ADVANCED ELECTROMAGNETIC METHODS FOR
AEROSPACE VEHICLES

Semiannual Progress Report
(July 1 - December 31, 1991)

by
Constantine A. Balanis
El-Budawy;El-Sharawyﬁ,
Shahrokh Hashemi-Yeganeh
James T. Aberle
Craig R. Birtcher

Telecommunications Research Center
College of Engineering and Applied Sciences
Arizona State University
Tempe, AZ 85287-7206

Sponsored by
Grant No. NAG-1-1082
National Aeronautics and Space Administration
Langley Research Center
Hampton, VA 23665

(’M"fi—h"ﬂ 10345 ATV AT LA ¥'r<*7M1‘aa,?»};.’TIr
Mol oy o AT RS0 A VoHT oL o fwniﬂunUfl
OGPy '"s‘-'n.,r:_. Todul, - 21 Tee JEED ]
(*rizon, “rare Boviwve ) oy i3 L5CL 11+
Sif e

unclt ;s

[N} 7A' LN



Contents
1. INTRODUCTION
II. COMPOSITE MATERIALS

A Introduction « . - o e sttt L
B. Modeling and Measurements of Antennas on High Conductiv-

. ity Composite Materials . o - o oecsce st
C. Predicting and Measuring Effects of Low Conductivity Com-

posite Materials on Antenna Patterns . . .. .ccco0m s

D. Conclusions « « -« s ot

E Future Work . « o« e ovmems s st nnnnnn

I11. Voltage Finite-Difference Time Domain Analysis of Corona

Discharge Problem

A, Tntroduction . . « o« e -ttt T T

B. Voltage Finite Difference-Time Domain analysis of travelling
wave along microstrip transmission line . . . ..o o0

C. Voltage FD-TD simulation of simplified corona discharge . . -
D Future work « . o cocoe sttt T

Tntroduction . « « « -+ oo et
Polarization-Diverse Conformal Microstrip Patch Antennas . .
Ferrite-Filled Cavity-Backed Slot Antennas . . - -+ o+ oo -t
Varactor-Tuned Microstrip Patch Antennas . . ... .- -~
Future Work « « « oo somme s nn

mo oW



I. INTRODUCTION

The Advanced Helicopter Electromagnetics (AHE)-Industrial Associates Pro-
gram continues its research activities centered on issues that advance technol-
ogy related to helicopter electromagnetics. The topics of research have been
identified and supported by the members of the program. The Advisory Task
Force of the AHE program reviews the topics of research and recommends
areas of research interest to the group.

This progress report has focused on the following three major topics:

1. Composite Materials
2. Precipitation Static - Corona Discharge

3. Antenna Technology

In Composite Materials the research has focused on the measurements of
the electrical properties of composite materials, and the modeling of material
discontinuities and their effect on the radiation pattern of antennas mounted
on or near material surfaces. Samples of the materials were provided by
Sikorsky Aircraft and AVRADA (through SRI). Measurements of the elec-
trical properties of these materials at microwave frequencies have already
been made, and they have been reported in previous progress reports. These
‘properties have been used to model antenna performance when mounted on
composite materials. Since helicopter platforms include several antenna sys-
tems at VHF and UHF bands, measuring techniques are being explored that
can be used to measure the properties at these frequency bands. Techniques
are being developed to account for the presence of materials on the perfor-
mance of the radiation characteristics of helicopter antennas. In particular,
emphasis is placed on the representation and validity of the Green’s function
analysis. Separate computer codes have been developed which calculate the
complex surface impedance of a finite size dielectric or composite material
mounted on a perfect electric conductor (PEC). The imaginary part of the
surface impedance accounts for radiation by the discontinuity. The imped-
ance is computed using convolution theory and Green’s function techniques.
FFT techniques are used to evaluate integrals included in the convolution
process.



During the second year of the AHE program the effort on corona dis-
charge and precipitation static has been directed toward the development
of a new two-dimensional Voltage Finite-Difference Time-Domain computer
program. Results based on the simplified two-dimensional Voltage Finite-
Difference Time-Domain program indicate the feasibility of utilizing poten-
tials for simulating electromagnetic problems in the cases where potentials
become primary sources. For example, the program can successfully pre-
dict the propagation constants for the longitudinal wave along a microstrip
structure. In addition, efforts have been made to include the corona dis-
charge mechanism into the two-dimensional Voltage FD-TD for a two-wire
high voltage transmission line. Such a modeling is essential in understand-
ing the discharge process and ultimately corona discharge mechanism by the
sharp edge of an aircraft or helicopter structure.

In Antenna Technology the focus has been on Polarization Diverse Con-
formal Microstrip Antennas, Cavity-Backed Slot Antennas, and Varactor-
Tuned Circular Patch Antennas. Through the AHE program, numerical
codes have been developed for the analysis of two-probe-fed rectangular and
circular microstrip patch antennas fed by resistive and reactive power divider
networks. These codes can be used to evaluate the overall performance of
polarization diverse conformal antennas in terms of return loss, axial ratio,
cross-polarization level or polarization mismatch. In addition investigation
has been initiated of slot antennas backed by cavities that are partially filled
with ferrite. Experiments to measure the radiation pattern and efficiency of
a prototype cavity-backed slot antenna have been performed at microwave
frequencies. There is considerable interest in using this type of an antennas
at VHF and UHF frequencies. Computer codes are currently under devel-
opment to predict the performance of these antennas. These codes utilize
rigorous, fully electromagnetic approaches and should provide us with a good
deal of insight on how to design these antennas for optimum performance.
The narrow bandwidth of conventional microstrip antennas can be overcome
by using a varactor diode to vary its resonant frequency over a fairly wide
bandwidth. By varying the voltage across the varactor, the capacitance of
the equivalent antenna circuit and thus the resonant frequency of the an-
tenna can be changed. The investigation of this type of an antenna has been
started, and it will continue in 1992.

