




































































































































































































































































































































































































































































































































































Thursday AM 

URSI-B Session 62 
Numerical Methods: Time Domain Analysis and Applications 

Chairs: K. S. Yee, Lockheed; S. L. Ray, LLNL 
Room: Oak Time: 8:15-11:40 

8:20 Application of a Time-Domain, Finite-Value Maxwell's Equa- 268 
tions Solver for Inlets and Cavities 
V. W. F. Hall, A. H. Mohammadian, K. Peppi, Rockwell Sci­
ence Center 

8:40 Time-Domain Analysis of Wave-Guide Fed Antennas 269 
R. R. S. T. Pennock, M. J. Barth, Lawrence Livermore Na-
tional Laboratory 

9:00 High Power Microwave Antenna Systems Time Analysis 270 
M. J. R. W. Ziolkowski, Lawrence Livermore National Labora-
tory 

9:20 PDE Solution of Electromagnetic Scattering by a Body of Rev- 271 
olution Using an Asymptotic Boundary Condition on a Cylin-
drical Outer Boundary 
R. R. Mittra, Univ. of Illinois at Urbana-Champaign 

9:40 Electromagnetic Scattering from a Partially Coated Conduct- 272 
ing Cylinder of Arbitrary Cross Section Using MoM and FD-
TD 
W. J. Gesang,· X. Y. Min, K. M. Chen, Michigan State University 

10:00 Coffee Break 

10:20 Effects of an Impedance Sheet on the Scattering and Receiving 273 
Characteristics of a Cavity-Backed Antenna 
X. Y. Min,· K. M. Chen, E. J. Rothwell, Michigan State University, 
J. L. Lin, Boeing Advanced Systems Co. 

10:40 FD-TD Analysis of Electromagnetic Wave Radiation Involving 274 
Horn Antennas 
D. S. A. Taflove, Northwestern University 

11:00 Field Behavior Near the Vertex of an Infinite Dielectric Wedge 275 
Calculated Using FD-TD 
T. G. A. Taflove, Northwestern University 

11:20 One-Dimensional Finite Difference Time Domain Technique 276 
Applied to Determining Reflection from the Plasma Layer Sur­
rounding an Aerobraking Vehicle 
R. J. Luebbers, F. P. Hunsberger, K. S. Kunz, Pennsylvania State Uni­
versity, K. NASA - Langley Research Center 
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APPLICATION OF A TIME-DOMAIN, FINITE-VALUE 
MAXWELL'S EQUATIONS SOLVER FOR INLETS AND CAVITIES 

Vijaya Shankar, VVilliam F. Hall, Alireza Mohammadian, and Kimberly Peppi 
Rockwell International Science Center 

1049 Camino Dos Rios 
Thousand Oaks, California 91360 

The differential form of the time-domain Maxwell's equations are·first cast in a con­
servation form and then solVed using a finite-volume discretization procedure' derived from 
proven Computational Fluid Dynamics (CFD) methods applied to linear/nonlinear gasdy­
namics equations. The formulation accounts for any variations in the material properties 
(time, space, and frequency dependent), and can handle thin resistive sheets and lossy 
coatings by positioning them at finite-volume cell boundaries. The time-domain approach 
handles both continuous wave (single frequency) and pulse (broadband frequency) inci­
dent excitation. Arbitrary sha.ped objects are modeled by using a body-fitted coordinate 
transformation. For treatment of complex internal/external structures with many material 
layers, a multi zone framework with ability to handle any type of zonal boundary condi­
tions (perfectly conducting, flux through, zero flux, periodic, nonreflecting outer boundary, 
resistive card, and lossy coatings, etc.) is implemented. The finite-volume procedure em­
ploys an explicit Lax-Wendroff upwind scheme to integrate Maxwell's equations in time. 
The time domain results are converted to the frequency domain using FFTs, and then 
a Green's function based near field-to-far field transformation is employed to obtain the 
bistatic radar cross section. . 

The method is applied to different inlet and cavity geometries of the type shown below 
and the results are compared with other existing methods. 

~e:---l 
wave'~ 

INLET CAVITY 
SLIT CYLINDER SLIT RING 
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Time-Domain Analvsis of 
'Yaw-Guide Fed An"tennas* 

Robert R. :\IcLeod ,Steven T. Pennock. :\Ian'in J. Barth 
Lawrence Livermore :,rational Laborat ory 

Livermore. CA. 94.5.50 

Electromagnetic time-domain analysis of antennas can yield many results not anul­
able in the frequency-domain (eg. break-down effects). Especially for pulsed appli­
cations where such standard frequency-domain concepts as the far-field boundary 
are difficult to define, time-domain modeling suggests itself. This work attempts 
to establish the feasability of time-domain modeling of antennas by creating a 
realistic source and using it to dri,-e some simple radiators. 

We have employed the Finite-Difference Time-Domain (FDTD) method for this 
purose. A numerical wave-guide source is developed and shown to reproduce the 
exact time-domain solution for the guide. This source is then used to drive several 
simple antennas such as horns and reflectors. Since complete field information 
in space and time is known. a number of important antenna parameters can be 
derived. We will present results, in both the time and frequency domains. for the 
antenna impedance, currents on antenna surfaces, and free-space radiation. 

\Vork is in progess by Ziolkowski and Barth at LL~L to develop time-domain 
near to far-field transforms that would allow the prediction of patterns from such 
systems. 

Figure Open-ended wave-guide mesh 

* Work performed under the auspices of the U.S. Depart~ent of Energy 
by the Lawrence Li vermore Nat i ona 1 Labora tory under Con tract \~-7 405- Eng-48. 
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HIGH POWER MICROWAVE ANTENNA SYSTEMS 
TIME ANALYSIS t 

Dr. Marvin J. Barth' and Dr. Richard \V. Ziolkowski 
Lawrence Livermore National Laboratory 

P.O. Box 5504, L-1.56 
Livermore, CA 94.5.50 

Our objective is to model the performance of high power microwave antenna systems in 
both the frequency and time domains. Our approach is to use TSAR, a three-dimensional 
finite difference time doma.,in (FDTD) code, to model the antenna structure and the sur­
rounding near field environment. We then use FAR, a general purpose near-to-far field 
post-processor, to obtain the far field values. 

The FAR code uses the equivalence principle. Specifically, the code utilizes the tangen­
tial electric and magnetic fields at a specified surface of the FDTD computational volume 
and calculates the resulting far fields from the equivalent magnetic and electric sources. In 
this process the sources of errors are sampling density, the length of the excitation pulse, 
the total time history record length, the time step size, and the size of the FDTD volume. 
The TSAR-FAR approach will be illustrated with a pulse driven array of dipole elements. 
The far-field time histories and the resulting frequency domain antenna patterns will be 
presented. The sizes of the various errors associated with this approach will be discussed 
in detail; its efficacy will be contrasted with conventional methods. 

With an increased interest in high power microwave (HPM) sources there has become 
an associated need to develop antenna systems that can launch these high power fields. 
However, because these sources are generally pulsed, conventional CW antenna design con­
siderations are not completely adequate and augmented standards on the system perfor­
mance must be considered. Additionally, potential nonlinear effects such as the breakdown 
of gases near the antenna must now be incorporated in the design of these launch systems. 
These breakdown regions may have deleterious affects on the performance of the antenna 
system, most notably, its pattern. The application of the combined TSAR-FAR algorithms 
to modeling the overall performance of a HPM antenna system when breakdown regions 
occur near the antenna is being studied and will also be discussed. 

t This work was performed by the Lawrence Livermore National Laboratory under the 
auspices of the U. S. Department of Energy under contract No. W-i405-ENG-48. 
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PDE SOLUTION OF ELECTROMAGNETIC SCATTERING BY A 
BODY OF REVOLUTION USING AN ASYMPTOTIC BOUNDARY 

CONDITION ON A CYLINDRICAL OUTER BOUNDARY 

R. Gordon* and R. Miura 
Electromagnetic Communication Laboratory 

University of illinois 
Urbana, IL 61801 

In two recent papers (R. Gordon & R. Miura, 1988 URSI Digest; R. Mittra & 
R. Gordon, IEEE T-AP, to appear) we have presented a direct solution of the 
partial differential equations arising in the problem of electromagnetic scattering by 
a p.e.c. body of revolution (BOR). In order to reduce the number of unknowns we 
take advantage of the fact that, for a BOR scatterer, it is possible to formulate the 
problem in terms of two scalar potentials rather than all six components of the 
electric and magnetic fields. The potentials we use are modified versions of the 
coupled azimuthal potentials (CAPs) introduced by Morgan and Mei for the 
inhomogeneous BOR problem. These potentials satisfy a pair of coupled partial 
differential equations which must be solved simultaneously by enforcing the 
numerical approximations of these equations at each point in the mesh surrounding 
the scatterer. An artificial outer boundary must be used to truncate the mesh. In this 
paper we show how a cylindrical outer boundary, which is well-suited for long, 
slender bodies, can be used for this problem. For such scatterers, the use of a 
cylindrical mther than a spherical outer boundary reduces the number of unknowns 
needed. The Bayliss-Turkel (B-T) type of absorbing boundary condition cannot be 
conveniently derived for the potentials used in this problem. Instead, an asymptotic 
boundary condition obtained from the Wilcox's expansion for the scattered field in 
terms of powers of r-1 is used to truncate the mesh at the outer boundary. This 
boundary condition is even more convenient to implement than the B-T operator, 
and is readily generalizable to vector fields. 

An important feature of this method is that it enables one to derive a good 
approximate solution to the scattering problem in just one step. In contrast, the 
Unimoment method involves a two-step procedure, which not only requires 
repeated solution of the p.d.e. but the inversion of a full matrix as well. Numerical 
results are presented for some representative problems and are compared with 
analytical solutions as well as with those obtained from a Method of Moments 
approach. The comparisons are found to be quite favomble. 

Scatterer 
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ELECTROMAGNETIC SCATTERING FROM A PARTIALLY 
COATED CONDUCTING CYLINDER OF ARBITRARY CROSS 

SECTION USING MOM AND FD-TD 

W.J. Gesang* ,X.Y. Min and K.M. Chen 
Department of Electrical Engineering 

Michigan State University, East Lansing, MI 48824 

It is well known that the scattered field from a conducting body can be 
modified significantly if the body is coated with a layer of lossy .magnetic 
material . In many applications , partial coating is preferred over complete 
coating if the scattering reduction performance of the former is comparable 
with that of the latter. 

An infinitely long conducting cylinder of arbitrary cross section coated 
with strips of lossy magnetic materials and illuminated by a normally incident 
plane wave is considered . Two different approaches have been used to solve 
this problem. First, the Maxwell's time-dependent curl equations are solved 
directly by the finite-difference time-domain (FD-TD) method. Recently 
developed techniques are used to treat the curvature of the conducting surface 
and the thin coating on it . Second , three coupled surface integral equations 
are derived in terms of the equivalent electric and magnetic surface currents 
on the coating and the conducting surface . The integral equations are solved 
numerically by the moment method . 

The scattered far fields are then determined on the basis of either the 
tangential E and H fields on a virtual surface in the FD-TD method or the 
equivalent surface currents in the moment method. The results of these two 
methods are compared and some useful information conce.rning the 
modification of the scattering characteristics of metallic bodies by impedance 
coating is obtained . 
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EFFECTS OF AN IMPEDANCE SHEET ON THE SCATTERING AND 
RECEIVING CHARACTERISTICS OF A CAVITY-BACKED ANTENNA 

Xiaoyi Min*, K. M. Chen and E. Rothwell 
Department of Electrical Engineering 

Michigan State University, East Lansing, M1 48824 
J. L. Lin 

Boeing Advanced Systems Co., Seattle, WA 98124 

The finite difference time domain method is employed to solve the fol­
lowing problems: (1) the scattering of a plane wave by a thin impedance 
sheet, (2) the scattering and receiving characteristics of a wire antenna, and 
(3) the EM field excited by an incident wave in an open cavity on a ground 
plane. 

The techniques used in solving these problems are combined to analyze 
the scattering and receiving characteristics of a cavity-backed antenna which 
is covered by an impedance sheet at the antenna aperture. The scattered 'and 
received powers by the antenna are determined as functions of the electric 
properties of the impedance sheet. 

To apply the finite difference time domain method to this problem, a 
modified radiation boundary condition for an infinite ground plane was 
developed. Also the Faraday's law in integral form was used to determine the 
scattering of EM wave by a thin impedance sheet. 
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FD-TD ANALYSIS OF ELECTROMAGNETIC WAVE RADIATION 
INVOLVING HORN ANTENNAS 

Daniel S. Katz * 
Department of Electrical Engineering and Computer Science 

The Technological Institute 
Northwestern University 

Evanston, IL 60208 

Allen Taflove 
Department of Electrical Engineering and Computer Science 

The Technological Institute 
Northwestern University 

Evanston, IL 60208 

This paper considers computational modeling of the patterns of 
electromagnetic wave radiation in systems involving horn antennas, in 
both two and three dimensions. Using the Finite-Difference Time-Domain 
(FD-TD) method, simple hom antennas are modeled and the antenna 
patterns are shown to correspond to experimental and analytic results. 
The antennas are modeled in two and three dimensions, and the three­
dimensional model includes the model of a coaxial feed. 

In two dimensions, FD-TD is used to model a horn feeding a 
parabolic antenna, and again the results are shown to agree with results in 
the literature. Further extensions of this modeling scheme are also 
discussed. One interesting application is the direct FD-TD modeling of a 
compact range. Here a system consisting of a horn antenna feeding an 
electrically-large ( -100 A.o) shaped reflector is modeled in a single 2-D 
FD-TD grid run on the Cray-2. Initial FD-TD computer results for contour 
maps of the field magnitude and phase versus spatial position in the model 
of the compact range are presented. 
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FIELD BEHAVIOR NEAR THE VERTEX OF AN 
INFINITE DIELECTRIC WEDGE CALCULATED 

USING FD-TD 

Thomas G. Moore*and Allen Taflove 
Department of Electrical Engineering & Computer Science 

Technological Institute 
Northwestern University 

Evanston, IL 60208 

There is apparently no analytical solution for the electromagnetic field be­
havior at and near the vertex of an infinite, lossless, two-dimensional dielectric 
wedge. This paper provides detailed results for this field behavior. The re­
sults are obtained using a purely computational approach: the finite-difference 
time-domain (FD-TD) solution of Maxwell's curl equations. 

Our methodology exploits the time-domain formulation of FD-TD to effec­
tively simulate an infinite dielectric wedge in a finite computational domain. 
Time-gating is used for a wedge of sufficient size to permit the FD-TD com­
puted fields near the vertex to reach the sinusoidal steady state well before 
reflections from the back of the wedge reach the vertex. Extensive convergence 
studies for wedges of varying sizes have conclusively demonstrated that this 
time-gating procedure does provide a meaningful result for the case of the in­
finite wedge. Further, extensive studies with respect to spatial resolution of 
the FD-TD grid have demonstrated convergence of the near vertex fields to 
within 1% or better. 

In order to validate the FD-TD code, we first compared its predictions for 
surface electric currents induced on a metal strip with the exact solution. We 
next compared the FD-TD computed electric and magnetic surface currents 
induced on a square dielectric cylinder with method of moments (MOM) results 
(both TM and TE polarizations). In all of the test cases, there is an excellent 
agreement between the FD-TD and the benchmark results. 

Our study of the infinite dielectric wedge consisted of examining four cases 
of wedge and incident field configurations. The first two cases consisted of a 
TE-polarized plane wave illuminating a 900 wedge along its bisecting angle, 
and a 450 wedge at grazing incidence to one of its sides. The last two cases 
consisted of a TM-polarized plane wave illuminating a 900 wedge first along its 
bisecting angle, and then broadside to one face. We find that FD-TD predicts 
near-vertex fields having slightly different growth or decay rates than those 
predicted by existing analytical theory. 

275 



62-9 

ONE-DIMENSIONAL FINITE DIFFERENCE TIME DOMAIN TECHNIQUE 
APPLIED TO DETE~MINING REFLECTION FROM THE PLASMA LAYER 

SURROUNDING AN AEROBRAKING VEHICLE 

R. J. Luebbers, F. P. Hunsberger, and K. S. Kunz 
Communications and Space Sciences Laboratory 

Electrical Engineering Department 
The Pennsylvania State University 

University Park, PA 16802 

and 

Karl Moeller* 
NASA Langley Research Center 

Mail Stop 490 
Hampton, VA 23665 

In the mid 1990's NASA will conduct the Aeroassist Flight 
Experiment (AFE) which will investigate the flight regime 
encountered by a spacecraft that makes use of atmospheric assisted 
braking (aerobraking). The AFE spacecraft will carry a number of 
flight data instruments, one of which is the Microwave 
Reflectometer Ionization Sensor (MRIS). The MRIS will use the 
reflective properties of high temperature plasma to determine the 
levels of electron density in the fore body shock layer and their 
distance from the spacecraft. 

