas on dielectrics opens the door for
studying many more complicated structures, such as multilayer
configurations of [23], and mutual coupling between two or more
patches [24].
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On Internal Higher Order Mode Coupling in Slot
Arrays

Sembiam R. Rengarajan and Daniel D. Nardi

Abstract—Internal higher order mode coupling between adjacent lon-
gitudinal radiating slots cut in a broad wall of a rectangular waveguide
is examined rigorously. Method of moments solutions to pertinent
coupled integral equations are investigated. Higher order mode coupling
effects on amplitude and phase of the aperture electric field are studied
as a function of waveguide and slot parameters. It is shown that higher
order mode coupling effects are accounted for, to a substantial extent in

tandard-height waveguides, and almost completely in reduced height
waveguides, by including the TE,, mode coupling in the analysis.

INTRODUCTION

Waveguide-fed slot arrays have been investigated extensively in
the literature. External mutual coupling effect was taken into ac-
count in Elliott’s design procedure for an array of longitudinal slots
in rectangular waveguides [1]. Later, Elliott and O’Loughlin modi-
fied the design procedure for introducing the internal mutual
coupling via the TE,, mode [2]. By comparing the data obtained
from two designs, with and without the TE,, mode internal cou-
pling, they concluded that the TE,, mode coupling effects are
ignorable for full-height guide, marginally detectable for half-height
guide, but significant for quarter-height guide. However, they did
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not investigate the error introduced due to the neglect of higher
order modes other than TE,,. Recently, Rengarajan investigated
higher order mode coupling effects between coupling slots in the
feeding waveguide of a planar slot array {3]. A method-of-moments
solution to the pertinent coupled integral equations was studied in
that paper. Two types of coupling slots were considered in [3].
Internal higher order mode coupling can affect the sidelobe level and
input voltage standing-wave ratio of high performance slot arrays.
The objective of this communication is to investigate the internal
higher order mode coupling between adjacent radiating elements in
a longitudinal slot array. The presence of external mutual coupling
may affect the extent of internal higher order mode coupling in this
problem with respect to that in [3]. For this study, a rectangular
waveguide with three radiating slots having equal values for magni-
tude of offsets but alternating positive and negative offsets with
respect to the center line of the waveguide, a matched generator,
and a matched load are considered. The central slot experiences
internal coupling from two adjacent slots and, hence, this model is
adequate for investigating the higher order mode coupling in slot
arrays. The results to be presented here provide a sound theoretical
basis for Elliott and O’Loughlin’s idea to include the TE,, mode
contribution to internal mutual coupling [2].

II. METHOD OF ANALYSIS

Fig. 1 shows the geometry of the problem. Three longitudinal
radiating slots are cut in the broad wall of a rectangular waveguide
of inner dimensions @, b, and wall thickness ¢. Each slot has a
length 2/, width w, and an offset from the center line of magnitude
6. A TE |, mode matched source excites the slots from one end of
the waveguide with the other end terminated in a matched load. The
broad wall containing the slots is assumed to be extending to an
infinite ground plane. It is assumed that the slots are narrow so that
the longitudinal component of the aperture electric field may be
ignored. Enforcing the continuity of the longitudinal magnetic field
across each of the six apertures yields six coupled integral equations
in terms of six unknown aperture electric fields. This procedure is
similar to the analysis technique employed in [3]-[8]. The integral
equations have been solved by a global sinusoidal Galerkin tech-
nique which generally assures an accurate solution for slots near
resonance with a few terms of expansion functions for each aperture
field. This method has been employed successfully previously for
coupling and radiating slot problems [3]-[8]. The application of the
global Galerkin type method of moments reduces the coupled inte-
gral equations to the following matrix equations:
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