A detailed review of the progress of all of these topics is outlined in this
report. Additional information of the progress of the AHE program during
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1991 can be found in the previous semiannual progress reports.






II. COMPOSITE MATERIALS

A. Introduction

Nonmetallic material are now routinely an integral part of an airframe. How-
ever the introduction of such materials to the structure plays a key role on
the performance of the on-board avionics and significantly increases the an-
alytical complexity of the prediction problem.

In this section, theory and measurements of antennas on composite mate-
rials are presented and compared. Two different types of composite materials
are discussed:

1. Materials of high conductivity, such as graphite epoxy and fiberglass
with aluminum screens near the surface.

2. Materials of low conductivity, such as fiberglass and microwave ab-
sorbers.

Measurements of material properties for both types of material have been
performed in our laboratory and presented in our previous progress reports.
The results of these measurements are used to evaluate the surface impedance
of the material. This surface impedance is used to model the composite
material structure as wire-grid and the NEC code is used to model and
predict the radiation patterns of monopole antennas on or near surfaces of
composite material.

B. Modeling and Measurements of Antennas on High
Conductivity Composite Materials

"~ In this section, we first measure the properties of some high conductivity

composite materials. Using the experimental data, we numerically predicted
the effects of the materials on antenna patterns. The computed results finally
compared with measurements.

.

1. Measurements of material properties

Three material samples provided by Sikorsky Aircraft, one fiberglass impreg-
nated with graphite epoxy, one fiberglass with one aluminum screen on the



surface and one fiberglass with two aluminum screens embedded near one
of the surfaces, were tested. Figure 1 shows the geometry and orientation
of all three different material samples. All these samples are symmetric in
the 0° and 90° orientations, whereas some anisotropy may exist in the 45°
orientation. To measure the properties of the material in the 45° orientation,
other samples have to be cut so that the electric field in the waveguide is par-
allel to the required orientation. This explains why a single waveguide mode,
with a well known field orientation, has to be used to measure anisotropic
materials. In addition, another fiberglass sample with one aluminum screen
on the surface, made available through SRI (Stanford Research Institute),
was examined.

The surface conductivity versus frequency of the graphite sample is shown
in Figure 2 for two different orientations, 0° and 45°. As mentioned above,
the structure is symmetric with respect to 0° and 90° orientations, as well
as with respect to the 45° and 135° orientations. As shown in Figure 2, the
conductivity of graphite epoxy is about 1000-1500 S/m in the 45° orientation
and about 500-1000 S/m in the 0° orientation. The conductivity increases
with frequency which makes this material a good choice for shielding against
surges due to antenna switching, corona, discharge, etc., where the frequency
spectrum of these transients spreads over a very broad range.

Figure 3a shows the conductivity measurements of the Sikorsky Aircraft
fiberglass sample with one aluminum screen on the surface. The conductivity
is almost isotropic and increases with frequency. The value of conductivity
is less than that of the graphite sample (almost one third). Figure 3b shows
the conductivity measured from the opposite side of the aluminum screen
(dielectric side). The equivalent conductivity in this case is significantly
reduced (by a factor of about 30 less than the front screen conductivity). This
shows the necessity of placing the conducting screen near the outer surface
of the helicopter to get good grounding effects. Similarly, the measured
conductivities the SRI sample are shown in Figure 4.

Figures 5a and 5b show the effective conductivity of both sides of the
fiberglass sample with two aluminum screens embedded near one of the sur-
faces. First, by embedding the screens inside the material, the conductivity,
similar to the graphite material, became anisotropic. However, contrary to
the graphite, the 0° orientation of this material has higher conductivity. The
conductivity decreases with frequency which does not provide as good of a
shielding against transients. The dielectric side has the lower conductivity,
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as expected.

Conclusions and recommendations stemming from the above measure-
ments include the possibility of adding aluminum screens to graphite mate-
rials to neutralize their anisotropy, if this is of significance. Also, keeping
the aluminum screens at the surface, instead of embedding them inside the
material, can be useful in avoiding reduction of the conductivity versus fre-
quency.

2. Material effects on antenna patterns

The measured data of the high conductivity materials are used to predict
their effects on antenna patterns. The surface impedance used in the com-
putations can be expressed in terms of the conductivity as

Z, = \/@ (1)

This impedance is used as a load to the segments in a wire grid, representing
a composite material surface, used in the computation of the NEC code.

First, the radar cross section (RCS) of a square sample of graphite epoxy
was computed and compared with measurements made in the EMAC facility
at Arizona State University. The surface of the graphite was modeled as a
wire grid with surface impedance given by Equation 1.