An electromagnetic wave of a particular frequency propagated into 
a plasma with varying electron density will encounter a sharp 
reflecting boundary at the point where the electron density in the 
plasma reaches the critical electron density Necr = 
1.2405x10-8 x f2, where Necr is given in electrons/cm3 and f is 
the frequency in Hz. The MRIS will detect specific electron 
densities by radiating corresponding frequencies and measuring the 
reflected signal. By measuring the phase delay between the 
transmitted and received signals (FM-CW radar), the distance to 
the critical electron density layer can be determined. 

In order to interpret the measured data the propagation of the 
radiated signal through the plasma must be analyzed. This 
analysis is challenging since the propagation characteristics of 
the plasma dep~nd upon the plasma's three-dimensional electron 
density distribution relative to the spacecraft and the MRIS 
antennas. One approach being considered is to apply a new Finite 
Difference Time Domain (FDTD) formulation which has the capability 
of including the effects of the highly dispersive plasma on 
propagation. The advantage of this approach is that it is more 
readily extended to arbitrary two and three dimensional geometries 
than frequency domain solutions. Initial tests for a 
one-dimensional problem show very promising results. 

276 



Thursday AM 

Joint AP-S, URSI-B Session 63 
Numerical Methods: Coated Bodies 

Chairs: R. F. Harrington, Syracuse University; J. D'Angelo, General Electric 
Room: Fir Time: 8:15-11:40 

8:20 Surface Impedance for Coated Bodies of Revolution: a Finite AP-S 
Difference Approach 
G. Delaunay~ W. Tabbara, Laboratoire des Signaux & Systemes 

8:40 Numerical Modeling of Three Dimensional Scattering in Con- AP-S 
ductive Media 
G. T. Shoemaker,* L. E. Roemer, University of Akron 

9:00 Scattering of Dielectric Cylinders Using Feedback Formulation AP-S 
and Segmentation 
J. C. Crnellas, M. Ferrando~ E.T.S.I. Telecomunicacion 

9:20 Scattering by a Buried Imperfectly Conducting Spheroid at AP-S 
Low Frequencies 
A. Helaly~ A. Sebak, L. Shafai, University of Manitoba 

9:40 Radiation from an Aperture on a Coated Cylinder. Numerical AP-S 
and Experimental Results 
M. A. Fournier~ Electronique Serge Dassault, W. Tabbara, Laboratoire 
des Signaux & Systemes, L. Beaulieu, Electronique Serge Dassault 

10:00 Coffee Break 

10:20 Modeling of Radiation by Nonuniformly Coated Antennas 278 
P. L. Huddleston,* L. N. Medgyesi-Mitschang, McDonnell-Douglas 

10:40 Application of Higher Order Boundary Conditions in Scatter- 279 
ing by a Material Discontinuity in a Metal-Backed Layer 
M. A. Ricoy~ J. L. Volakis, University of Michigan 

11:00 Electromagnetic Scattering by Arbitrarily Shaped Bodies with 280 
Impedance Boundary Conditions 
A. W. Glisson~ University of Mississippi 

11:20 Computation of Field Scattering at Parallel Conductors by the 281 
Multiple Multipole (MMP) Method 
D. Hoyer~ H. Singer, University of Hamburg-Harburg 
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MODELING OF RADIATION BY NONUNIFORMLY 
COATED ANTENNAS 

* P. L. Huddleston and L. N. Medgyesi-Mitschang 
McDonnell Douglas Research Laboratories 

P. O. Box 516 
St. Louis, MO 63166 

The use of the approximate impedance boundary condition (IBC) 
in calculations of electromagnetic scattering by lossy materials 
is well established. Recent investigations have focused use of 
the IBC to model scattering from uniformly and nonuniformly coated 
perfectly conducting bodies (P. L. Huddleston and D.-S. Wang, URSI 
Radio Science Mtgs., Paper UB02-7, Blacksburg, VA, 1987; Paper 
B12-7, Syracuse, NY, 1988). When the approximation is valid, 
reliable results are obtained in a cost-effective manner. 

An approach to using the IBC to model radiation by uniformly 
coated antennas was developed recently (D.-S. Wang and P. L. 
Huddleston, URSI Radio Science Mtg., Paper B74-8, Syracuse, NY, 
1988). It was shown how to choose the surface impedance, where to 
locate a pseudo-aperture, and what excitation Ansatz to apply in 
the pseudo-aperture region to best represent the original problem. 

In this paper we generalize this approach to the case of 
radiation by nonuniformly coated antennas. We consider three 
classes of nonuniformities: (1) an inhomogeneous layer comprising 
multiple uniform layers, (2) a homogeneous layer of nonconstant 
thickness, an~ (3) an inhomogeneous layer comprising multiple 
uniform subregions. We explore the limits and range of validity 
of this approximate representation for the foregoing classes of 
problems. 
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APPLICATION OF HIGHER ORDER BOUNDARY 
CONDITIONS IN SCATTERING BY A MATERIAL 
DISCONTINUITY IN A METAL-BACKED LAYER 

Mark A. Ricoy and John L. Volakis 
Radiation Laboratory 
Dept. of Electrical Engineering and Computer Science 
The University of Michigan 
Ann Arbor, MI 48109-2122 

The scattering properties of discontinuities in grounded or 
ungrounded thin material layers have often been studied by imposing 
impedance-type (first-order) boundary conditions at the surface of the 
material. Unfortunately, many of the solutions so obtained are 
mediocre at best in providing an accurate representation of the 
physical problem of interest. Hence, it is pertinent to examine the 
benefit incurred by imposing higher-order boundary conditions in 
modeling the scattering properties of the above configurations. 

Higher-order boundary conditions for a material-coated ground 
plane are derived by expanding the exact plane-wave reflection 
coefficient in a suitable manner. These are subsequently applied to 
the problem of the scattering by a material discontinuity in a coated 
ground plane. The problem is formulated by expressing the scattered 
field in terms of an angular spectrum of plane waves and 
subsequently applying the boundary conditions along with further 
considerations to determine the unknown spectra. The resulting 
integral for the scattered field is evaluated asymptotically to obtain a 
uniform solution. Numerical results are presented and compared 
against those obtained through alternative methods. 
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ELECTROMAGNETIC SCATTERING BY ARBITRARILY SHAPED 
BODIES WITH IMPEDANCE BOUNDARY CONDITIONS 

Allen W. Glisson 
Department of Electrical Engineering 

University of Mississippi 
University, MS 38677 

Many electromagnetic scattering problems of interest involve 
imperfectly conducting bodies. One approach to modeling specific 
classes of such bodies in electromagnetic scattering problems is 
to impose the impedance (or Leontovich) boundary condition. This 
approximate boundary condition relates the tangential electric 
and magnetic fields at the surface of the imperfectly conducting 
body via an impedance relationship. When the approximation is 
valid, the numerical model for the physical problem is signifi­
cantly simplified. 

The impedance boundary condition has been investigated by 
many authors and for various geometrical configurations. In this 
work the impedance boundary condition formulation is implemented 
for the solution of electromagnetic scattering problems involving 
bodies of arbitrary shape. The electric field integral equation 
triangular patch model (Rao, Wilton, & Glisson, IEEE T-AP, 30, 
409-418, 1982) serves as the basis for this development. Within 
each triangular patch the impedance boundary condition is assumed 
to vary linearly. Between faces the impedance condition may be 
discontinuous. 

Numerical results have been obtained for monostatic and 
bistatic scattering by spherical bodies having impedance boundary 
conditions and the results have been compared with exact solu­
tions (Mie series) where possible. Cases involving both purely 
real and purely imaginary surface impedances have been con­
sidered. Good agreement between numerical results and exact 
solutions have been obtained except near the spherical cavity 
resonance frequencies, where the electric field integral equation 
formulation is known to fail. Data is also presented to illus­
trate typical convergence rates for the numerical solution. 
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COMPUTATION OF FIELD SCATTERING AT PARALLEL CONDUCTORS 
BY THE MULTIPLE MULTI POLE (MMP) METHOD 

*Dipl.Phys. D.Hoyer, Prof. Dr. H.Singer 
Technical University Hamburg-Harburg, F.R. of Germany 

A plausible extension of the original MMP-Method 
consists of building up several sets of multipoles 
which are called 'segments'. This procedure reduces 
the number of field sources at low frequencies and 
avoids the problem of choosing numerically good places 
for single multipoles. The developed computer code 
applies for antennas consisting of thick wire structures 
or any parallel arrangement where the diameters of the 
wires are not negligible with respect to their distances. 

The use of subsections for the discretisation of 
conductors involves the use of basis functions, which 
must be solutions of the wave equation. These basis 
functions result from the separation of variables of the 
chosen coordinate system. A simple choice would be a 
cartesian coordinate system. But here the problem arises, 
that the solutions are not countable. In sherical 
coordinates solutions are countable and the convergence 
of a single multipole (SMP) expansion of the scattered 
field can be usable, if the problem has nearly rotational 
symmetry. 

A better approximation for other geometries is an 
expansion in multiple spherical coordinate systems with 
different origins. The place of a multipole is identical 
with the origin of a spherical coordinate system. For the 
expansion only a few terms of low orders are needed at a 
specific origin, if the best positions of the poles are -
found. This placement is critical with respect to the 
distance of two neighbored multipoles, because terms of 
these two multipole expansions may become linear dependent. 

A rule of thumb says that the distance of two poles must 
be greater than the distance of each pole to its next contour 
point. Therefore the distances of two poles at the center 
of a cylindrical conductor must be greater than the radius 
of the conductor. Large distances between two poles result 
in great approximation errors. So the poles must be set 
very precisely ( Ch. Hafner, Numerical computation of 
electromagnetic fields, Springer-Verlag New York .•. 1987, 
p 171 - 198 ). A solution for this problem is to use sets 
of multipoles with the same coefficients. The distance of 
multipoles which are members of identical sets may be much 
smaller. They can be infinitesimally small. Thus the 
definition of a constant multipole line density along one 
segment can be made. This restricts the application of the 
computer code to problems where the length of the individual 
multipole line is larger than its radius. Suggesting a 
wavelength-dependent choice of the length of segm~nts, at 
low frequencies a great reduction of necessary multipole 
expansions OC~lJr~. 
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Thursday AM 

URSI-F Special Session 66 
Waves in Non-Uniform Layered Media 

Chairs: J. R. Wait, University of Arizona; E. Bahar, University of Nebraska 
Room: Monterey Time: 8:15-10:00 

8:20 VLF Surface Impedance Mapping in Non-Uniform Coal Seams 284 
D. V. Thiel: Griffith University 

8:40 An Investigation of the Wavenumber Filter Procedure using 285 
Synthetic Two-Dimensional Magnetotelluric Data 
R. C. Robertson: Virginia Polytechnic Institute 

9:00 Physical Interpretation of the Full Wave Solutions for the Elec- 286 
tromagnetic Fields Scattered from Irregular Stratified Media 
E. Bahar,* University of Nebraska-Lincoln 

9:20 Simultaneous Inversion of Two-Dimensional Permittivity and 287 
Conductivity Profiles Employing CW Data 
T. M. Habashy: Schlumberger-Doll Research, D. G. Dudley, University 
of Arizona 

9:40 Transient Response of Sources Over Layered Media Using the 288 
Double Deformation Method 
S. Y. Poh: Digital Equipment Corp., M. J. Tsuk, J. A. Kong, Mas­
sachusetts Institute of Technology 
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VLF SURF ACE IMPEDANCE MAPPING 
IN NON-UNIFORM COAL SEAMS 

David V. Thiel, Division of Science and Technology, 
Griffith University, Brisbane, Australia, 4111. 

Since 1986, a number of detailed VLF surface impedance surveys have 
been conducted at a number of open cut coal mines on the North 
Eastern coast of Australia. The major objective of this work was to 
assess the utility of such measurements in the location of 
discontinuities in coal seams including faulting, hard rock intrusions, 
rock nodules in the coal seam and conductive dykes. Using a surface 
impedance meter developed in-house, very rapid changes in the surface 
impedance was evident at the boundaries of these lateral changes. Very 
accurate mapping of such structures over distances of less than several 
metres was achieved. 

The surface impedance meter uses an unbalanced insulated wire electric 
field antenna [Thiel,D.V. 1978. Electronics Letts., 14 (25), p 804-805] 
rather than the more conventional staked balanced antenna. This has 
the advantages of an improved lateral resolution achievable, an increase 
in the speed of measurement and improved sensitivity to surface 
impedance changes [Wu.X.W., & Thiel,D.V., 1989. Trans GRS-27 (1)]. 

The performance of the system can be explained in terms of the 
fringing fields found in the vicinity of contact zones of differing 
conductivity; a model supported by measurements over man-made 
structures (e.g. underground pipelines), crevasses in ice fields and other 
lateral discontinuities. The theoreticaf curves from these models can be 
matched to some of the results obtained in coal seam investigations and 
so can be used for coal seam dislocation predictions prior to extensive 
drilling of the seam and mining. 
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AN INVESTIGATION OF THE WAVENUMBER FILTER PROCEDURE 
USING SYNTHETIC TWO-DIMENSIONAL 

MAGNETOTELLURIC DATA 

R. Clark Robertson 
The Bradley Department of Electrical Engineering 
Virginia Polytechnic Institute and State University 

Blacksburg, VA 24061 

The errors introduced into the interpretation of the magnetotelluric 
(MT) impedance by lateral heterogeneities in the electrical structure of 
the Earth can be substantially reduced if the MT impedance is 
wavenumber filtered prior to interpretation (R.C. Robertson, J. Geophys. 
Res. 94, 1989). The wavenumber filter process consists of low pass 
filtering the MT impedance in plane wave space with respect to the 
wavenumber that corresponds to the axis oriented parallel to the line 
of the MT survey. The wavenumber filtered MT impedance is a function 
of the shape of the filter, the filter cutoff wavenumber, and the length of 
the MT survey line. Ideally, the wavenumber filter procedure requires 
a survey line of infinite length, and an a priori knowledge of the 
electrical structure of the region being sounded is required in order to 
choose the cutoff wavenumber appropriately. Hence, the issues of 
interest involve obtaining the optimum wavenumber filter function and 
cutoff wavenumber for a finite length MT survey line without an a priori 
knowledge of the electrical structure of the region being sounded. 
These problems are explored by applying the wavenumber filtering 
process to the MT impedance obtained for a model of the earth 
consisting of a two-dimensional (2-D) heterogeneous layer on the 
surface of a horizontally stratified earth. Here, a 2-D heterogeneity 
implies conductivity variations in one lateral direction in addition to 
vertical variations. Both E-Parallel and E-Perpendicular polarization to 
strike (Transverse Electric and Transverse Magnetic, respectively) are 
considered. The E-Parallel polarization response is similar to the 
desirable portion of a more general three-dimensional (3-D) response 
in that the effect of near surface heterogeneities on the MT impedance 
vanish as frequency is lowered, while the E-Perpendicular polarization 
response is analogous to the undesirable portion of a more general 3-D 
response in that lateral conductivity variations near the surface have a 
significant effect on the MT impedance regardless of frequency. As a 
result, the filter function and cutoff wavenumber must be chosen so that 
the MT impedance derived from E-Parallel polarization is essentially 
unaffected while the undesirable effects introduced by lateral 
conductivity variations into the MT impedance derived from 
E-Perpendicular polarization are minimized. 
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PHYSICAL INTERPRETATION OF THE FULL WAVE SOLUTIONS 
FOR THE ELECTROMAGNETIC FIELDS SCATTERED FROM 
IRREGULAR STRATIFIED MEDIA 

Ezekiel Bahar 
Department of Electrical Engineering 

University of Nebraska-Lincoln 
Lincoln, Nebraska 68588-0511 

The full wave solutions for the vertically and hori­
zontally polarized electromagnetic fields scattered by 
irregular stratified media are expressed in terms of double 
infinite sums. These full wave solutions satisfy the 
reciprocity relationships in electromagnetic theory. The 
physical interpretation of each term in the double infinite 
series provides insights into the nonspecular scattering 
phenomena for irregular stratified media. It is shown that 
n+l different terms of the full wave expansion replace the 
single nth term of the corresponding geometric optics series. 
For scattering in the specular direction these n+l terms 
become analytically indistinguishable and the full wave solu­
tion reduces to the geometric optics solution. The full 
wave solutions are also consistent with Rice's perturbation 
solution for rough surface scattering in the low fre~uency 
limit. The physical interpretation of the full wave solu­
tions which are based on complete spectral expansions of the 
fields could be used to construct solutions for the non­
specularly scattered fields in complex problems involving 
irregular stratified media. 
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SIMULTANEOUS INVERSION OF TWO-DIMENSIONAL 
PERMITTIVITY AND CONDUCTIVITY PROFILES 

EMPLOYING CW DATA 

* + T.M. Habashy and D.O. Dudley 

* Schlumberger-Doll Research 
Old Quarry Road, Ridgefield, CT 06877-4108 

+ Department of Electrical and Computer Engineering 
University of Arizona, Tucson, AZ 85721 

In this paper we present an inversion algorithm based on a recently 
developed inversion method referred to as the Renormalized Source-Type 
Integral Equation approach (T.M. Habashy, E.Y. Chow., and D.O. 
Dudley, URSI meeting, Blacksburg, Virginia, June 15-19, 1987). This 
approach can be summarized in three simple steps. In the first step, the 
induced currents inside the probed medium are determined from the 
known data on the surface of the medium. Next, the field induced inside 
the medium is computed from the induced currents. In the final step, the 
medium parameters are reconstructed from the induced currents and fields 
obtained in the previous two steps. 

The probed medium is assumed to vary in both the horizontal and vertical 
directions. Such a geometry is commonly encountered in oil well-logging 
applications where the horizontal variation accounts for invasion of 
borehole fluids into the rock formation and the vertical variation accounts 
for vertical bedding within the formation. In this paper, the inversion 
scheme is demonstrated for the cases where the exciting source is of the 
dipole type that generates only TE polarized waves. The data required for 
inversion are the tangential component of the electric field at various 
frequencies and various locations on the surface of the probed medium. 

The derived inversion equation is exact and if approximations are to be 
made they will occur in the numerical methods employed in the solution of 
this nonlinear inversion equation. Thus, the major virtue of our method is 
that the approximations to be used can be under good control and may be 
improved upon to an arbitrary degree. This is to be distinguished from 
other methods, e.g., Born inversion, ray tracing, etc., which are 
inherently approximate and are hard to improve when they give 
inaccurate results. This inversion approach does not require the solution to 
the full forward problem and it allows, in some cases, the rigorous study 
of the degree of non uniqueness involved in the inversion, a point of great 
importance in the design problem. 
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TRANSIENT RESPONSE OF SOURCES OVER LAYERED MEDIA 
USING THE DOUBLE DEFORMATION METHOD 

S. Y. Poh* 
Physical Technology Group 

Digital Equipment Corp. 
Andover, MA 

M. J. Tsuk and J. A. Kong 
Department of Electrical Engineering and Computer Science 

and Research Laboratory of Electronics 
Massachusetts Institute of Technology 

Cambridge, MA 

The transient response to -electromagnetic sources over a planar, layered 
medium is evaluated using the double deformation method. The method­
ology consists of deformation of the Sommerfeld and Laplace integration 
contours to paths of steepest descent in the complex wavenumber and fre­
quency planes respectively. 

The time-domain field solutions are then comprised of pole contributions 
in both the wavenumber and frequency planes and a double integration 
over steepest descent paths in both planes. In this approach, causality is 
demonstrated analytically in an elegant manner. 

Given that the singularities may be accurately determined, the various par­
tial solutions appear susceptible to physical interpretation and the method­
ology is applicable to dispersive conditions. 

This will be illustrated by examples. The transient response due to ver­
tical electric (VED) and vertical magnetic dipole (VMD) sources will be 
presented. A physical interpretation of the contributing factors will be 
attempted and the solution methodology extended to include lossy media. 
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URSI-B Session 67 
EM Theory II 

Chairs: D. L. Jaggard, Univ. of Pennsylvania; Z. A. Delecki, Univ. of Ottawa 
Room: Carmel Time: 8:15-12:00 

8:20 Numerical and Theoretical Investigation of the Deep Null in 290 
the Electromagnetic Fields Near a Vertical Magnetic Dipole 
A. S. Inan~ Bilkent University, A. C. Fraser-Smith, Stanford University 

8:40 The Current Distribution on a Linear Thin-Wire Antenna Em- 291 
bedded in a Chiral Medium 
S. Bassiri,* M. Shahshahani, Jet Propulsion Laboratory, N. Engheta, 
University of Pennsylvania 

9:00 Electromagnetic Response of a Coated Body of Revolution in 292 
the Field of a Loop 
A. A. Kishk~ University of Mississippi, A. Sebak, L. Shafai, University 
of Manitoba 

9:20 The Dipole-Multiplate Reflector Antenna Analyzed in Recep- 293 
tion by the Line Integral Physical Optics Method 
A. C. Brown, Jr.~ Loral Systems Division, W. K. Kahn, George Wash­
ington University 

9:40 The Doppler Effect and Aberration in Chiral Media 294 
N. Engheta~ M. W. Kowarz, D. L. Jaggard, University of Pennsylvania 

10:00 Fourier Transform of a Linear Distribution with Triangular 295 
Support and its Application in Electromagnetics 
B. Houshmand,* W. C. Chew, S. W. Lee, Univ. of Dlinois at Urbana­
Champaign 

10:20 Coffee Break 

10:40 Waves in Periodic Chiral Media 
D. L. Jaggard~ N. Engheta, M. W. Kowarz, P. Pelet, J. Liu, University 
of Pennsylvania, Y. Kim, New Jersey Institute of Technology 
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11:00 Pade Approximation to Electromagnetic Wave Scattering from 297 
a Thin Dielectric Elliptic Disc 
M. A. Karam~ A. K. Fung, Univ. of Texas at Arlington 

11:20 Reflection and Radiation from Tapered Slotlines 298 
J. A. G. Malherbe, J. C. Coetzee,* University of Pretoria 

11:40 Verification of a Strong Forward Model Using Parametric In- 299 
verse Radiative Transfer 
N. Cho, Y. Kim,* G. M. Whitman, New Jersey Institute of Technology 
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NUMERICAL AND THEORETICAL INVESTIGATION OF THE 
DEEP NULL IN THE ELECTROMAGNETIC FIELDS NEAR A 
VERTICAL MAGNETIC DIPOLE 

Aziz. S. Inan 
Department of Electrical & Electronics Enigineerins 
Bilkent University, Ankara, Turkey 

A.C. Fraser-Smith 
Space, Telecommunications and Radioscience Laboratory, 
Stanford University, Stanford, California 94305 

Previous work of Fraser-Smith and Bubenik [Radio Science, 11,901 ,1976] 
has been extended to further investigate the variations in the characteristics of the 
deep null that occurs in some of the field components generated along the sea 
surface by a submerged Vertical Magnetic Dipole radiator. New numerical data 
describing the null are presented as a function of frequency and distance. The 
results are compared with those of P. R. Bannister and R. W. King and practical 
applications are discussed. The sharp nature of this null as indicated by the 
numerical results may have various applications. 
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The Current Distribution on a Linear Thin-Wire Antenna 
Embedded in a Chiral Medium 

S. Bassiri* and M. Shahshahani 
Jet Propulsion Laboratory 

California Institute of Technology 
Pasadena, California 91109 

N. Engheta 
The Moore School of Electrical Engineering 

University of Pennsylvania 
Philadelphia, Pennsylvania, 19104 

The current distribution on a linear thin-wire antenna of length 2f. embedded 
in a chiral medium is obtained. Chiral media are described electromagnet­
ically by the constitutive relations D = eE + i'"'(B and H = hE + (1/ IL)B. 
The constants e, /k, and '"'( are real and have values that are fixed by the size, 
the shape, and the spatial distribution of the elements that collectively com­
pose the medium. It has been shown that materials with above constitutive 
relations exhibit optical activity. Optical activity refers to the rotation of 
the plane of polarization of waves traversing the medium. 

Using the dyadic Green's function (Bassiri et al., Alta Frequenza, LV-2, 83-
88,1986) for a chiral medium and using the Brillouin method, the differential 
equation for the current distribution on the antenna is obtained. Possible 
solutions for the current distribution are discussed and the radiated fields 
associated with these currents are then evaluated. The effects of chirality on 
radiated power, polarization and the radiation resistance is discussed. 
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ELECTROMAGNETIC RESPONSE OF A COATED BODY OF REVOLUTION 
IN THE FIELD OF A LOOP 

A. Kishk 
Department of Electrical Engineering, University of Mississippi 

University, MS 38677 

A. Sebak and L. Shafai 
Department of Electrical Engineering, University of Manitoba 

Winnipeg, Manitoba, Canada, R3T 2N2 

Low frequency responses are often used to detect or identify buried 
objects. The use of exciting loop at sufficiently low-frequencies minimizes the 
effect of the air-ground interface as well as the ground conductivity (J. R. Wait, 
Proc. IEEE 59, 1033-1035, 1971). The primary or incident field is usually gen­
erated by a loop antenna and the secondary or scattered field due to an object is 
detected in the near field zone by the same or another loop antenna. The 
interpretation of the scattered field behavior provides information about the 
object size, depth and physical parameters. If the object is coated with a lossy 
dielectric material, the scattered field depends also on the electromagnetic pro­
perties of the coating and thickness. 

This paper presents a method for the analysis of electromagnetic scattering 
from rotationally symmetric three-dimensional perfectly and imperfectly con­
ducting objects coated with a lossy dielectric and located in a medium of 
infinite extent simulating Ground, Ocean, Ice etc. The excitation is due to a 
loop antenna carrying a total current I exp U rot) with arbitrary orientation and 
location with respect to the body. The problem is formulated in terms of 
equivalent electric and magnetic surface currents over the body and coating sur­
faces. An integral equation approach is utilized using proper boundary condi­
tions. These are the continuity of the tangential components of the electric and 
magnetic fields on the coating surface and impedance boundary conditions on 
the body's surface to simplify the formulation and reduce the computation 
efforts. For imperfectly conducting objects, the impedance boundary conditions 
are reasonable and eliminate the need for the inclusion of the integral equation 
interior to the body. The resulting coupled integral equations are transformed 
into a matrix equation using the method of moments. This matrix equation is 
then solved using standard numerical techniques for the equivalent electric and 
magnetic surface currents. The near and far scattered fields are determined by 
integrating surface currents over the coating surface. 

The formulation is applied to many configurations with arbitrary loop and 
dipole excitations. Numerical results for some selected objects and coating 
parameters are presented in the paper. 
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THE DIPOLE - MULTI PLATE REFLECTOR ANTENNA ANALYZED 
IN RECEPTION BY THE LINE INTEGRAL PHYSICAL OPTICS 
METHOD 

Alexander C. Brown, Jr.* 
LORAL SYSTEMS DIVISION 
M/S 1212 - P.O. Box 85 
Litchfield Park, AZ 85340 

Walter K. Kahn 
GEORGE WASHINGTON UNIV. 
Dept. of E.E. & C.S. 
Washington, DC 20052 

Recently the line integral physical optics method (A.C. 
Brown, Jr., GWU D.S.E.E. Diss., Feb. 1987) and a 
reflector analysis model (A.C. Brown, Jr. and W.K. 
Kahn, URSI Dig., June 1987) were developed for 
computing the fields of dipole illuminated single and 
multi-plate reflectors. The line integral formulation 
was based on a transmitting antenna. Good agreement 
with the classical surface integral computations were 
obtained for the co-polarized patterns, but poor 
agreement were obtained for the cross-polarized 
patterns for some angular regions. 

In the receive formulation, good results can be 
obtained by using the original Maggi-Rubinowicz 
potential to transform the Kirchhoff surface integral 
into a line integral. However, the use of a new 
potential (Asvestas, J. opt. Soc. Am. A/Vol. 2 No.6, 
896-902, June 1985) has a couple of computational 
advantages. One, there is no geometrical optics term, 
so there is no need for additional code to determine 
whether the virtual receptor dipole is in the 
illuminated or the shadow region of a plate. Second, 
the Asvestas potential is continuous across the shadow 
boundary so that no extraordinary integrating 
procedures are required to evaluate this potential. The 
Maggi-Rubinowicz potential is singular at the shadow 
boundary and cannot be evaluated by any numerical 
technique. At points near the shadow boundary, it can 
be evaluated using special numerical integration 
techniques (A.C. Brown, Jr., URSI Dig., May 1983). 

The increased accuracy of the receive formulation 
occurs because a solution of the electromagnetic 
problem can be constructed without approximation from 
the scalar wave vector potential for an incident plane 
wave. In the transmit case, an approximate dyadic 
potential has been used in previous computations. 
Results for some single and multi-plate reflectors 
illuminated by electric and magnetic dipoles will be 
presented. 
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THE DOPPLER EFFECT AND ABERRATION 
IN CHIRAL MEDIA 

N. Engheta, M. W. Kowarz and D. L. Jaggard 
Moore School of Electrical Engineering 

University of Pennsylvania 
Philadelphia, PA 19104 

Chiral or optically active materials are described by the constitutive relations 

where I: and Jl are the usual scalar pennittivity and penneability of the medium. The 
chiral admittance ~c' for the lossless medium, is a real pseudo-scalar, which can be 
either positive or negative depending on the handedness of the medium. The above 
constitutive relations describe an isotropic reciprocal medium with two propagating 
eigenmodes for a given direction, one right-circularly polarized (RCP) and the other 
left-circularly polarized (LCP). 

In this talk, we examine classically the effect of chirality or optical activity 
on the Doppler shift and the aberration of monochromatic light waves in a chiral 
medium. Two important instances have been studied. For the first, the observer 
was assumed to be moving with respect to the medium. We show that, in this case, 
a single monochromatic plane wave in the stationary frame (material frame) is 
observed in the moving frame as two plane waves with unequal frequency shifts 
and differing directions of propagation. This is due to the decomposition of plane 
waves into two circularly polarized components, RCP and LCP, with different 
wavenumbers. We also notice that anyone of the observed frequencies becomes 
zero when the observer's velocity, still being less than vacuum speed of light, 
equals one of the eigenmodes' phase velocities. 

In the second case, the source was taken to be moving with respect to the 
medium and the observer. Under these conditions, for a given monochromatic 
source and a given direction of propagation, double frequency shifts occur. We 
observe that, in this instance, anyone of the observed frequencies tends to infinity 
when the source's velocity approaches one of the eigenmodes' phase velocity. This 
is an indication of the beginning of Cerenkov radiation for such an eigenmode. As 
the source's velocity exceeds the velocities of the two eigenmodes, the phase fronts 
of the two propagating waves fonn a double cone. Furthennore, for a moving 
source in a dispersive chiral medium, the possibility of observing several spectral 
components (more than two) for a monochromatic source is discussed. 
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Fourier Transform of a Linear Distribution with 
Triangular Support and Its Application in Electromagnetics 

B. Houshmand*, W. C. Chew and S. W. Lee 
Department of Electrical and Computer Engineering 
University of Illinois, Urbana, IL 61801 

Abstract 

Any surface, no matter how irregular, can be well approximated by a union 
of triangles. Hence, triangles can be used as the fundemental elemental shape (a 
simplex) for a two dimensional surface. A linear distribution over each triangle can 
be used to obtain a piecewise linear approximation of a function defined over a two 
dimensional surface. 

In many applications, the Fourier transform of the current distribution is 
needed, for examples, in RCS calculation, radiation and diffraction in reflector 
antennas and spectral Galerkin method. In this paper, a 3-D Fourier transform of a 
linear distribution with triangular support is derived and its coordinate free 
representation is presented. 