The graphite sample has dimensions of 1.5\ x 1.5\ at 6 GHz. Initially,
the grid mesh was chosen to be square (Figure 6a). As mentioned above, the
conductivity of this material is anisotropic. To account for this anisotropy, a
denser mesh (as shown in Figure 6b) is used to model the graphite surface by
assigning different surface impedance to wires in different orientations. Wires
in the 45° orientation are assumed to have lower surface impedance than wires
in the 0° orientation. To save CPU time, the thickness of the sample (0.111
inches corresponding to 0.0564) at 6 GHz) was neglected and the sample was
assumed to be infinitely thin. Figures 7 - 10 show predicted and measured
monostatic RCS patterns for two different azimuth angles and two different
polarizations (soft and hard polarizations). The predictions include results
obtained from the square mesh and the denser mesh discussed above, and
for the sake of comparison, results obtained by modeling the graphite as
perfect electric conductor (PEC). Good agreement has been obtained in all
cases with the highest discrepancy of about 2 dB in the endfire direction,
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probably due to neglecting the thickness of the sample. Using the measured
value of graphite conductivity, instead of assuming it to be a perfect electric
conductor, resulted in a better agreement with measurements in the endfire
direction but gave very similar results to the PEC model in the broadside
direction. :

Second, at 6 GHz, radiation patterns of a gold plated A/4 monopole on
a graphite sheet of dimensions 1.5\ x 1.5\ were computed, using the surface
impedance given by equation Equation 1 where the conductivity was from
the previous measurements. We also measured the radiation patterns at our
facility as comparisons.

The structure under investigation is shown in Figure 11. The monopole
was placed at the center of the sheet. A coaxial connector was used to connect
the antenna to the test equipment. The thickness of the sheet was 0.111 in
(0.0564 at 6 GHz). The modeling of the graphite ground plane is identical to
those used in the prediction of the RCS of this graphite sheet. The monopole
was modeled as an infinitely thin PEC (Z, = 0) wire. We anticipated that
the coaxial connector in the back of antenna will have a minimal effect on
the main beam of the antenna, therefore the connector was not modeled.
The computed and measured results are plotted in Figures 12 and 13 for
two different azimuth angles. Good agreement was observed between theory
and measurements, except for the back portion of the pattern. This may be
due to the absence of modeling of the coaxial connector and the test cable
in the back of the antenna. Neglecting the thickness of the graphite sheet
also may have contributed to some of the discrepancies near and at endfire
directions. The agreement between predicted results based on the actual
surface impedance of the graphite was somewhat better than that assuming
the graphite to be a PEC.

Finally, we built another A/4 monopole antenna on a SRI fiberglass sub-
strate covered with aluminum screen on the antenna side. The dimension of
the ground plane is 2X x 2) and the operating frequency is 4 GHz (the low
end frequency of our ElectroMagnetic Antenna Chamber).

Based on its measured conductivity (¢ = 300 S), the surface impedance
of this material was evaluated, using Equation 1, to be Z, = 5 + 35 .
The antenna structure, similar to Figure 11 except that the ground plane is
replaced with a fiberglass with aluminum screen facing up, was modeled by a
single layer of wire grids, represent the aluminum screen, and the monopole
antenna. The grid mesh was chosen to be square and the length of each wire
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was 0.1). Figure 14 shows the measured and computed radiation patterns.
Good agreement between theory and measurements is indicated except in
the back region. This may be attributed to the fact that the fiberglass at the
back of the antenna, the coaxial connector and test cable were not included
in the model.

From the above examples, we believe that the NEC code can predict accu-
rately high conducting material discontinuities. However, with the extensive
use of nonconductive material in modern helicopter platforms, it is necessary
to examine the capability of the NEC code in handling low conductivity or
nonconductive materials.

C. Predicting and Measuring Effects of Low Conduc-
tivity Composite Materials on Antenna Patterns

In the first year of this work, we developed a solution for dielectric coated
surfaces. This solution was validated only for very large surfaces. The ac-
curacy of this solution degrades as the dimensions of the dielectric surface
decreases. Furthermore, the analysis was not successful in predicting the
impact of composite materials on the antenna efficiency (refer to our previ-
ous annual report on the radiation patterns of A/4 monopole on a 2\ x 2
partially-coated surface). Later on, we initiated an attempt to use a Green’s
function analysis for dielectric discontinuities using equivalent source tech-
niques. With this technique, the effect of the discontinuity is introduced by
a source of electric or magnetic fields to represent the difference in the fields
with or without the dielectric coating. We explored two different approaches;
the spectral domain and the spatial domain. We found the spatial domain to
be difficult to apply to more than one discontinuity or to use for composite
materials.

In our previous reports, we presented an iterative technique to calculate
the surface impedance of a perfect conductor partially coated with a com-
posite material. We found that this iterative technique will be extremely
slow and computationally inefficient. So, we worked on the derivation of a
closed form solution for the surface impedance of a partially covered perfect
electrically conductor. We also extended this expression to include magnetic
materials and material losses. For a partially covered perfect electric con-
ductor as shown in Figure 15, the effect of discontinuity can be modeled, as



mentioned above, by a fully covered ground plane and equivalent sources.

Using convolution theory, it is possible to prove that the surface impedance
Z, as a function of coordinates can be expressed as:
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B: = kosin(8)cos(¢) (3)
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(4)
and 71,?73?5,?1 are the transmission matrices of the composite material.

It is clear from the above equation that the value of the surface impedance
depends on the incidence angle # as shown in Figure 11. This makes it

necessary to run the NEC code for different angles. We wrote a computer
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program to calculate the surface impedance for different values of § and ¢
(azimuthal angle). At the present time this code uses regular inverse Fourier
transforms to calculate Z,. We plan to use IFFT in the future to save CPU
time.

To verify our theory, we built a A/4 monopole antenna at 10 GHz on a
2) x 2) ground plane. The ground plane was partially covered with a lossy
material of ¢, = 10 — 73.8 and g, = 2.12 — 51.5, as shown in Figure 16. In
our computations, three values of the surface impedance at § = 15°,45° and
75° were used. The computed versus measured radiation pattern are shown
in Figure 17. The calculated radiation pattern for the antenna on a perfect
electric conductor (without the lossy material) is also displayed. The effect
of the lossy material is to reduce antenna efficiency. The calculated pattern
using our new theory was somewhat higher (by about 4 dB in the main lobe)
than the measured value. The reasons for this discrepancy may be:

1. Material properties are not known accurately. We plan to build another
antenna on a material with well known properties, such as Teflon or

Duroid.

2. More values of the surface impedance at different angles are required.
This will require running the NEC code several time and is expected
to consume a lot of CPU time.

D. Conclusions

This section presented measurements and predictions of composite materials
on antenna patterns. Two categories of composite materials were examined.
The first type are materials of high conductivities, including graphite
epoxy and fiberglass with an aluminum screens. Their conductivities were
measured and then used in pattern computations with the NEC code. The
predicted results showed good agreements with measurements. Thus, we
conclude that the surface impedance given by Equation 1 can be used, as
loads in the NEC wire grid model, to successfully predict the effects of the
structure discontinuity if the composite materials have high conductivities.
The second type are materials with low conductivities, such as microwave
absorbers. We developed computer codes to calculate the complex surface
impedance of a finite size dielectric or low conductivity composite material.
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We built and tested a monopole antenna on a partially covered ground plane.
Although predictions of the radiation pattern of such an antenna show the
same trend as the measured pattern, the computed pattern was higher than
the measured pattern.

E. Future Work

Including the effects of material discontinuities on the radiation patterns of
antennas is a most challenging problem. Our efforts so far have shown that it
is possible to include these material discontinuities in our analytical models.
However, there are a number of issues need to be addressed. First, the code
has to be validated by carrying out further radiation pattern measurements
and computing the complex surface impedance for many values of the inci-
dence angle (we used only three angles in the above theoretical work). The
theory will also be used to study the scattering from simple structures such
as plates and cubes. We have plans to further improve the accuracy and the
computational efficiency of our code by implementing IFFT techniques in
our calculations. Finally, complex structures, such as helicopters and other
complicated platforms will be investigated.
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Figure 1: Geometry of the composite material samples.
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plate(hard polarization).
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Figure 11: Geometry of a monopole antenna on a graphite material ground
plane.
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Figure 12: Principal elevation plane(0°) radiation pattern of a A/4 monopole
on a 1.5) x 1.5A ground plane(co-polarization).
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Figure 14: Radiation pattern of a quarter-wavelength monopole on a 2\ by

2) plate. Impedance = (5 + j9).
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Figure 15: Analysis of discontinuities using the equivalent source.
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Figure 16: Geometry of a monopole antenna and partially-covered ground

plane.
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ITII. Voltage Finite-Difference Time Domain
Analysis of Corona Discharge Problem

A. Introduction

In the previous quarterly report, a simplified two-dimensional Voltage
Finite-Difference Time-Domain code was developed to analyze TE-wave prop-
agation in an infinitely long microstrip line structure, as shown in Figure 18.
The program was limited since longitudinal propagation of the wave (Z-
direction) had not been taken into consideration. Nevertheless, the general
behavior of the fields and the surface current on and around the upper strip
conductor were found to be reasonable. In the present report both longitu-
dinal and transverse wave propagations are considered.

The report consists of two parts. In the first part, we are concerned with
the extension of the longitudinal wave propagation in the Voltage FD-TD
code for the microstrip line, and the dependency of its propagation on the
operating frequency. The result obtained will be analyzed and verified by a
different analytical method. In the second part, the Voltage FD-TD will be
modified to determine radiation of a high voltage transmission line, shown
in Figure 19, with and without air chemistry formulation [1] for the corona
discharge, and the subsequent electromagnetic interference.

B. Voltage Finite Difference-Time Domain analysis
of travelling wave along microstrip transmission
line

In the absence of the dielectric substrate between the two conductors of a
microstrip transmission line, the propagation constant of the wave travelling
along the line is that of free space, and the characteristic resistance (assum-
ing zero loss for the conductors) is independent of frequency. Inclusion of the
dielectric substrate creates non-linear effects in the the propagation constant
where it is no longer proportional to the frequency, and the characteristic im-
pedance does not remain constant as a function of frequency. The non-linear
effects are due to higher order TE (transverse electric) and TM (transverse
magnetic) modes along the microstrip structure. To take into account the
higher order modes and the longitudinal propagation constants, one needs to
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include the £ and H six components into the Voltage FD-TD program while
they propagate along Z-direction. .