As an example, this formulation is used to evaluate the radiation integral due 
to a current distribution. The major step in evaluating this integral is to obtain the 
Fourier transform of the current distribution. To facilitate this, the finite support of 
the current distribution is divided into triangular patches. On each patch the phase 
and magnitude of the current are approximated by linear interpolation using the 
sample values of the current at each node of the patch. Since the Fourier transform 
of a simplex (triangular patch distribution) is known, the radiation integral for each 
patch is evaluated readily in closed form. This procedure can also be applied to 
calculate the near field of a current distribution. We observe that the convergence 
rate improves over the traditional phase and magnitude staircasing approximation. 
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WAVES IN PERIODIC CHIRAL MEDIA 

D. L. Jaggard, N. Engheta, M. W. Kowarz, P. Pelet and J. Liu 
Moore School of Electrical Engineering 

University of Pennsylvania 
Philadelphia, P A 19104 

and 

Y. Kim 
Department of Electrical Engineering 
New Jersey Institute of Technology 

Newark, NJ 07102 

In this talk the propagation properties of electromagnetic waves in a 
structure that is both chiral and periodic are discussed by using coupled-mode 
equations. The chirality is characterized by the constitutive relations D = £E + iScB 
and H = il;.,E + B/~, where I;., is the chiral admittance. The periodicity is described 
by a sinusoidal perturbation of the pennittivity, permeability and chiral admittance. 
The coupled-mode equations are independently derived from both physical 
considerations and multiple-scale perturbation theory. These equations can be 
written as 

F:-iaF+= iXfL - - + 

-1'( -iaiL = iXF+ 
+ + -

where X denotes the coupling per unit length, Ii the phase mismatch per unit length, 

and F± and I3± are forward (RCP and LCP) and backward (RCP and LCP) 
eigenmodes, respectively. The coupled-mode equations, for each modal pair (F + 
and B_ ) and (F _ and B+ ), are of the same form as those for an achiral periodic 
medium. However, we have two sets describing the coupling between the incident 
RCP (LCP) and the reflected LCP (RCP) as described schematically in the figure 
below. 

__ l!IT~I"-2_ IRI2 

o z 

The coupled-mode equations are also used to examine bandgap structure 
and reflected and transmitted fields. It is observed that the periodicity affects the 
magnitude of both the reflected and transmitted waves, while the chirality is 
predominantly manifested through the polarization state of the transmitted wave. It 
is observed that the coupling and bandgap size can be tailored when chirality is 
present, due to the extra degree of freedom afforded by the chirality admittance. 
The applications of such structures will be addressed. 
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PADE APPROXIMATION TO ELECTROMAGNETIC WAVE 
SCATTERING FROM A THIN DIELECTRIC ELLIPTIC DISC 

By 
M. A. Karam & A. K. Fung 

Wave Scattering Research Center 
Department of Electrical Engineering 

University of Texas at Arlington 
Arlington, Texas, 76019 

By applying the Helmohltz integral equation to a thin scatterer 
with arbitrarly shape and choosing a principal volume similar to 
the scatterer around the Green's function singularity, the field 
inside the scatterer is expressed as a perturbation series in terms 
of the exciting field and the polarizability tensor. 

Then applying the Helmohltz integral equation once more 
outside the scatterer ,a perturbation expansion for the scattering 
amplitude tensor is formulated in terms of the inner field 
perturbation expansion. 

For a plane wave exciting a thin dielectric elliptic disc, the 
scattered amplitude tensor is obtained through the second order 
perturbation. Then the energy balance is investigated and the 
bistatic cross section is formulated. To expand the validity range 
of the obtained scattering amplitude, the results are recast by 
Pade' approximation. 

Numerical calculation is performed to investigate the 
scattering cross section dependence on the scatterer shape, 
dimensions and the incident angles. Finally a comparison is made 
between the calculated and the measured values of the bistatic 
cross section for some artificial targets. 
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REFLECTION AND RADIATION 
FROM TAPERED SLOTLINES 

J.A.G. Malherbe and J.C. Coetzee* 
Department of Electronics and Computer Engineering 

University of Pretoria, Pretoria, South Africa 

A tapered slotline is studied as a transformer between 
slotline and free space. The tapered line is approximated 
by a finite series of linear slotline steps of equal 
electrical length, and the input impedance is found by 
repeated application of the transmission line equation 
rather than a cascade of transmission matrices. A wave 
impedance defined as the ratio between the principal trans­
verse fields is used as the relevant parameter in the 
transmission line calculations and the input reflection 
coefficient is calculated. 

The performance of three types of taper are studi ed, 
viz. an exponential, Klopfenstein and a Hecken taper, and 
thei r performance is compared. The 1 atter two tapers are 
optimal; the Hecken taper suffers from a discontinuity in 
the impedance level at each end of the taper. 

This procedure has previously successfully been applied 
to a metal-walled waveguide taper, as well as the design of 
a wideband tapered horn antenna. In the case of the horn 
antenna, the taper was used to transform between the wave­
guide impedance and free space. (Malherbe, 1986 AP-S 
Symp., 743-746). The procedure is relevant to the design 
of very wide band tapered slot antennas such as the Vivaldi 
antenna. 
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VERIFICATION OF A STRONG FORWARD MODEL 
USING PARAMETRIC INVERSE RADIATIVE TRANSFER 

* N. Cho, Y. Kim, and G.M. Whitman 

Department of Electrical Engineering 
New Jersey Institute of Technology 

Newark; N.J. 07102 

Radiative transfer equation has been implemented to investigate 
wave propagation in random media. Recently, this equation has been 
used successfully for wave propagation studies in a vegetation 
modeled by a strong forward scattering profile (F. Schwering & R.A. 
Johnston, J. of Wave-Material Interaction V1, 205-236, 1986). The 
phase function of this model can be described by 

where • and A.s are the directional cosine and the width of the 
forward lobe, respectively. 

In this paper, we apply a parametric inversion technique to the 
inverse radiative transfer problem in order to verify the above 
strong forward model. First, after substitution of the strong 
forward phase function into the radiative transfer equation, 
parameters are optimized in such a way that the calculated specific 
intensity is best fitted to measured data in a root mean square 
sense. Second, using the root mean square results obtained in the 
first part, the applicability of the radiative transfer equation to 
wave propagation in vegetation with a strong forward phase function 
will be verified. Several examples using both synthetic and 
experimental data will be presented. 
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Thursday AM 

URSI-F Session 69 
Propagation and Remote Sensing 

Chairs: I. C. Peden, University of Washington; J. B. Snider, NOAAjERL 
Room: San Carlos Time: 8:1.5-11:40 

8:20 Ground-Based Measurements of Water Vapor by Microwave 302 
Radiometers of the Colorado Research Network 
J. B. Snider, E. R. Westwater~ NOAAjERL 

8:40 Radiometric Observations of Cloud Liquid Water at 20, 31, 303 
and 90 GHz 
J. B. Snider,* NOAAjERL, R. F. Cahalan, Goddard Space Flight Cen­
ter, J. A. Coakley, Oregon State University 

9:00 Dual-Channel Microwave Radiometer for Airborne Meteoro- 304 
logical Applications 
L. S. Fedor, M. D. Jacobson, A. J. Bedard, Jr., E. R. Westwater~ 
NOAAjERL, D. C. Hogg, R. T. Nishiyama, CIRES, Univ. of Colorado 

9:20 Electomagnetic Properties of Fractal Aerosol Agglomerates 305 
H. Y. Chen~ M. F. Iskander, University of Utah, J. E. Penner, Lawrence 
Livermore National Laboratory 

9:40 Coffee Break 

10:00 Validation of SSM/I Determinations of Cloud Liquid Water 306 
Using Ground-Based Microwave Radiometry 
J. B. Snider, E. R. Westwater, NOAAjERL, J. Alishouse~ NOAAjNESDIS, 
S. Snyder, J. Vongsathom, S. M. Systems & Research Corporation 

10:20 A Comparison of Experimental and Theoretical Techniques for 307 
Identification of Buried Targets 
I. C. Peden,* J. B. Schneider, J. Brew, University of Washington 

10:40 A Time Domain Focusing Array for Subsurface Mapping 308 
S. S. Sandler~ P. G. Mitchell, GEO-CENTERS, Inc. 

11:00 Finite Element Method for Electromagnetic Well Logging in 309 
Cylindrical Boreholes 
S. K. Chang, B. Anderson~ Schlumberger-Doll Research 

11:20 Results of Some Through-the-Earth Propagation Experiments 310 
H. M. Buettner,* Lawrence Livermore National Laboratory, 
D. C. Bukofzer, Naval Postgraduate School 
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GROUND-BASED MEASUREMENTS OF WATER VAPOR BY MICROWAVE 
RADIOMETERS OF THE COLORADO RESEARCH NETWORK 

Jack B. Snider and Ed R. Westwater* 
NOAAjERLjWave Propagation Laboratory 

Boulder, Colorado 

The Wave Propagation Laboratory developed a network of 
four dual-frequency ground-based microwave radiometers 
which operated continuously for about three years. In 
addition to the network radiometers that operated at 
20.6 and 31.65 GHz, a transportable and steerable 
three-channel radiometer, operating at 20.6, 31.65, 
and 90.0 GHZ, was available for comparison measurements. 
All of these instruments provide 2-min measurements of 
precipitable water vapor (PWV) and integrated cloud 
liquid during almost all weather conditions. The 
accuracy and functional precision of the network 
radiometers are evaluated by comparison with both 
National Weather Service and NCAR-operated CLASS 
radiosondes, and by comparison with the transportable 
system. Several recent studies using the instruments 
are presented: combination of PWV observations from 
the network and from the VAS sounder on GOES, 
observations of the passage of a moisture front, and 
the derivation of attenuation statistics relevant to 
comnlunication studies. 
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RADIOMETRIC OBSERVATIONS OF CLOUD LIQUID WATER 
AT 20, 31, AND 90 GHz 

Jack B. Snider· 1 , Robert F. Cahalan2 , 
and James A. Coakley3 

NOAA/ERL/Wave Propagation Laboratory 
Boulder, CO 80303 

2 Laboratory for Atmospheres, Goddard Space Flight 
Center, Greenbelt, MD 20771 

3 Department of Atmospheric Sciences, Oregon State 
University, Corvallis, OR 97331 

Remote observations of integrated liquid water con­
tained in marine stratocumulus (MS) clouds were performed 
during a three week period in July, 1987 as part of project 
FIRE (First ISCCP Regional Experiment). Observations were 
made with a three channel (20, 31, and 90 GHz) microwave 
radiometer designed for simultaneous measurement of precip­
itable water vapor and integrated liquid water. We present 
several important results of the observations including liq­
uid water amounts contained in MS clouds and their spectral 
characteristics, the relationship between liquid spectra and 
meteorological conditions, and the impact of the observa­
tions upon simple parameterizations that relate liquid water 
content to cloud reflectivity. In addition, the relative 
merits of 31 and 90 GHz channels in measuring cloud liquid 
are discussed. 
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DUAL-CHANNEL MICROWAVE RADIOMETER 
FOR AIRBORNE METEOROLOGICAL APPLICATIONS 

L.S. Fedor, M.D. Jacobson, A.J. Bedard, Jr., 
and E.R. Westwater* 

NOAA/ERL/Wave Propagation Laboratory 
Boulder, Colorado 

D.C. Hogg and R.T. Nishiyama 
CIRES 

Boulder, Colorado 

Cloud liquid water and water vapor are important 
parameters in many meteorological processes. 
Frequently, it would be desirable to measure the 
horizontal distribution of these quantities. This 
paper presents the design of a dual-channel microwave 
radiometer to be installed on a NOAA research aircraft 
to measure these parameters. The operating frequencies 
of the radiometer are 23.87 and 31.65 GHz. Among the 
design details discussed are: the antenna design, 
beam-tipping capability, pressure considerations, 
fairing and wind/rain deflector, and the electronics 
package. 

Among the research applications discussed are the 
following; hurricane research, extratropica1 ocean 
storms, clouds and atmospheric radiative transfer, 
validation of and research using satellite data, 
middle-latitude continental mesoscale convective 
systems, and aircraft icing studies. 
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ELECTROMAGNETIC PROPERTIES OF FRACTAL 
AEROSOL AGGLOMERATES 

H. Y. Chen* and M. F. Iskander 
Department of Electrical Engineering 

University of Utah 
Salt Lake City, Utah 84112 

and 

J. E. Penner 
Lawrence Livermore National Laboratory 

P. O. Box 808 
Livermore, California 94550 

The electromagnetic scattering and absorption properties and the 
amount of smoke and other aerosol particles in the atmosphere play a key role 
in the climatic predictions using sophisticated models such as the General 
Circulation Model (GCM) and in examining the climatic impact of smoke clouds . 

. These calculations are also important in determining the effectiveness of 
smoke clouds in obscuration. The changing characteristics of aerosols and 
smoke clouds through coagulation is expected to play an important role in 
predicting its electromagnetic characteristics. 

Determining the electromagnetic properties of aerosols, however, 
require knowledge of its composition, morphology, and quantity. The 
introduction of the concept of fractal structure in the study of these properties 
is attractive because it could provide a genuine geometric description of 
agglomerates. 

In this paper the Volume Integral Equation Formulation (VIEF) is 
applied to calculate the electromagnetic scattering and absorption properties 
of five types of agglomerates of aerosols with fractal dimension in the range 
from 1.7 to 1.9. Results for absorption and scattering are presented for three 
different polarizations of the incident electromagnetic plane wave and at 
three different wavelengths A. = 0.5, 2.0 and 10 1JIIl. The obtained results 
indicate that the polarization, frequency, the number and size of primary 
particles, and the structure of the agglomerate play an important role in the 
calculation of the absorption and scattering properties. Furthermore, the 
obtained results are compared with those based on the approximate fractal 
theory and some differences are found. For example, when a comparison was 
made for the absorption cross section per gram at A.= 0.5 and 2 1JIIl, the obtained 
results showed that the difference between the VIEF and the fractal theory 
varies from 8 to 50 percent, depending on the size and number of primary 
particles in the agglomerate and the radiation frequency. Other results and 
comments regarding the validity and accuracy of the fractal theory and other 
differences such as those due to polarization considerations will be made in the 
presentation. 
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VALIDATION OF SSM/I DETERMINATIONS OF CLOUD LIQUID WATER USING G~OUND-BASED MICROWAVE RADIOMETRY 

Jack B. Snider, Ed Westwater, 
NOAA/ERL/Wave propagation Laboratory 

Boulder, Colorado 

John Alishouse* 
NOAA/NESDIS 

Washington, DC 

Sheila Snyder and Jennifer Vongsathorn S. M. Systems and Research corporation 
Landover, Maryland 

The Special Sensor Microwave/Imager (SSM/I) was launched June 20, 1987 and is a 7 channel, 4 frequency radiometer. The frequencies are 19, 22, 37, and 85 GHz. The 19, 37, and 85 GHz channels are dual polarization, while the 22 is vertical only. One of the many geophysical parameters to be derived from the SSM/I is the liquid water content (lwc) of clouds. Prior to launch, algorithms were developed to derive the lwc for clouds over both land and ocean. It was the task of the Calibration/Validation Team to validate these algorithms and offer improvements if necessary. Cloud liquid water is not readily inferred from conventional meteorological measurements. 
It is possible to infer lwc from upward-looking microwave radiometric measurements. Measurements of upward-looking radiances were made at San Nicholas Island, California, (Project FIRE) and the four NOAA Colorado profiler network sites. The San Nicholas Island measurements were taken by a steerable three frequency radiometer which operates at 20.6, 31.65, and 90.0 GHz; the radiometers of the network sites operate only at the lower two frequencies. project FIRE data were taken between July 2 and July 19, 1987. Data from the Colorado profiler network are from two extended observation periods, mid-July through mid­October, 1987, and mid-January through mid-April, 1988. Comparisons between upward- and downward­looking retrievals of cloud liquid water will be presented. Methods of compensation for the differing fields of view of the satellite and ground-based instruments will be discussed. Significant differences between retrievals over land and water have been noted. 
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A Comparison of Experimental and Theoretical Techniques for 
Identification of Buried Targets 

Irene Peden*, John Schneider, and John Brew 
Department of Electrical Engineering 

University of Washington 
Seattle, WA 98195 

(206) 543-2150 

Several techniques have been developed to probe the earth for 
subsurface tunnels. Some success in using VHF electromagnetic waves 
has been reported using surface or cross-borehole probing. However, 
the use of electromagnetic techniques to determine the location of a 
tunnel has never been satisfactorily demonstrated when the a priori 
tunnel location is unknown. 

One experimental and two theoretical techniques are used to further 
examine the problem of cross-borehole probing. A vertical electric 
dipole is used as the source of illumination and the tunnel 
cross-sectional dimension is assumed to be on the order of a 
wavelength. 

The experimental technique uses scale models and composite materials 
to approximate conditions typical of those for a tunnel in hard rock. 
A two-dimensional moment method is used to obtain one set of 
theoretical data. Using this method an exact representation of the 
tunnel cross-section is obtained, whereas the source is approximated 
as an infinite line source. The T-matrix method is used to obtain 
another set of theoretical data. In contrast to the moment method, 
the T-matrix method incorporates an exact formulation of the dipole 
source and an approximate representation of the tunnel. 
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A Time Domain Focusing Array for Subsurface Mapping 

Sheldon S. Sandler* 
GEO-CENTERS, INC., Newton Centre, MA and 

Northeastern University, Boston, MA 

and 

Peter G. Mitchell 
GEO-CENTERS, INC., Newton Centre, MA 

The purpose of using arrays of sources, arrays of 
receivers, or both, is two-fold. First, arrays allow the 
quick acquisition of many signals which can be stacked 
to enhance the signal-to-noise ratio of a desired pulse 
and hence improve target detection and discrimination. 
This is especially useful with low energy sources and 
noise which is incoherent in both space and time. 
Second, arrays inherently have a directionality as­
sociated with them, and they can, therefore, be oriented 
to transmit and/or receive the maximum signal in a 
certain direction. This has the obvious advantage of 
allowing one to focus on a particular object or direction 
and to rej ect noise or unwanted signals from other 
directions. One advantage of using a time domain array 
over a CW based system is that time gating can be used 
to localize the area of interest. The array is designed 
so that contributions from the pulsed elements are 
concentrated in a small focal region in the earth. 

Elements in the array consist of folded TEM horns 
with resistive loading on the ends similar to a Rhombic 
Antenna (TEMR elements). Each TEMR element is driven by 
individual pulsers having a center frequency of a 2GHz. 
Stripline time delays are used to focus the radiation 
from the array. Separate receiving elements are used in 
a complementary system to sample the scattering from the 
focal region in the earth. 

The time domain backscattered signal for targets 
buried in sand and loam has been obtained. Targets 
consists of dielectric cylinders of various sizes. The 
ability of the array to resolve various targets is 
discussed. Data has been obtained by mechanically 
shifting the focal region over a volumetric range. 
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FINITE ELEMENT METHOD FOR ELECTROMAGNETIC 
WELL LOGGING IN CYLINDRICAL BOREHOLES 

S.K. Chang and Barbara Anderson (*) 
Schlumberger-DollResearch, Ridgefield, Connecticut 06877-4108 

An electromagnetic well logging system operating at 25 MHz is 
used com mercially to derive the resistivity and dielectric constants 
of the earth around oil wells from measurements of the attenuation 
and phase shift of the electromagnetic waves (Huchital, et al "The 
Deep Propagation Tool: A New Electromagnetic Logging Tool," SPE 
10988, 1981). The system uses circular loop antennas distributed on 
the axis of the well to excite and receive TE polarized waves around 
a borehole. In this paper, we describe a finite element solution that 
has been developed to simulate the EM wave propagation in the 
inhomogeneous earth formation surrounding the borehole. 

In the model, we consider the earth as a layered medium 
traversed by a circular borehole. During the drilling process, the 
drilling mud can invade into the surrounding rocks. The invasion and 
the earth layers combine to form a complex inhomogeneous 
distribution of resistivity and dielectric constants near the borehole. 
To simulate the axisymmetric EM fields generated by the antenna, we 
first derive the variational integrals and the finite element 
formulations. We then divide the earth space into many ring 
elements, each with a rectangular cross section. The size of the 
grids are designed following the error criteria of the finite element 
formulations. The matrix equations are solved by a block Gaussian 
elimination algorithm. The finite element solution has been verified 
by comparing the results with those from analytic and semi­
analytic solutions. 

The algorithm is designed in such a way that users can be free 
of considerations or know-how of the finite element method. The 
input data include the geometry of the borehole, earth layers and 
invasion profiles, along with the resistivity and dielectric constants 
of the entire region and the antenna arrangements. The generation of 
the finite element mesh is performed automatically. The output 
includes both the field distribution over the entire space and the 
receiver responses. We will present several sets of numerical 
results for a variety of well logging configurations. 

309 



69-9 

RESULTS OF SOME THROUGH-THE-EARTH 
PROPAGATION EXPERIMENTS 

H. Michael Buettner* and Daniel C. Bukofzer** 
*Lawrence Livermore National Laboratory, Livermore, CA 

**Naval Postgraduate School, Monterey, CA 

Electromagnetic signals transmitted through-the-earth can be used for 
communication. Two examples are: 1) communicating with trapped 
miners, and 2) communicating with a deeply buried military installation. It 
is not practical to use frequencies normally associated· with 
communication (> a few MHz) since the attenuation would be too large at 
these frequencies for propagation over distances of interest (> 1000 ft). 
However, if frequencies in the ELF to low VLF range (30 Hz to 5 kHz) are 
used, then measurable signals can be transmitted over distances of 1000 
ft and more. 

We describe experimental work which demonstrates that 
through-the-earth transmission of electromagnetic signals with 
frequencies in the 30 Hz to 5 kHz range is possible over distances 
greater than 1000 ft in representative geologies. In a companion paper 
(Bukhofzer and Buettner), we describe a practical demonstration of 
digital communication through-the-earth using various schemes to 
modulate a CW carrier. 

Our experiments took place at two separate sites, the Billie Mine in Death 
Valley, Ca and the Mississippi Chemical Mine outside Carlsbad, NM. 
The. vertical transmission paths at these sites were 1140 and 965 ft 
respectively. We employed large, square loops (il 200 ft side) as 
transmitter antennas, and calibrated magnetic probes with spectrum 
analyzers for receivers. 

At both sites we measured the vertical component (magnitude and 
phase) of the transmitted magnetic field as a function of frequency, and 
found that the results agreed well with computations based on computer 
codes developed at LLNL. In addition, we measured the background 
noise spectra for both sites over the same frequency range. These earth 
transfer function and background noise data established the desired 
operating range for our previously mentioned digital transmissions (see 
companion paper). 

Our less than optimal systems demonstrate clearly that through-the-earth 
communication is a viable concept. Great improvements can be realized 
by the use of forward error correcting codes, appropriate equalizers, and 
higher transmitter power. 

Work performed under the auspices of the U.S. Department of Energy 
by the Lawrence Livermore National Laboratory under Contract 
W-7405-Eng-48. 
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Thursday AM 

Joint AP-S, URSI-B Session 70 
SEM, Modes, and Poles 

Chairs: A. J. Poggio, LLNLj K. M. Chen, Michigan State U. 
Room: San Juan Time: 8:15-12:00 

8:20 New Progress on Radar Target Discrimination using E-Pulses 312 
and S-Pulses 
K. M. Chen;" D. P. Nyquist, E. J. Rothwell, W.-M. Sun, P. llavarasan, 
Michigan State University 

8:40 K-Pulse Estimation for a Target whose Impulse Responses 313 
at Different Aspects or Polarizations Have Different Complex 
Natural Resonances Excited 
F. Y. Fok,* University of Western Ontario 

9:00 Substructure-Related K-Pulse Estimation for an Aircraft from 314 
Full-Scale Radar Data 
G. Turhan-Sayan;" D. L. Moffatt, Ohio State University 

9:20 Frequency Domain SEM using Non-Euclidean Norms 315 
D. A. Ksienski,* Case-Western Reserve University 

9:40 Coffee Break 

10:00 SEM without the Entire Function 316 
R. B. Marks;" Delft Univ. of Tech. 

10:20 Experimental Investigation of the Presence of Natural Mode 317 
Information in the Early Time Current Response of a Thin 
Wire 
M. Deford,* E. J. Rothwell, D. P. Nyquist, K. M. Chen, Michigan State 
University 

10:40 Radar Target Discrimination Using Free-Field Measurements 318 
P. llavarasan;" E. J. Rothwell, K. M. Chen, D. P. Nyquist, Michigan 
State University 

11:00 The Natural Frequencies of an Impedance Strip 319 
J. D. Kotulski;" Sandia National Laboratories 

11:20 Analysis of Natural Frequencies of Cavities and Scatterers Us- AP-S 
ing an Impulsive Current Model 
E. Erez, Y. Leviatan,* Israel Institute of Tech. 

11:40 Extraction of Poles from Experimental Data in Pencil-of- AP-S 
Function Method 
D. Ouyang;" W. B. Wang, J. Li, Xian Jiaotong University 
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NEW PROGRESS ON RADAR TARGET DISCRIMINATION 
USING E-PULSES AND S-PULSES 

K.M. Chen*, D.P. Nyquist, E.J. Rothwell 
W.M. Sun and P. llavarasan 

Department of Electrical Engineering 
Michigan State University, East Lansing, MI 48824 

We have made some significant progress in the study of radar target 
discrimination using E-pulses (Extinction pulses) and S-pulses (Single-mode 
extraction pulse). Two scattering ranges, a ground-plane time-domain scatter­
ing range and a free-field anechoic chamber scattering range have been con­
structed. 

In the ground plane scattering range, the existing short monopole receiv­
ing antenna was replaced by a long wire receiving antenna, and the dimen­
sions of scale models of various airplanes have been increased. Because of 
these changes, the signal to noise ratio of measured pulse responses of the tar­
get models have been improved, resulting in better overall results. 

In the free-field scattering range, the initially used long wire antenna sys­
tem was replaced by a broad-band horn antenna system. TEM horn antennas 
(American Electronic Labs) were modified by adding resistors inside the 
antennas to damp out the ringing (resonances) of the antennas. Two such 
antennas are used as the transmitting and the receiving antennas. Whole scale 
models of various airplanes are placed on a wooden pedestal to be illuminated 
by EM pulses radiated by the horn antenna. 

Experimental results obtained in these two scattering ranges, on the 
discrimination-sensitivity using E-pulses and S-pulses, will be presented. 
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K-PULSE ESTIMATION FOR A TARGET 
WHOSE IMPULSE RESPONSES AT DIFFERENT ASPECTS 

OR POLARIZATIONS 
HAVE DIFFERENT COMPLEX NATURAL RESONANCES EXCITED 

Fredric Y. S. Fok 

Department of Electrical Engineering 
university of Western ontario 

London ontario 
Canada 

N6A 5B9 

In an earlier work by Fok, Moffatt and Wang (IEEE 
AP-S, AP-35, no 8, pp.926-934), the K-pulse of a target 
was estimated by minimizing the K-pulse response energy 
outside the K-pulse response duration. The method did 
not require a priori information on the target's 
complex natural resonances to obtain the K-pulse. But 
it relied on the choice of an impulse response which 
has all the complex natura~ resonances excited. This 
paper extends their theory such that their method can 
now accommodate targets that have different complex 
natural resonances excited at different aspect angles 
or polarizations. Although the impulse response of a 
target at different aspects, polarizations or bistatic 
angles may indicate different resonant behaviors, there 
is only one K-pulse for a target. Through the right­
angled bend wire example, the properties of the K­
pulse: independence of aspects, polarizations, and 
locations of the receiver are confirmed. 
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SUBSTRUCTURE-RELATED K-PULSE ESTIMATION 
FOR AN AIRCRAFT FROM FULL-SCALE RADAR DATA 

Goniil Turhan-Sayan* 
and 

David L. Moffatt 
The Ohio State University 
ElectroScience Laboratory 

Depart.ment. of Electrical Engineering 
Columbus, OH 43212 

An approximate K-pulse waveform is generated from measured, noisy, 
complex S-band backscattered data of an A-4 jet aircraft. The data, mea­
sured by a full-scale stepped-frequency radar system, discretely span the 
frequencies 3.1(0.0048)3.4024 GHz for both vertical and horizontal linear 
polarizations. At the lowest available measurement frequency, the ratio of 
t.he wavelength to the overall length of the aircraft is less than one percent. 
Therefore, the K-Pulse estimat.ion problem is basically related to some sub­
st.ructures of the aircraft. which become resonant over the frequency range of 
measurements. 

The K-Pulse estimate is obtained using a double-combinational, simul­
t.aneous late-time response energy minimization technique which utilizes the 
measurement. backscattered data at the aspect angles of 10 and 91 0

, both 
for vert.ical polarization. Since the original data are measured at high fre­
quencies over a very narrow bandwidth, the available data at each synthesis 
combination are shifted by ±j3.09 GHz and the low-pass weighted super­
position of the left and right-shifted spectra is utilized in the estimation 
procedure for a better numerical exploitation. Such composite spectra are 
still useful in K-Pulse estimation because they preserve the original target 
pole information in a frequency shifted manner. The substructure-related 
dominant poles of the aircraft are extracted as zeros of the resultant K-Pulse 
spectrum. The basic correctness of the estimat.ion results is demonst.rated 
using the measured data at. arbitrarily selected nominal aircraft orientations 
for both vertical and horizontal polarizations with quite satisfactory results. 
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FREQUENCY DOMAIN SEM USING 
NON-EUCLIDEAN NORMS 

David A. Ksienski 
Electrical Engineering and Applied Physics 

Case Western Reserve University 
Cleveland, Ohio 44106 

The frequency domain singularity expansion method provides 
a concise method for characterizing scattering information. 
Algorithms for extracting poles and zeroes from measured 
data generally first fit a curve to the measured data (the fit 
being achieved in a least squares or Euclidean sense) and then 
extract the poles and zeroes from this fitted curve (e.g., 
D.A. Ksienski, Radio Sci., 20, 13-19, 1985). Although the 
algorithm works very well for noiseless data, even small 
amounts of noise degrade the accuracy of the extracted pole 
locations. Norms other than least squares can be easily 
introduced into the curve fitting algorithm and this paper will 
present the benefit of these norms on the accuracy of the 
extracted poles. 
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SEM WITHOUT THE ENTIRE FUNCTION 

Roger B. Marks 
Laboratory of Electromagnetic Research 

Delft University of Technology 
P. O. Box 5031, 2600 GA Delft 

The Netherlands 

The value of a singularity expansion method (SEM) is strongly dependent on 
the absence of the unknown entire function in the Mittag-Leffler expansion. A 
body of theory suggests that a variety of expansions of the current on a perfectly­
conducting scatterer can be constructed using only pole terms. We review these 
expansions and conclude that several of them are incomplete. However, we 
conjecture that one such form is exact. 

The review begins with a clarified explanation of "Class I" and "Class II" 
SEM. The Class II forms are shown to result from a Mittag-Leffler expansion of 
some multiplier times the inverse operator. An immediate inference is that a pure 
pole Class II expansion, if it exists at all, must include not only natural mode terms 
but heretofore-neglected "internal resonance" terms as well. The net effect of the 
latter terms on the current is as an entire function which, although formally known 
as an infinite sum, cannot be practically computed. This observation suggests that 
the Class II expansions, which are the only ones leading to the often-discussed 
"time-dependent coupling coefficients," are of limited value. 

Class I SEM, on the other hand, results from a Mittag-Leffler expansion of 
some function times the surface current itself. Internal resonance terms vanish, but 
the question of an unknown entire function remains. One particular Class I form 
has been defended on the basis of a conjecture on the asymptotic nature of the in­
verse integral operator, but we find discrepancies with this conjecture. An alter­
native conjecture suggests that the surface current is indeed amenable to a pure pole 
expansion for a wide range of incident fields, including step-function and time­
limited finite pulses as well as the impulse function. 

The method is illustrated by the example of the sphere. Although the solution 
is slow to converge in the very early time, the series is nevertheless convergent and 
exact, with no entire function required. The pure pole expansion is used to 
compute the solution in both time and frequency domains, including the steady state 
response to a harmonic incident field. 
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EXPERI MENTAL I NVESTI GA TI ON OF THE PRESENCE OF NATURAL 
MODE I NFORMA TI ON I N THE EARLY TIME CURRENT RESPONSE OF A 

THIN WIRE 

M. Deford*, E. Rothwell, D. Nyquist and K. M. Chen 
Department of Electrical Engineering 

Michigan State University, East LanSing, MI 48824 

The transient surface current response of a 
conducting scatterer is often separated into an early 
time component (when the excitation fieid is traversing 
the target and a late time compori'emt (after the 
excitation has passed). It is well known that the 
late-time period can be characterized purely in terms 
of a natural mode series. In addition, it has been 
suggested that the early time period may also be 
represented purely in terms of a natural mode sequence 
(Michalski, Electromagnetics 2, 201-209, 1982). This 
has significant implications to natural frequency 
identification using measured data, since the early 
time component often contains a majority of the signal 
energy. 

This paper will show that, although a natural mode 
sequence may be a viable mathematical description of 
the early time, the natural frequencies cannot be 
obtained experimentally from this time period. 