To begin with, consider the most general three dimensional problem for E
and H fields. They can be derived via auxiliary potentials V' (scalar electric
potential) and A (vector magnetic potential):

- .. 0A
E_‘—VV——87 (5)
-—d 1-‘ —

Both V and A are solutions to non-homogeneous second order partial differ-
ential equations

. 02A .
ViA - pegm = —pdy (7)
oV p
VZV - ﬂ€—6‘7 = —?t (8)

In addition, the pairs (V , ff), and (f, E) are related by

1%
V'A"fﬂC'&'—O (9)
J=oE (10)

J; and p; can be external impressed sources that produce electromagnetic
fields and/or internal response sources produced by the electromagnetic fields
in the conductors (equation 10).

It is easily verified that any twice differentiable function of (t — 2) or
(t + £) can be the solution to homogeneous forms of equations (7) and (8)
for a wave traveling in the positive or negative Z-directions, respectively.

u= ﬁ is the velocity of wave propagation in the medium with € and y as

its permittivity and permeability, respectively. For the microstrip line the
phase velocity lies between the speed of the light in free space ( \/“‘W) and

the unbounded dielectric (-\/—‘lﬁ) Assuming the fields, the currents, and the

potentials can be represented by the following general separable function
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Cale,y,2,t) = Cla,y,0f(t = 2) (11)

the three-dimensional problem can be reduced to a two-dimensional one,
further minimizing the complexity of the analysis. For example,the FD-TD
form of the electric field components become

ned o1 V(s 4 1,5) — V(D §)
E.r+2 L - _ ’ )
(i+39) Az (12)
At
o1 V(L 1) = V(L)
n+12 - = 9
E; (2,J+2) Ay (13)
ARG+ 3) =AY+ )
At

ntdoooo Lo o AR, 5) — AFTI(E, J)

z (Z,])—;V 2(1’])_ At (14)
Based on these equations a Voltage FD-TD code was developed to determine
the propagation constant and characteristic resistance of the microstrip line
structure shown in Figure 18. The flow chart used in this development is
similar to the chart in the previous report. Figure 20 shows the character-
istic resistance versus frequency for w = 2mm, d = 2mm, and ¢, = 2.5. As
it can be seen the characteristic resistance is a non-linear function of fre-
quency which is due to the higher order TM modes propagating along the
line. Figure 21 displays the normalized propagation constants versus nor-
malized thickness for the TE and TM waves. 3 and ko are the propagation
constants of the microstrip line and free space, respectively; and A is the
wavelength in free space. T My and T Ey lines correspond to the values of -é

versus ,\i resulted from the Voltage FD-TD simulation. They are obtamed
from two different values of u computed by imposing the continuity of tan-
gential electric field at the interface between the free space and the dielectric
substrate. TM7 and T Er lines present theoretical allowable fi versus /\io
values for the higher order TE and/or TM modes in the dlelectrlc substrate
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without the upper strip conductor, which is often referred to as slow wave
structure. These theoretical plots are obtained using the following iterative
equations [2]:

wn([2-(2)] ) = (GmBn) oo

for TE waves, and

212 3
€ 4 ¢ ((B/ko)?—1 )’
tan | |—— | +— kod| = — 16
Lo (&) } | = & (a2 19)
for TM waves. As it can be seen, the computed normalized propagation

constants by the Voltage FD-TD, and the iterative equations (15) and (16)
are in good agreement.

C. Voltage FD-TD simulation of simplified corona
discharge

In this section an attempt is made to implement a simplified version of corona
discharge mechanism, using air chemistry formulation [1], into the Voltage
FD-TD code, and to simulate the interference produced by the discharge.
The model used for the simulation consists of an infinitely long two-wire
transmission line immersed in an ionized medium, while a high potential
gradient exists between the two wires. Furthermore, the wires are assumed
to be square in their cross sectional view, as shown in Figure 19. There are
two reasons for selecting this model. First, the elongated sharp corners of the
wires can approximate some of the sharp edges on the body of an aircraft,
where high electric fields are more prevalent. Second, the two-dimensional
set up of the model simplifies the program and its running time when the
additional air chemistry formulation is implemented.

To observe the effect of the simplified corona discharge on the radiated
wave from the transmission line two different conditions were simulated using
the Voltage FD-TD program. In the first condition Voltage FD-TD was
used to determine the radiated electric and magnetic fields without the air
chemistry formulation. This is similar to first half of the present report
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without the dielectric substrate. In the second situation, the air chemistry
formulation was used to modify the Voltage FD-TD code to find the radiated
electric and magnetic fields.

The three-species air chemistry formulation for n. electron density [X5],
n_ negative ion density (5], and n, positive ion density [-15] is given by
the following differential equations:

Bt | g (0) + el IEO) - GUE@D] melt) = @) (17)
) 4 (1) = e B0 (18)

2+ 4 (g (1) + (Ol ne(t) = Q) + GUE@Dnelt) (19
na(t) = nelt) +n-(8) (20)

o = qltene + pon_ + sn) (1)

where A3 is the lumped electron-ion recombination [%], o, is the lumped
electron attachment rate ;i;] as a function of electric field, v is the lumped

ion-ion neutralization coefficient [%], G is the avalanche rate [--] as a func-
tion of electric field, and @ is the ionization rate [i’lc:";gﬂr—i] o is the air
conductivity ["‘c'::’], fte, ji—, and u, are the electron, the negative ions, and
positive ions mobilities, respectively. Figure 22 displays the flow chart that
was used to develop the modified Voltage FD-TD program. The steps in the
flow chart are similar to the previous report flow chart with the additional
variable conductivity at every point (except the conductors) to be computed
and used at every cycle of the program. Figure 23 shows the radiated electric
field at some point between the conductors of the transmission line. Solid
line presents the variation of the electric field as a function of time without
the air chemistry formulation. The frequency of the excitation was set to
2.5 GHz. The line indicates smooth variation of the electric field as a sinu-
soidal potential difference are excited on the transmission line. Dashed line
represents the electric field as a function of time with the air chemistry for-
mulation. High oscillatory variation of the dashed line shows interference due
to variable conductivity, or change in the electron and ion densities (equation
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21), in the area surrounding the wires which indicates the corona discharge.
This is an important result since spectrum analysis of the electric field can
reveal some of the possible electromagnetic interference (EMI) frequencies
produced by the air chemistry formulation, or the corona discharge.