This can be easily seen by conSidering two thin 
cylinders of different lengths but identical 
orientation to an incident field. During the early 
time period, and before the first reflection from the 
far end, the current responses on each cylinder must be 
identical at identical observation points. However, 
each cylinder has a unique set of natural frequencies. 
It is obvious that two independent sets of frequencies 
cannot be extracted from an identical time series, 
without a priori knowledge of the scatterer. 

This paper will investigate that conjecture 
experimentally. The transient current response on a 
thin wire scatterer inclined above a groundscreen has 
been measured, and an attempt has been made to extract 
the natural frequencies of the wire for various probe 
positions. It will be shown that apparent early time 
natural modal content is heavily dependent on probe 
posi tion. It will also be shown that the natural 
frequencies of the wire are unavailable until the first 
reflection from the farthest point of the wire returns 
to the observation point. 
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RADAR TARGET DISCRIMINATION USING FREE-FIELD 
MEASUREMENTS 

P. Ilavarasan*, E. Rothwell, K. M. Chen, and D. Nyquist 
Department of Electrical Engineering 

Michigan State University, East Lansing, MI 48824 

The E-pulse radar target discrimination scheme, 
based on target natural resonances, has been 
successfullY demonstrated using transient scattered 
field data from a conducting ground plane range. More 
recently, radar target measurements have been made at 
MSU using a new free-field transient scattering range, 
and successful target discrimination has been 
performed. 

The MSU free-field transient range consists of a 
12' x 12' x 24' anechoic chamber, with wideband horn 
antennas used both_for transmitting and receiving. The 
horn antennas have been loaded with a distributed 
resistance to eliminate the strong resonances which 
normally occur near the target natural resonances. 
Excitation is provided using a 0.5 ns pulse of 
ampli tude 40V, and the received waveform is digitized 
by a waveform processing oscilloscope. 

Resul ts will be presented which will demonstrate 
that several different aircraft targets can be 
successfullY discriminated using the E-pulse technique 
wi th free-field measurements. Discrimination will be 
accomplished using both E-pulses and single-mode 
discrimination signals. 
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THE NATURAL FREQUENCIES OF AN IMPEDANCE STRIP 

J. D. Kotulski 
Sandia National Laboratories 

Electromagnetic Applications, Div 2322 
Albuquerque, NM 87185-5800 

The natural frequencies or resonances of an impedance strip are 
determined using two different techniques. The first technique uses the 
relationship between the high-frequency interactions of waves on the strip 
combined with a resonance condition. The high-frequency interactions are 
due to multiple edge diffraction of the surface rays on the strip. These are 
determined by a modified GTD approach and together with a ray-closure 
condition on the strip identify the natural frequencies. Some results using 
this approach were presented for a resistive coating and TM-polarization 
(J.D. Kotulski, 1988 URSI Symposium, Syracuse). The work presented here 
extends the previous analysis to include TE polarization and a surface 
impedance which allows the existence of a surface wave. The results 
obtained by this ray-tracking method are then compared to an alternative 
formulation of the problem. A moment-method solution of the appropriate 
integral equation is used to generate the impedance matrix. The resonances 
are then found by locating the zeroes of the determinant of this matrix. 
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Thursday AM 

Joint AP-S, URSI-B Session 72 
Apertures and Aperture Coupling 

Chairs: R. J. King, Lawrence Livermore Lab; R. R. McLeod, Lawrence Livermore Lab 
Room: San Simeon Time: 8:15-11:00 

8:20 Exponential Aperture Distribution for Low Sidelobe and Nar- 322 
row Beamwidth Radiation Patterns 
G. S. N. Raju~ K. R. Gottumukkala, Y. G. Rao, K. V. Rao, K. R. Ra­
jeswari, Andhra University 

8:40 On the Excitation of a Dielectric Covered Slot by a Microstrip 323 
Line in a Cavity 
N. 1. Vanden Berg~ P. B. Katehi, University of Michigan 

9:00 Radiation by Slots on an Impedance Wedge 324 
G. Manara, University of Pisa, R. Tiberio,* G. Pelosi, University of 
Florence, P. H. Pathak, Ohio State University 

9:20 Analysis of Apertures on Metallic Plates Including Plane 325 
Finiteness and Mutual Coupling 
L. de Haro,* J. L. Besada, Universidad Politecnica de Madrid 

9:40 Coffee Break 

10:00 Transient Electromagnetic Coupling to a Cavity with Imper- AP-S 
fectly Conducting Walls 
S. Barkeshli,* H. A. Sabbagh, Sabbagh Associates 

10:20 Aperture Radiation Analysis Including Plane Finiteness and AP-S 
Mutual Coupling 
L. de Haro,* J. L. Besada, Universidad Politecnica de Madrid 

10:40 An Efficient Representation of Radiation from a Circular Aper- AP-S 
ture with Quadratic Phase Error 
E. Y. Sun,* W. V. T. Rusch, University of Southern California 
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EXPONENTIAL APERTURE DISTRIBUTION FOR LOW SIDELOBE 
AND NARROW BEAMWIDTH RADIATION PAITERNS 

G.S.N.Raju, K.R.Gottumukkala, Y.G.Rao, K.V.Rao and K.~.Rajeswari 
College of Eneineering, Andhta University, Visakhapatnam-530 003 

INDIA 

Radiation patterns of narrow beamwidth with required 
sidelobe level and structure can be generated from a line source 
by Taylor's aperture distribution. Many other types of aperture 
distribution functions like cosinusoidal, triangular, circular, parabolic, 
trapezoidal and raised cosinusoidal functions are reported in the 
literature (M.T.Ma, Theory and appliction of antenna arrays, 1974). 
These functions result in radiation patterns with side lobes varying 
from about - 17 to - 31 dB and main beamwidths ranging from 
0.05 to 0.08 (Sin e - domain). 

The investigations carried out by the authors reveal 
that a simple exponential type of aperture distribution function 
of the form 

where x = (2n-N-i)/N, N being the number of radiating elements 
in the ~rray, yields a radiation pattern with its first sidelobe at 
- 25 dB. The main beamwidth is found to be 0.04 (Sin e - domain). 

The computations are carried out to obtain the radiation 
patterns for an array of isotropic radiators whose normalised 
array length is 50 and riumber of elements in the array is 100. 
The computations are repeated for the same array length and the 
same number of short collinear dipoles in an array. It is found 
from the results that these arrays yield identical radiation patterns. 

LO A(x) 

. -1 0 X 
Fig.Aperture Distribution 
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ABSTRACT 

ON THE EXCITATION OF A DIELECTRIC COVERED SLOT BY 
A MICROSTRIP LINE IN A CAVITY 

N. L. VandenBerg" 
Dr. P. B. Katehi 

Center for Space Terahertz Technology 
Department of Electrical Engineering and Computer Science 

The University of Michigan 
Ann Arbor, Michigan 48109-2122 

A high frequency array antenna design is proposed which optimizes total ra­
diated power through spatial power combining. The array is constructed of slots 
individually excited by microstrip lines. Each micros trip line is excited by an ac­
tive device and shielded by a rectangular cavity to reduce coupling. The dielectric 
cover thickness and the orientations of the microstrip lines and slots are selected 
to control the radiation pattern and mutual coupling. 

The analysis is formulated by equating the tangential H-fields at the slot re­
sulting in coupled integral equations. The derivation of the cavity dyadic Green's 
function needed in the integral equations is presented in terms of vector wave func­
tions. Above the slot, an infinite ground plane covered by a thin dielectric layer is 
assumed and the analysis of the resulting Sommerfeld integral is briefly described. 
Application of the Method of Moments using rooftop basis functions leads to ma­
trix representation of the integral equations which is solved by matrix inversion. 

Results are presented which show the coupling of the microstrip to the slot as 
a function of position and orientation of each in the cavity. The design procedure 
for the array is briefly outlined. 
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RADIATION BY SLOTS ON AN IMPEDANCE WEDGE 

G. Manara 
1st. Elettronica e Telecomunicazioni, University of Pisa 

R. Tiberio', G. Pelosi 
Dept. Ingegneria Elettronica, University of Florence 

P.H. Pathak 
Dept. of Electrical Engineering, The Ohio State University 

Recently, a high-frequency solution has been presented 
for the diffraction by a wedge with surface impedance faces, 
when both the source and the observation points are located at 
finite distances from its edge [R. Tiberio et aI., IEEE Trans. 
Antennas Propagat., vol. AP-37, no. 2, Feb. 1989]. There the 
total field is represented as the sum of the Geometrical Optics 
(GO) field, surface waves and a diffracted field. High-frequency 
expressions for the total field are given in the format of the 
Uniform GTD (UTD). The diffracted field includes contributions 
which provide the continuity of the total field at the shadow 
boundaries of both the GO field and the surface waves. The first 
contribution, which has the same structure as that for a 
perfectly conducting wedge, vanishes when at least either the 
source or the observation point is located on the impedance 
face of the wedge. 

In this paper the above formulation is extended to. treat 
the radiation by sources located on the surface of the wedge. To 
this end a higher order term is included in the asymptotic 
evaluation of the integral representation of the field. The same 
analysis is employed to evaluate a non-vanishing field 
contribution when both the source and the receiver are located 
on the faces of the wedge. 

This solution is applied to investigate the scattering 
mechanism excited by a slot on an impedance wedge, including 
surface wave contributions. Also, the application to the 
coupling between two slots is considered. 

Numerical results are presented that show that this 
technique may provide a useful tool in designing slot array and 
surface wave antennas. 
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ANALYSIS OF APERTURES ON METALLIC PLATES INCLUDING 

PLANE FINITENESS AND MUTUAL COUPLING 

" Leandro de Haro Jose Luis Besada. 
Radiation Group.E.T.S. of Telecomunication of Madrid. 

POLITECHNIC UNIVERSITY OF MADRID 

ABSTRACT 

Designing of horn clusters for conformed beams antennas on board of 
satellites needs an accuracy simulation of copolar and cross polar 
components of their field patterns. This simulation should include 
mutual couplings between horns and a suitable modelling of horns 
surroundings. 

In this work the horn surroundings is modelled by a finite metallic 
plate that holds horn mouths (this is a real situation in some clusters 
e.g. ATLANTIS antenna (M. Calvo et alt. Proc. of URSI Meeting 1988 ). 
Horn radiation is computed using classic methods (electric field model, 
Chu model) corrected with the addition of diffracted rays (calculated 
by GTD) at the edges of the finite metallic plate. 

The influence of the flat flange over simple horn mouths is computed 
using GTD techniques (C.A. Balanis. IEEE T.A.P. July 1970, pp 561-563., 
C.K. Cockrell et alt. IEEE T.A.P. Vol 22. May 1974.) .Fresnel's field 
expressions are used for near diffracting edges of circular and 
polygonal plates. 

The mutual coupling between horns and its effect in pattern radiation 
is also studied. The procedure is to compute mutual admittances (CTj) 
and mutual impedances (OT'l) evaluating the field created by the j-th 
aperture over the i-th aperture in a modal serie which fits the field 
on i-th one. Field created by j-th aperture is calculated by means of 
electric field model or Chu model, including plane edge diffracted 
rays. Finally, aperture power wave coefficients (a~, b~) are obtained 
from the main mode of the input waveguide of each horn, from the 
generalized scattering matrix of the horns, and from the scattering 
coupling matrix between modes (computed with cT'l and DT'l), following 
the procedure described in (J.B.Clarricoats et alt. lEE Proc. Vol 131, 
Pt H, June 1984). 

Radiation and coupling integrals are computed by Gauss Legendre 
quadratures. This procedure let us analyze any kind of horns with 
analytic modes. 

Some results obtained with smooth conical horns over metallic plates of 
several diameters will be presented. 
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Thursday PM 

Joint AP-S, URSI-B Session 74 
Numerical Techniques: Finite Element Methods 

Chairs: Z. Pantie-Tanner, U. illinois, Urbana; K. Umashankar, U. Illinois, Chicago 
Room: Fir Time: 1:15-5:00 

1:20 Finite Element Solution of the Vector Wave Equation Using AP-S 
Divergenceless Basis Functions 
A. F. Peterson~ Univ. oflllinois at Urbana-Champaign 

1:40 A Hybrid Finite Element-Boundary Element Method and its AP-S 
Application to Inverse Scattering 
T.-K. Lee, S.-Y. Lee~ J.-W. Ra, Korean Advanced Inst. of Science & 
Tech 

2:00 An Improved Solution of Open-Region Scattering Problems AP-S 
Using the Finite Element Method 
S. D. Gedney,* R. Mittra, Univ. of illinois at Urbana-Champaign 

2:20 Solution of the 3-D Vector Wave Equation in an Open Region 328 
U sing the Finite Element Method 
S. P. Castillo~ New Mexico State University, A. F. Peterson, Univ. of 
illinois at Urbana-Champaign 

2:40 An Investigation of Absorbing Boundary Conditions as Ap- 329 
plied to the Finite Element Solution of 2-D Open Region Elec­
trostatic Problems 
T. L. Rogers,* Raytheon, S. P. Castillo, New Mexico State University 

3:00 Coffee Break 

3:20 Effect of Exact and Approximate Radiation Boundary Condi- 330 
tions on Solution of Scattering Problems by the Finite Element 
Method 
N. Jacobi~ T. Cwik, Jet Propulsion Laboratory 

3:40 On the Use of High-Order Infinite Elements in Quasi-Static 331 
Solution Using FEM 
Z. Pantic-Tanner,* R. Mittra, Univ. of illinois at Urbana-Champaign 

4:00 A New Hybrid Moment/Finite Element Method for Electro- 332 
magnetic Scattering from Arbitrarily Shaped Inhomogeneous 
Dielectric Objects 
X. Yuan,* D. R. Lynch, J. W. Strohbehn, Dartmouth College 

4:20 An Efficient Hybrid Finite Element Method for Densely 333 
Coated Conductors 
W. E. Boyse,* A. A. Seidl, Lockheed Missiles & Space Co. 

4:40 Accurate Analysis of Anisotropic Multiconductor Transmission 334 
Lines Structures with Field Singularities Employing an Effi-
cient Finite Element Method Self Adaptive Mesh Scheme 
M. Salazar-Palma~ E.T.S.I. Telecomunlcacion, F. Hernandez-Gil, Tele­
fonica, Invest. y Desarrollo 
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SOLUTION OF THE 3-D VECTOR WAVE EQUATION 
IN AN OPEN REGION USING THE 

FINITE ELEKENT KETHOD 

Steven P. Castillo 
Department of Electrical Engineering 

New Nexico State University 
Las Cruces, NN 88003 

Andrew F. Peterson 
Electromagnetic Communication Laboratory 

University of Illinois 
1406 W. Green St. 
Urbana, IL 61801 

Three-dimensional electromagnetic scattering 
problems are of great interest to engineers and 
researchers. However, numerical solutions for 
practical 3-D problems are not currently feasible with 
traditional integral equation approaches due to the 
large amount of computer storage and time needed for 
solution. A differential equation solution approach 
for electromagnetic scattering problems has the 
advantage of producing a sparse system of equations 
which can be solved in a fraction of the time of that 
for an equivalent full matrix solution. The limiting 
factor in any differential equation solution is the 
size of the solution domain which must be discretized. 

In practice, the infinite solution region 'is 
truncated at some finite distance away from the 
scatterer by an artificial boundary. Over the 
artificial boundary a radiating boundary condition is 
applied so that the boundary appears to the internal 
region to be infinite. The 3-D vector wave equation is 
solved using the finite element method in the internal 
region. 

The finite element method for 3-D electromagnetic 
scattering problems will be described along with a 
vector 3-D radiating boundary condition. The accuracy 
of the radiating boundary condition will be given for 
various size scatterers as compared to eigenfunction 
and integral equation solutions. Problem solution 
times will be given for some commercially available 
supercomputers. 
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AN INVESTIGATION OF ABSORBING BOUNDARY CONDITIONS 
AS APPLIED TO THE FINITE ELEMENT SOLUTION OF 2-D 

OPEN REGION ELECTROSTATIC PROBLEMS 

Tonja L. Rogers 
Ray~heon Company 

PO Box B 
WSI'IR, NI'I 88002 

S~even P. Cas~illo 
Department of Electrical Engineering 

New /'lexica S~ate Universi~y 
Las Cruces, N/'I 88003 

The traditional integral equation method for 
solving quasi-TEM planar structure problems is not 
always suitable for complex geometries. The finite 
element method of solution is not structure dependant 
and therefore allows for the solution of problems with 
general cross-sectional gemeotries. As currently being 
used, the finite element method is not commpetitive in 
open region problems with the integral equation method 
due to the large solution domain that must be 
discretized. 

Previously, the open region electrostatic problems 
were truncated at some distance from the structure, and 
a homogeneous Dirichlet condition was applied on the 
outer boundary to approximate the boundary condition 
that the potential must go to zero at infinity. The 
use of an absorbing boundary cond it ion (ABC) on the 
outer boundary gives a closer approximation to the 
in ifin i te region problem and thus the ou ter boundary 
can be placed closer to the structure. 

The 2-D absorbing boundary condition for Laplace's 
equation as applied to electrostatic problems will be 
derived. Results for some representative planar 
transmission-l ine prob lems wi 11 be given with respect 
to the boundary distance and radiation condition order. 
Computer time comparisons will be made for the finite 
element solution using the ABC against other 
traditional solution methods. 
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EFFECT OF EXACT AND APPROXIMATE RADIATION BOUNDARY 
CONDITIONS ON SOLUTION OF SCATTERING PROBLEMS BY THE 

FINITE ELEMENT METHOD 

Nathan Jacobi* and Tom Cwik 
Jet Propulsion Laboratory 

California Institute of Technology 
Pasadena, CA 91109 

Recent comparison of analytic radar cross sections and 
scattered fields for plane wave scattering by a 
dielectric, conducting, and coated conducting objects 
with the corresponding numerical results, obtained by a 
finite element code implementing local boundary 
conditions (e.g. Bayliss-Turkel type), has revealed non­
negligible deviations. These deviations are partly 
attributed to the inherent discretization in the finite 
element approximation, and partly to replacement of the 
exact, global radiation boundary condition by a local 
boundary condition. The purpose of the present study is 
to explore the validity of the local boundary conditions 
by comparing them with two extensions of the finite 
element method, including the open region problem and 
incorporating the exact boundary conditions. 

The first is the hybrid finite element method, in which 
the exterior is described by a surface integral equation, 
applied to a surface closely conforming with the 
scatterer; the interior is described by conventional 
finite elements. The second is the boundary element 
method, in which the boundary integral is discretized, 
resulting in reduction of the problem dimensionality by 
one when the medium is homogeneous. For inhomogeneous 
media that cannot be easily decomposed into homogeneous 
blocks one can combine finite elements in the 
inhomogeneous regions with boundary elements in the 
homogeneous regions. 

The methods are applied numerically to 2-D scattering 
from perfectly conducting and coated conducting cylinders 
of various cross sections, and compared numerically with 
the finite element code involving the approximate local 
boundary conditions. Comparisons of accuracy, ease of 
implementation, and relative efficiency of the codes are 
made. These methods are also formulated in the 3-D case, 
and the anticipated numerical performance of the 3-D 
code, currently underway, is estimated. 
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ON THE USE OF HIGH·ORDER INFINITE ELEMENTS IN QUASI· 
STATIC SOLUTION USING FEM 

Z. Pantic-Tanner* and R. Mittra 
Electromagnetic Communication Laboratory 
University of Illinois, Urbana, Illinois 61801 

The conventional finite-element method(FEM), which uses only ordinary 
elements, is not directly suited for treating open-region problems. Thus, these 
problems are typically handled only approximately by truncating the infmite region 
to a finite one, and placing a perfectly conducting shield at the outer boundary of 
this finite region. This, in effect, reduces the the original open region problem into 
a close one and enables one to apply the standard FEM method. However, the 
drawback in this approach is that, in order to achieve accurate results, the shield has 
to be placed far away from the structure being analyzed. This, in tum, results in a 
large FEM mesh and creates storage difficulties when solving large problems. In 

. addition, the location of the shield has to be determined via numerical experiments, 
e.g., by moving the shield away from the conductors until satisfactory convergence 
of the solution is achieved. 

An approach to circumventing the mesh truncation problem is to treat the 
open-region problem using special, infinite 'elements. Instead of truncating the open 
region and placing a shield at the outer boundary, the entire infinite region is now 
divided into two sub-regions, viz., the near-field and far-field regions. In the planar 
transmission line problems, that are of interest in this paper, the near-field region 
contains all the conductors and is divided into ordinary triangular elements. In 
contrast, the far-field region is divided into infinite elements which model the 
behavior of the field in the far zone in accordance with the asymptotic analytical 
solution. The nodes that lie on the interface between the two zones are common to 
both the ordinary and infinite elements. The potential in an infinite elements is 
expressed in terms of these nodes only. For the type of open region problems 
considered in this paper, the conductors are placed either above a single ground 
plane or between two parallel ground planes. For these configurations, the infinite 
elements ar typically chosen such that they have a lIr decay built in the expansion 
functions. Again, the location of the interface between the near and far-field 
boundaries can be found via numerical experimentation. The advantage of 
employing the infinite elements is that the mesh size, and hence the computation 
time, can be siguificantly reduced. 

In this paper we propose the use of high-order infinite elements, which 
include both the 1fr and lIr**2 terms and show that that they provide additional 
reduction in the total mesh size. The use of these higher order elements enables one 
to bring in the far-field boundary even closer to the conductors, with just one 
additional layer of nodes in the far-field region. Numerical results show that the 
use of the second-order elements can reduce the FEM mesh size significantly in 
comparison to that required for the first-order elements. 
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A New Hybrid Moment/Finite Element Method for 
Electromagnetic Scattering from Arbitrarily 
Shaped Inhomogeneous Dielectric Objects 

Xingchao Yuan*, Daniel R. Lynch, and John W. Strohbehn 
Thayer School of Engineering, Dartmouth College, Hanover, NH 03755 

The problems of electromagnetic scattering due to inhomogeneous, lossy, and arbitrarily 
shaped dielectric bodies have received intensitive interest because of their presence in many 
practical applications. Many formulations have been devised to treat them. Among them are the 
moment method formulations using either surface or volume currents and the hybrid formulations 
that combines the fmite element method to treat the interior inhomogeneities with either the wave 
harmonics (Unimoment method) or the integral equation method (for example, the extended 
boundary condition method and the boundary element method) to treat the unbounded problem. 
The later two methods are referred to as the fmite element-boundary integral formulation (or FEB!) 
and the hybrid boundary element and fmite element method (or BEMlFEM), respectively.' Integral 
equation methods such as the method of moments treat the unbounded region very effectively. 
They, however, become computationally disadvantageous due to the resulting large and full matrix 
if complex inhomogeneities are present. In contrast, the finite element method handles 
inhomogeneties very easily and the finite element matrix is banded, sparse, and easy to compute. 
However, it is most suitable for a pure boundary value problem. Therefore, the hybrid methods 
that combine the fmite element method with the integral equation method (e.g. FEBI and 
BEMlFEM) or the wave harmonics (unimoment method) are computationally efficient for 
problems involving complex inhomogeneities. 

In this paper, we propose a new hybrid method that combines the method of moments with 
the finite element method, which has comparable advantages with the FEB! formulation and the 
hybrid BEMIFEM method. In addition, it facilitates the use of established moment method. The 
basic technique is to apply the equivalence principle and transform the original problem into the 
interior and exterior problems that are coupled on the exterior dielectric body surface through the 
continuities of the tangential electric field and magnetic field. The interior problem involving 
inhomogeneous medium is solved by the finite element method and the exterior problem is solved 
by the moment method. The coupling of the interior and exterior problems on their common 
surface results in a matrix equation for the equivalent current sources for the interior and exterior 
problems. In this paper two dimensional numerical results are presented to check the validity and 
accuracy of the method. Excellent agreement has been obtained with the exact eigenfunction 
solution, the unimoment solution, and Richmond's pure moment solution. 
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AN EFFICIENT HYBRID FINITE ELEMENT METHOD 
FOR DENSELY COATED CONDUCTORS 

* W. E. Boyse and A. A. Seidl 

Lockheed Missiles and Space Company, Inc. 
0/91-60 B/256 

3251 Hanover Street 
Palo Alto, CA 94304-1191 

Abstract 

Hybrid finite element methods are a combination of standard finite element 
analysis and boundary element methods. Finite elements are used in and 
around the scattering object, where they are best able to model complex 
geometries and inhomogeneous materials. Boundary elements are used to 
provide a near field exact radiation boundary condition. A two dimensional 
code was written implementing this method for both TE and TM polar­
izations. This code was compared, for accuracy and efficiency, with the Mie 
series solution and with a method of moments code. The comparison involved 
the scattering from a conducting circular cylinder coated with physically thin 
optically thick material. In this case, a very high sampling rate is required 
in and around the coatin'g. Finite elements are used here and to reduce the 
sampling to a very low rate away from the scatterer, outside the evanescent 
field, where the field is smooth. The finite element equations for this part of 
the problem are sparse and are solved efficiently and stably with banded LU 
decomposition with partial pivoting. A boundary integral solution is then 
applied at this low sampling rate to provide the exact near field radiation 
condition. The matrix representing these equations is dense but small due 
to the low sampling rate. It was found that the code is highly accurate and 
more efficient than the method of moments for this problem. 
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A£XlEA:lE AN!\LYSIS OF ANIroIROPIC KJL:ITamcmt 'llWISKISSHN LINES SIRlClUlI'S 
IlTIH FIElD SItGIUUITl'.IES EMPUJYIN; />8 EFFICIENl' FINl'IE EmIENf HKDID 

SFLF AIYIPITVE HIlSI &lMIE 

*Magdalena Salaiu--Palma. Dpto.S.S.R. E.T.S.I.Telecomunicacion. U.Polit€cnica. 
Ciudad Universitaria sin. Madrid 28040. Spain. 
Felix Hem8ndez-Gil. TelefOnica, Investigacioo y Desarrollo. lkrida 43. Madrid 
28020. Spain. 

Fini te Element Method is a powerful tool for microwave field problans 
analysis, but for accurate results it requires a mesh generation that take into 
account field distribution and singularities. This implies a difficulty to 
produce accurate and efficient fully automatic analysis programs. 

A self adaptive algorithm that provides a new method for automatic mesh 
generation, with adequate field singularities handling is presented. It my be 
applied to any F:EM forrra.tlation: transmission lines quasi-static or full-wave 

. approach, discontinuties analysis, etc. The application of an adaptive scheme 
to micros trip-line structures quasi~static and full-wave F:EM analysis 
represents a new contribution to this subject. 

A st.tnnary of algorithm basis follows'. The F:EM is applied to a coarse 
ini tial mesh automatically generated from the structure description. The 
solution error is analyzed (D.'II.Kelly,J.P. de S.R.Gago,O.C.Zienkiewicz,I. 
Babuska.IntJ.Num.Meth.Eng.,19,1593-1619,l983), providing informtion about if 
further mesh refinement is required and where to refine it; a better mesh 
locally-adapted is produced. The process will continue until a prescribed 
cri terium is achieved. At each mesh step, F:EM equations are solved by means of 
a preconditioned conjugate gradient iterative method. 

Not only linear and higher order -for better field description and accurate 
curved boundaries consideration- ordinary triangular elements are provided, but 
also infini te and singular ones. 

Good accuracY is obtained: figure 1 refers to a test structure; table I 
compares results with previous ones. Moderate CPU time is needed. Results of 
figure 2a) structure analysis are sholm in figure 2b) and table II. Perfol:lJBl1ce 
of the self adaptive analysis program without the infinite and singular 
elemen ts has boo, compared upon that including them. 

1.) Ib) Ie) 

Fiqure 1. Square coaxial structure. 
alStructure. b) Initial mesh. clMesh step number 4. 

... wlll! .... ...h 

h ~r .. s~ t hs 

I Wm2 "0 -- w -
2.) 2b) 

p'iqure 2.stripline-like asymmetric offset parallel coupler 
a)structure. b)Mesh step for boundary conditions +l""Ov. , +2'''lv. 
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{II 10.3644 

E;xact· 10.2341 
Table 1.Results.Pol.og. 
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Thursday PM 

Joint AP-S, URSI-F Session 77 
Layered Media 

Chairs: D. G. Dudley, University of Arizona; D. R. Jackson, University of Houston 
Room: Monterey Time: 1:15-4:40 

1:20 Three-Dimensional Electromagnetic Ground Response for 336 
a Multi-Layered Earth with Application to the Two­
Dimensional/ Two-Region Case 
I. Kohlberg,* Kohlberg Associates, Inc. 

1:40 Spectral Views and Alternative Representations of the Electro- 337 
Static Green's Function in Layered Dielectrics 
I. T. Lu: Polytechnic University of New York 

2:00 Location of the Leaky-Wave Poles of a Dielectric Layer in the 338 
Static Limit 
M. Guglielmi,* New Jersy Institute of Technology, D. R. Jackson, Uni­
versity of Houston 

2:20 Approximate Formulas for Surface Wave Poles in Layered 339 
Media 
J. R. Mosig: L. Barlatey, F. E. Gardiol, Ecole Poly technique Federale 
de Lausanne 

2:40 Wave Phenomena in the Presence of Shaped and Truncated 340 
Layered Dielectrics: I-Formulation 
I. T. Lu: L. B. Felsen, Polytechnic University of New York 

3:00 Wave Phenomena in the Presence of Shaped and Truncated 341 
Layered Dielectrics: II-Asymptotics with Ray Interpretation 
L. B. Felsen,* I. T. Lu, Polytechnic University of New York 

3:20 Coffee Break 

3:40 Microwave Imaging of Multilayer Cylinders Using Optimiza- AP-S 
tion Techniques 
M. Ferrando: A. Broquetas, L. Jofre, J. M. Rius, E.T.S.1. Telecomuni­
cacion 

4:00 Space and Surface Waves in a Multilayered Structure AP-S 
A. K. Bhattacharyya: University of Saskatchewan 

4:20 An Alternate Approach to the Problem of Scattering by a 342 
Sphere Embedded in a Plane 
R. Donnelly,* J. Walsh, Memorial Univ. of Newfoundland 

335 



77-1 

THREE-DIMENSIONAL ELECTROMAGNETIC GROUND RESPONSE FOR 
A MULTI-LA YERED EARTH WITH APPLICATION TO THE 

TWO-DIMENSIONALffWO-REGION CASE 

Ira Kohlberg, Kohlberg Associates, Inc., Alexandria, VA 

This investigation is concerned with the development of a mathematical 
proof that for an N-layer earth-model, including three-dimensional variations in the 
electromagnetic fields and frequency dependence of electrical parameters, it is 
possible to express the three components of the electric field and the vertical 
component of the magnetic field on the surface of the earth as a space-time 
integration of the two horizontal components of the magnetic field. It is shown that 
if 

then every member of the set Yj on the surface of a finitely conducting earth is 
related to the horizontal components of the magnetic field through the equation 

t 

Yj (rs,t) = J J Tix (rs - r~, t - t')Hxs (r~,t')dt'dx'dy' 
o '. f, 

t 

+ J J Tjy (rs - r~,t - t')Hys(r~,t')dt'dx'dy' 
o '. f, 

where the T's can be interpreted as Green's functions. 

The general theory is applied to the Two-DimensionallTwo-Region case. 
The solution, which relates the surface components of the electric field to the two 
horizontal components of the magnetic field, is achieved by deriving a universal 
functional form for a dimensionless Green's function. This Green's function 
provides increasingly more accurate approximations to the response for each 
successive reflection from the second layer. 
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Spectral Views and Alternative Representations of the 
Electro-Static Green's Function in Layered Dielectrics 

I-Tai Lu 
Department of Electrical Engineering/Computer Science 

Weber Research Institute 
Polytechnic University 

Farmingdale, NY 11735 

Spectral views and alternative representations of the Green's function in 

layered dielectrics sandwiched by two grounded planes, or atop a grounded plane, are 

derived under electro-static condition in a similar way to the dynamic case [LT. Lu, 

"Collective Ray and Hybrid Ray-Mode Method for Source Excited Propagation in a 

Multi-Layered Media - L Formulation", 1988 National Radio Science Meeting, URSI, 

Colorado]. The Green's function is first represented by a spectral integral. Here, we 

have only evanescent spectra. By deforming the integration contour to enclose all 

pole singularities or the branch cut, the modal solution is represented by a sum of 

residues or an integral, respectively. These poles are related to the transverse 

resonance of the structure when the layered dielectrics are sandwiched by two 

grounded planes and, the branch cut is related to continuous spectrum when there is 

only one grounded plane. Alternatively, by series expansions of the resonance 

denominator in the integrand, one has sums of image integrals, which are equivalent 

to the conventional image solution. In analogy to the hybrid ray-mode method in the 

dynamic case, collective image schemes are derived to improve the convergence 

properties of the image solution. A combination of these alternative representations 

enables one to compute the Green's function efficiently for all possible arrangements 

of source and observer locations. Applications to analyze multiconductor transmission 

lines in mulltilayered dielectric media are also presented. 