D. Future work

For the future, our effort will be directed toward more accurate and complex
modeling of the air chemistry formulation for the sharp wedge near an infinite
ground plane where there is high electric potential between the wedge and
ground plane. The high electric field intensity near the sharp wedge can
be considered to be an excellent model to the high electric field near the
sharp wedges of the wings of an aircraft or the rotary blades of a helicopter.
Hence, EMI predicted by the model will give some indication on the frequency
spectrum generated by the sharp edges of the aircraft, and how this spectrum
will interfere with on-board communication systems.
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Figure 18: Microstrip transmission line excited by sinusoidal voltage source.
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Figure 19: Two-wire transmission line used in the corona discharge analysis.
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Figure 20: Characteristic resistance of the microstrip transmission line as a
function of frequency for w =3.91 mm, d =1.27 mm, and ¢, = 2.2.
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Figure 21: Normalized TE wave and TM wave propagation constants of the
Microstrip Transmission Line and Dielectric-Clad ground plane as functions
of normalized dielectric thickness.
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o = 0 everywhere except in the con-
ductors.

Using modified Voltage FD-TD pro-
gram (variable o) to determine V, A,
E, and H everywhere.

Using finite difference approximation
to solve the three-species air chem-
istry formulation for n., n, and n,

From new n.,n, and n, compute new
values of o everywhere (except in the
conductors)

Figure 22: Flow chart for the modified Voltage FD-TD analysis of the corona
discharge.
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IV. ANTENNA TECHNOLOGY

A. Introduction

Microstrip and cavity-backed slot antennas are widely used at UHF and above
in aerospace applications such as helicopters because they are conformal to
the vehicle surface as well as light weight, low cost and easy to manufacture.
During the past year, significant progress has been made in three areas of
conformal antenna technology: polarization-diverse microstrip anten-
nas, ferrite-loaded cavity-backed slot antennas and varactor-tuned
microstrip patch antennas. In this section, progress to date in each of
these areas is discussed, and plans for future work are outlined.

B. Polarization-Diverse Conformal Microstrip Patch
Antennas

During the first two years of the AHE program, we developed numerical
codes for the analysis of two-probe-fed rectangular and circular microstrip
patch antennas fed by resistive and reactive power divider networks. These
solutions utilize a rigorous full-wave Green’s function/Galerkin approach,
and thus model all of the effects of the dielectric substrate (including surface
waves) as well as feed-to-feed coupling. Such a rigorous approach must be
used if the models are to be accurate for patches printed on thick and/or
high dielectric constant substrates. Another important consideration is the
fact that the frequency performance of these patch radiators depends on the
characteristics of the specific network chosen to feed the element. Hence,
a rigorous analysis that accurately treats both the patch radiator and its
feed network is imperative. These codes can be used to evaluate the overall
performance of polarization diverse conformal antennas in terms of return
loss, axial ratio, cross-polarization level or polarization mismatch.

Figure 24 illustrates the geometry of two-probe-fed circular microstrip
patch antenna. The antenna was fabricated at ASU using our newly de-
veloped printed circuit fabrication facility. The antenna parameters are
e, = 2.33,tand = 0.0012,d = 0.21844 ¢cm, R = 2.0 cm, z,; = 0.7 cm,
Ypr = 0,252 = 0,92 = 0.7 cm, ro = 0.045 cm. The start frequency is 2.0
GHz, the stop frequency is 3.0 GHz, and the frequency step is 25 MHz. The
measured scattering parameters (S;; and Sz;) for the antenna are compared
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in Figure 25 to results calculated using the numerical model. The calculated
data was obtained using 326 seconds of CPU time on ASU’s Cray X-MP/18se
supercomputer. Measurements were made in ASU’s ElectroMagnetic Ane-
choic Chamber (EMAC) facility. As can be seen, the agreement between
theory and experiment is quite good.

C. Ferrite-Filled Cavity-Backed Slot Antennas

We reported our efforts on the cavity-backed slot antennas in the previous
semiannual progress report. Since then, further progresses have been made
and they are represented in this progress report.

Narrow bandwidth is a major disadvantages of conventional microstrip
and cavity-backed slot antennas. This disadvantage precludes their use in
a number of applications that could benefit from antennas possessing their
many desirable characteristics. In this and the next section, we discuss some
of the efforts underway to develop tunable conformal antennas. The basic
concept is to start with an inherently narrow-bandwidth antenna and some-
how vary one of its parameters allowing the antenna to be tuned over a
fairly wide bandwidth. In many applications, it is actually more desirable to
use such a tunable, inherently narrow-bandwidth antenna than an inherently
wide-bandwidth antenna because of the ability of the narrow-bandwidth an-
tenna to reject out-of-band interference.

The use of magnetized ferrite to control radiation and scattering char-
acteristics of antennas is a promising yet relatively undeveloped technology.
One can conceive of a cavity-backed slot antenna that could be used to cover
several different frequency ranges if materials of different constitutive param-
eters were substituted into the cavity backing. In practice, this concept can
be realized by partially (or completely) filling the cavity with ferrite and then
varying the permeability tensor of the ferrite by application of an external
magnetic field.

An example of the type of structure we are considering is shown in Fig-
ure 26. A radiating slot is etched in the ground plane of a printed microstrip
feed network and backed by a cavity which contains both ferrite and di-
electric layers. We have fabricated a prototype antenna with the following
parameters:

e CAVITY: 0.60 in x 0.40 in x 0.25 in.
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e FERRITE:
47 M, = 3400 Gauss
& = 15.5
linewidth = AH = 600 Oe
thickness = 0.025 in.

e DIELECTRIC:
¢, = 10.8
thickness = 0.050 in

Figure 27 shows the return loss and insertion loss seen by the microstrip
line. There are three distinct response regions: the first from 5 GHz to 7
GHz, the second from 8.5 GHz to 9.5 GHz, and the third from 10 GHz to
10.5 GHz. The first region is due to complex air-guided magnetostatic surface
waves which occur at frequencies above the resonant frequency

47 M,
which for this material is 4.76 GHz. The second region is due to complex
ground-guided magnetostatic surface waves which occur at frequencies below
the resonant frequency

fo =v(Ho + 47 M,) (23)

which for this material is 9.52 GHz. The resonance of the cavity itself which
occurs at 10.25 GHz is the dominant mechanism in the third region. For this
ferrite material, the first two regions are not very useful for antenna purposes
as there is very little radiation loss and measured patterns are quite poor.
This can be attributed to the large line-width (600 Oe), which results in large
loss near the resonant frequencies. Low loss materials have linewidths of 50
Oe or less, and can be as low as 1 Oe. On the other hand, the third region
seems to be somewhat more useful for these purposes. Figure 28 shows the
H-plane co-polarized radiation pattern of the antenna at 10 GHz. While the
H-plane pattern is reasonably symmetric, measurements have shown that the
E-plane pattern is substantially worse. Additional work needs to be done in
this area.

It is expected that the development of analysis software for the structure
will greatly enhance our ability to successful implement this novel antenna
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concept. As a first step in the analysis of these types of antennas, full-
wave numerical models for two-dimensional free-space-filled cavity-backed
slot antennas have been developed. These models allow evaluation of the
scattering width as well as the input admittance per unit length and radiation
pattern of the antenna.

Figure 29 shows the geometry of a two-dimensional cavity-backed slot
in an infinite, perfectly conducting, zero thickness ground plane. Full-wave
Galerkin solutions for determining the scattering width and input admit-
tance per unit length of this radiating structure have been developed. These
solutions utilize the Green’s function for a magnetic line current element ra-
diating in the presence of an infinite, perfectly conducting ground plane. To
facilitate the analysis, this Green’s function is derived in the spectral domain.
In addition, the Green’s function for a magnetic line current element radi-
ating into a two-dimensional cavity comprising perfectly conducting walls is
also required.

To evaluate the scattering width, a plane wave is assumed to be incident
upon the structure. The equivalence principal is used to close off the aper-
ture and replace it with a magnetic surface current just above the ground
plane and its negative just below the ground plane. This ensures continu-
ity of the tangential electric field across the slot. The unknown magnetic
surface current is obtained by formulating an integral equation statement of
the boundary condition that the tangential magnetic field must be contin-
uous across the slot. The integral equation is discretized by expanding the
unknown magnetic surface current in a set of known basis functions with
unknown coefficients and following Galerkin’s procedure.

Two different sets of basis functions are considered. The first comprises a
set of sinusoidal functions which do not explicitly exhibit the proper behav-
ior near the knife edge. The second set of basis functions comprises Cheby-
chev polynomials modified by an appropriate edge factor. Conveniently, the
Fourier transforms of functions in both basis sets can be found in closed-
form. Numerical studies have found that while both basis sets yield identical
results, the basis set with proper edge behavior converges much more rapidly,
and is thus the preferred basis set. However, the spectral domain integra-
tions for the admittance matrix elements that arise from this basis set require
convergence acceleration for accurate calculation to avoid unreasonably long
calculation times.

Figure 30 shows the calculated scattering width of the slot in decibels
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relative to one meter for both hard (TM,) and soft (TE,) polarizations.
The antenna parameters are W = 5.0 cm, € = 2.0,m, = 1.0,a = 35.4 cm,
¢ = 17.7 cm, 6 = 30 degrees. Notice the peaks in the scattering response
which correspond to the cavity resonances.

Figure 31 shows the calculated input admittance per wavelength of the
slot. The parameters are the same as in Figure 30. For this calculation, the
plane wave excitation is replaced by a current sheet in the aperture. Each
of the curves in Figure 30 and the two curves in Figure 31 were calculated
using about 220 seconds of CPU time on the Cray X-MP/18se.

We are currently extending our existing computer codes to allow treat-
ment of a three-dimensional slot antenna backed by a cavity that is filled
with arbitrary dielectric and ferrite layers.

D. Varactor-Tuned Microstrip Patch Antennas

The principle of the varactor-tuned patch antenna can be qualitatively ex-
plained as follows. Consider the equivalent circuit of a conventional circular
patch based on the cavity model as shown in Figure 32. The R-L-C tank
circuit represents the dominant mode of the patch with R representing all
loss mechanisms (including radiation), and the series inductance represents
higher order (non-radiating) modes of the patch as well as the effect of the
probe feed. By mounting a varactor diode between the patch conductor and
the ground plane, we effectively couple a voltage-controlled capacitance in
parallel with the R-L-C tank circuit. By varying the voltage across the var-
actor, we change the capacitance of the tank circuit and thus the resonant
frequency of the antenna.

The geometry of the varactor-tuned circular patch antenna that was fab-
ricated is shown in Figure 33. A high Q silicon hyperabrupt tuning varactor
(part number MA4ST556_31) was denoted by M/A-COM and used in the
prototype. The probe feed position is chosen such that the patch has an in-
put impedance close to 50 Ohms at resonance, and the position of the diode
is near to where the maximum electric field occurs under the patch in order
to maximize the amount of tuning. The DC bias supply is connected through
the HP-8510 network analyzer. The input return loss versus frequency for
several bias voltages is shown in Figure 34. As can be seen, in changing the
bias voltage from 0 volts to 15 volts, we are able to tune the antenna from
1.575 GHz to 2.64 GHz, which corresponds to a 50% bandwidth.

45



A comparison of measured and calculated input return loss versus fre-
quency for bias voltages of 4 and 20 volts is shown in Figure 35. The calcu-
lated data is generated using the computer program for two-probe-fed circular
microstrip patch antennas mentioned earlier. The varactor diode is modeled
as a lumped load at the base of a perfectly conducting pin whose radius
is equal to the actual diode radius. The load impedance is evaluated from
the equivalent circuit for the varactor diode shown in Figure 36. As can be
seen, the agreement between theory and experiment is good. Tolerances in
the dielectric constant of the substrate and patch dimensions combined with
an inability to exactly specify the diode packaging parasitics are the likely
causes of the slight deviations between theory and experiment.

E. Future Work

During 1992, work will continue on the topics discussed above. Using our
rigorous models, it has been found that two-probe-fed circular and rectangu-
lar microstrip patch array elements which are designed to radiate and receive
circular polarization exhibit axial ratios at boresight which are on the order
of 1 to 2 dB. In many systems, these performance levels are unacceptable.
During 1991, we began to investigate some techniques for improving the axial
ratio. One approach is to use balanced pairs of probes to create a perfectly
symmetrical radiator. This approach has the disadvantage of requiring a
more complicated feed network, which may no longer be achievable using a
purely planar structure. It is also possible to compensate for the element
asymmetry by adjusting the amplitude and phase of the feed excitation by
suitably designing the feed network. Another very interesting approach to
be investigated during 1992 is the use of an gyromagnetic (ferrite) super-
strate to achieve high-quality circular polarization from an element with an
intrinsically poor axial ratio or even from a linearly polarized element.

Investigation of some stacked microstrip patch antenna configurations
will also begin during the next quarter. By stacking patch antennas, one
can improve the impedance bandwidth of the antenna and/or provide for an
antenna which can operate at two widely separated frequencies.

During the past year, we began to investigate slot antennas backed by
cavities that are partially filled with ferrite. Experiments to measure the
radiation pattern and efficiency of a prototype cavity-backed slot antenna
have been performed at microwave frequencies. The ferrite material that
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was used in our experimental work has a line width of 600 Oe, and is thus
not suitable for magnetostatic applications. There is considerable interest in
using this type of antenna at VHF and UHF frequencies. We have contacted
Trans Tech Co., and they have agreed to donate high quality ferrite materials
suitable for operation in magnetostatic modes. In particular, we will be
receiving TTVG-800 with a line width of 10 Oe, which will enable operation
at UHF (1.1 GHz). Another material we will be receiving is G-1009 with a
line of 50 Oe, which will enable operation at VHF (250 MHz).

Computer codes are currently under development to predict the perfor-
mance of these antennas. These codes will utilize rigorous, fully electromag-
netic approaches and should provide us with a good deal of insight on how
to design these antennas for optimum performance. Both experimental and
theoretical efforts will continue through 1992.

Work will also continue on characterizing varactor-tuned microstrip patch
antennas. We are particularly interested in investigating the possibility of de-
veloping such antennas for the UHF range as well as enhancing our computer
model with the ability to predict the radiation patterns of such antennas.

47



(xpl-Ypl)

> X

Figure 24: Geometry of a two-probe-fed circular microstrip patch antenna.
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Figure 25: Measured and calculated Sy; and S, for a two-probe-fed circular
patch antenna with the probe feeds positioned to provide unbalanced circular
polarization.
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Figure 26: Cross-section of a slot radiator that is backed by a cavity contain-
ing a ferrite layer.
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Figure 28: H-plane co-polarized radiation pattern of the prototype cavity-
backed slot antenna.
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Figure 29: Geometry of a two-dimensional cavity-backed slot antenna.
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Figure 30: Monostatic scattering width of a two-dimensional cavity-backed
slot antenna for hard and soft polarizations.
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Figure 32: Equivalent circuit of a microstrip patch antenna based on the

cavity model.
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Figure 36: Equivalent circuit of the M/A-COM MA4ST556.31 varactor
diode.
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