337 



77-3 

LOCATION OF THE LEAKY-WAVE POLES OF A DIELECTRIC 
LAYER IN THE STATIC LIMIT 

M. Guglielmi 1 

Department of Electrical Engineering 
New Jersey Institute of Technology 

Newark, NJ 07102 

* D. R. Jackson 
Department of Electrical Engineering 

University of Houston 
Houston, TX 77204-4793 

The use of a dielectric layer as a substrate for microwave and millimeter­
wave applications is quite common. The modal solutions which may propa­
gate on such layers have been extensively studied in the past. In particular, 
it is well known that the higher modes of a dielectric layer have a cutoff 
frequency above which they propagate as bound (slow) surface waves, with a 
real longitudinal propagation constant. Below the cutoff frequency they be­
come leaky (fast) however, with complex longitudinal propagation constants. 
In some cases, these complex propagation constants can have real and imag­
inary parts of comparable magnitude. As a result, the task of numerically 
locating their position in the complex plane can become rather difficult. 

In this presentation, we show a novel technique to derive simple and 
very accurate analytical expressions for the real and imaginary parts of the 
complex longitudinal propagation constant for the leaky waves on a dielectric 
layer in the static limit. Both TE and TM cases are treated, with or without 
a metal ground plane on one side of the layer. The TM leaky-wave poles 
are shown to approach complex constants as the frequency tends to zero, 
so that both the phase and attenuation constants (fJ and a) approach finite 
limiting values. The TE modes exhibit a different behavior however, with 
fJ becoming infinite while a still approaches a finite limit. In the steepest­
descent plane the TM-mode poles approach fixed points in the improper 
region as the frequency tends to zero, while the TE-mode poles descend 
downward, asymptotically approaching vertical lines. 

Numerical results will be presented to show how the tracking of the 
complex pole locations at higher frequencies may be easily accomplished by 
using the low frequency locations as starting values. Knowledge of the leaky­
wave pole locations may be used to predict and avoid any unwanted behavior 
related to the excitation of leaky higher modes. 

1 Presently with the European Space Research and Technology Centre 
Post bus 299, 2200 AG Noordwijk ZH 
The Netherlands 
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APPROXIMATE FORMULAS FOR SURFACE WAVE POLES 
IN LAYERED MEDIA 

J.R. Mosig *, L. Barlatey, F.E. Gardiol 
Department of Electrical Engineering 

Ecole Poly technique Federale de Lausanne, Switzerland 

The theory of electromagnetic wave propagation in flat layered media can be found 
in many textbooks (for instance, J.A.Kong, Theory of Electromagnetic Waves, 
John Wiley & Sons, New York, 1975). It is shown that the eigenmodes associated 
with a structure formed by N layers sandwidched between two seminfinite media 
correspond to surface waves of TE and TM type. The propagation constants of 
these modes are obtained as roots of a characteristic equation involving 
transcendental functions and whose complexity grows quickly with the number of 
layers. The roots must therefore be obtained by numerical techniques. In this paper, 
we derive closed-form approximations for these roots which are accurate for an 
arbitrary number of electrically thin layers (roughly less than a tenth of a 
wavelength). These analytical approximations provide a good insight on how the 
surface wave parameters depend on the frequency, dielectric constant, thickness and 
number of layers. The formulas remain valid if the lower seminfinite medium is 
replaced by a ground plane (the multilayered microstrip). Thus, approximate 
analytical estimations of the power carried by the surface wave and of the radiation 
efficiency of a microstrip patch are possible. These approximations are also useful 
as starting points in a numerical search of the roots. 

The figure presents the normalized propagation constant of the lowest TE-mode for 
a substrate formed by three dielectric layers of identical thickness, whose dielectric 

constants are either Er=lO or Er=2. All possible combinations of layers have been 
investigated. The exact results, obtained by a numerical search in the complex 
plane, show that for thin layers the propagation constant depends only sligthly on 
the relative position of the layers. This fact is confirmed by the approximate formula 
(solid line) which is independent of a permutation of the layers. 
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WAVE PHENOMENA IN THE PRESENCE OF SHAPED AND TRUNCATED 
LAYERED DIELECTRICS: I-FORMULATION 

I.T. Lu and L.B. Felsen 
Department of Electrical Engineering/Computer Science 

Weber Research Institute 
Polytechnic University, Route 110, Farmingdale, NY 11735 USA 

Sections of shaped single layer and multilayer dielectric materials find 
application for guiding, transmission, shielding, etc. The shaping may involve varying 
layer thickness, smooth curvature, and truncation. Determining source-excited 
electromagnetic wave behavior in the presence of such structures poses problems of 
substantial complexity. The approach taken here is to treat various noncanonical 
structural features as weak deviations from canonical, rigorously solvable prototypes. 
For effects of shaping, the canonical prototype selected here is a perfectly conducting 
circular cylinder covered with circular cylindrical dielectric layers of homogeneous 
composition. The previously developed three-dimensional vector Green's function for 
this structure (L.W. Pearson, Radio Science, Vol. 21, pp. 559-569, 1986) is generalized 
to allow for variable radius of curvature, variable layer thickness and (or) variable 
permittivities. The analysis, which is approximate, involves adiabatic Fourier 
transforms, spectral scaling, local resonance conditions and local modes, and, it is 
carried out in an infinitely extended azimuthal domain to remove the circular 
cylindrical 2rr-periodicity constraint. Alternative representations in integral and series 
form are derived which are best suited to characterizing particular wave phenomena, 
such as ray fields, guided modes, hybrid combinations, etc. Special consideration is 
given to layers whose thickness is small compared to the exterior wavelength. Helical 
truncation of such layers for the circular cylindrical prototype forms the canonical 
problem for end effects; this is treated formally by edge adapted spectral 
parametrization. Asymptotic reduction of these formal results is discussed in the 
companion paper. 
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WAVE PHENOMENA IN THE PRESENCE OF SHAPED AND TRUNCATED 
LAYERED DIELECTRICS: II-ASYMPTOTICS WITH RAY INTERPRETATION 

L.B. Felsen and I.T.Lu 
Department of Electrical Engineering/Computer Science 

Weber Research Institute 
Polytechnic University, Route 110, Farmingdale, NY 11735 USA 

Formal alternative representations of the three-dimensional electromagnetic 
vector Green's function for a multilayer dielectric, whose shape and composition 
deviates weakly from ;l circular cylindrical prototype, have been derived in companion 
paper. These formal results are now reduced by asymptotic methods applicable in the 
high frequency regime to yield a ray-optiCal description comprising leaky trapped and 
creeping layer guided local modes in addition to the geometrically reflected rays. The 
dipole-excited local mode fields follow surface ray trajectories determined by phase 
matching with the incident ray; due to the anisotropy of the modal dispersion 
relations in the longitudinal-azimuthal surface wavenumber domain, the local modes 
propagate like ray fields in an equivalent two-dimensional anisotropic medium. For 
thin layers with respect to the exterior wavelength, truncations generate edge coupled 
reflected modes and edge diffracted radiation fields. In essence, the results extend 
the geometrical theory of diffraction to configurations that contain shaped and 
truncated layered dielectrics. 
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AN ALTERNATE APPROACH TO THE PROBLEM 
OF SCATTERING BY A SPHERE EMBEDDED IN A PLANE 

BY R. DONNELLY & J. 'WALSH 

Faculty of Engineering and Applied Science 
f>-Iemorial University of Newfoundland 

St. John's, Newfoundland, Canada, AID 3X5 

The results of a study of the clectromngnctic scnttering from a sphere embedded in 
a horizontal plane are presented. The fOrInlllation of the prohlem arises as a special 
instance of a previous general work by the authors. and does not follow the conventional 
methods of solving electromagnetic boundary value problems. Rather, it is based on "­
generalized function interpretation of the field quantities in the various regions. In the 
initial formulation the source field is arbitrary and the ensuing equations directly relate 
the unknown electric field and specified source field intensities. The boundary conditions 
evolve directly from the formulation as auxiliary equations. An expression for the electric 
field at any point on the surface is given for a sphere at arbitrary depth. This expression 
is used to develop a radar-range equation and a radar cross-section. Finally, a discussion 
is given as to the relevance of this work to scattering from sea-ice and icebergs. 
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Joint AP-S, URSI-B Session 78 
Millimeter Wave Antennas 

Chairs: D. B. Rutledge, Cal. Tech.; S. L. Chuang, U. of Dlinois at Urbana 
Room: Carmel Time: 1:15-3:00 

1:20 Total Millimeter-Wave Power Transmitted Through Uniformly 344 
Illuminated Semiconductor Panel Scanned with a Strip of 
Shadow 
M. H. Rahnavardt Shiraz University 

1:40 Total Millimeter Wave Power Reflected from Moving Strip 11- 345 
luminated Semiconductor Panel 
M. H. Rahnavardt Shiraz University 

2:00 Bandpass Filters for use in Millimeter Wave Quasi-Optical AP-S 
Systems 
A. Roberts,* R. C. Compton, Cornell University 

2:20 44 GHz SlotIine Phased Array Antenna AP-S 
Y. H. Choungt c. C. Chen, TRW 

2:40 Optically Controlled Dielectric Resonator Oscillator for Mil- 346 
limeter Wave Applications 
A. Paolella:' T. Higgins, U. S. Army LABCOM, Ft. Monmouth, 
P. R. Herczfeld, Drexel University 

343 



78-1 

TOTAL MILLIMETER-WAVE POWER 

TRANSMITTED THROUGH UNIFORMLY 

ILLUMINATED SEMICONDUCTOR 

PANEL SCANNED WITH A STRIP 

OF SHADOW 

M.H.RAHNAVARD 

Electrical Engineering Department 

Shiraz University, Shiraz, Iran 

One of the needs in air traffic is to know the environmental 

situation under any weather condition. Visible or IR radar will fail 

in adverse weather because of high attenuation but there are several 

windows in millimeter wave region with low attenuation in bad weather 

concition (Weibel,C.H. and Dressel, H.O. 1967, Proc. IEEE, 55,497). 

One of the methods to convert millimeter wave to visible light is by 

using illuminated semiconductor panel. Semiconductor panels are used 

:is image conve rtors in both transmission and reflection mode of 

operation (Jacobs, H.et.al, 1967,J.Opt. Soc. 57,913). In both cases 

the response of illuminated semiconductor panel is important. Excess 

carrier in moving strip illuminated semconductor panel is obtained 

by Rahnavard, et.al. (Rahnavard, et.al.J .Applied Physics, Vol.46,No. 

3,March 1975, PP. 1229-1234). Using the above result attenuation 

coefficient and reflection coefficient for this case are also studied 

(Rahnavard, et.al. Sensor and Actuator Journal. Vol.I2,No.4, pp.367-

374(1987)). Transmission coefficient and local power transmission through 

uniformly illuminated semiconductor panel scanned with a strip of 

shadow are also studied (Rahnavard, et.al. Appl. Opt.26,pp.12I3-I215, 

April 1987, Rahnavard, Microwave and Optical Technology letters, Vol. 

1, No.6, pp .211-214). In this paper total transmitted power through 

uniformly illuminated semiconductor panel scanned with a strip of 

shadow vs. velocigy of the moving shadow strip, width of the moving 

shadow strip, attenuation etc. are studied. 
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Total Millimeter Wave Power 

Reflectd from Moving Strip 

Illuminated Semiconductor Panel 

M.H.RAHNAVARD 

EE Dept. ,Shiraz University 

Shiraz, Iran 

One of the needs in air traffic is to know the environmental 

situation under any weather condition. Visible and IR radar will 

fail in adverse weather because of high attenuation but there" are 

several windows in millimeter wave region with low attenuation in 

bad weather condition (Weibel,C.H.and Dressel,H.O. 1967, Proc. IEEE, 

55,497). One of the method to convert millimeter wave to visible light 

is by using illuminated semiconductor panel. Semiconductor panels are 

used as image convertors in both transmission and reflection mode of 

operation (Jacobs, H .et. al. 1967, J . Opt. Soc. 57,913'). In both cases 

the response of illuminated semiconductor panel is important. Excess 

carrier in moving strip illuminated semiconductor panel is obtained 

by Rahnavard,M.H.et.al. (Rahnavard, M.H;et.al.,J .Appl. Physics, 

Vol.46,No.3,March 1975,pp. 1229-1234). Using the above result atten­

uation coefficient and reflection coefficient for this case are also 

studied (Rahnavard, M.H.et.al., Sensor and Actuator Journal Vol.l2, 

No.4,pp. 367-374 (1987)). Local millimeter wave power reflected from 

moving strip illuminated semiconductor is also studied (Rahnavard, 

M.H.et.al. Proc. of SPIE Vol. 794 Modern Optical Characterization 

Techniques for Semiconductors and Semiconductor Devices (1987) pp. 

266-271). In this paper total reflected millimeter wave power from 

moving strip' illuminated semiconductor panel as a function of strip 

velocity, width, of the strip, etc. is considered. 
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Optically Controlled Dielectric Resonator Oscillator for 
Millimeter Wave Applications 

A. Paolella, T. Higgins, P. R. Herczfeld* 

U. S. Anny, LABCOM, Electronics Technology and Devices Laboratory, Ft. Monmouth, N. J. 
* Drexel University, Center for Microwave- Lightwave Engineering, ECE Dept., Phila., Pa. 

Over the past years there has been an increased interest in the use of the Millimeter Wave (MMW) 
frequency spectrum for communications and radar. Advances in solid-state device research, and Microwave 
Integrated Circuits (MIC) and Monolithic Microwave Integrated Circuits (MMIC) circuit fabrication has 
improved the performance and reduced the cost of MMW circuits. Systems such as active phased array 
antennas, which are made of many closely spaced individually controlled TransmitJReceive (TIR) modules, 
each with its own radiating element will use MIC and MMIC circuits. Distribution and synchronization of 
the MMW signals to each of these TIR modules is a formidable task requiring large amounts of metal 
waveguide or coaxial transmission lines for a distribution network limiting the system's capabilities. To 
circumvent these problems, fiber optic cables and electro-optic components can be used as a distribution 
network for microwave, millimeter wave, and control signals (phase shift, signal processing, etc.). Fiber 
optic cables have many advantages which can be exploited for MMW array antennas. These lightweight fiber 
optic cables have a larger bandwidth than conventional metallic transmission line, immunity from interference 
such as EMI and EMP, and very high isolation between adjacent cables. 

Millimeter wave systems employing solid-state devices for power generation commonly use Gunn 
oscillators. In sophisticated systems requiring low noise, highly stable oscillators, Gunn oscillator 
performance can be improved with the use of a dielectric resonator as its frequency selective element. The 
dielectric resonator provides a high Q circuit which reduces oscillator noise and improves temperature and 
frequency stability over distributed element or lumped element resonators. For this investigation aKa-band 
Dielectric Resonator Oscillator (DRO) using a Gunn device as the active element was designed as a millimeter 
wave source. The frequency of oscillation was controlled via a fiber optic link to demonstrate the ability of 
using optics as a distributive network. 

The construction of the DRO is, as shown in Fig. 1, fabricated on a 0.010 inch thick duroid microstrip, 
with a packaged Gunn diode and a cylindrical dielectric resonator.The DRO was made optically sensitive by 
placing a photoconductor on top of the dielectric resonator. The photosensitive material chosen was high 
resistivity GaAs . Optical illumination of the GaAs increases the photoconductivity causing a perturbation of 
the fields around the dielectric resonator increasing the oscillating frequency. Optical tuning of the oscillator 
was obtained by a laser diode via an optical fiber through the hole in the top of the cavity. A maximum shift 

Fig. 1 Optically Controlled Dielectric Resonator Oscillator 
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of the oscillator frequency observed was 4 
MHz with 3 mw of optical power, however 
this was not repeatable due to the sensitivity 
of the position of the sample and the fiber. 
Changes of 2.5 MHz were observed with 
repeatability as shown in Fig. 2. 

OPTICAL POWER (mw) 

Fig. 2 Frequency shift as a function of 
optical power. 



Thursday PM 

Joint AP-S, URSI-A,F Session 79 
Radar and Antenna Mesurements and Imaging 

Chairs: D. G. Falconer, SRI International; B. J. Cown, GTRI 
Room: San Jose/Santa Clara Time: 1:15-5:00 

1:20 Near-Field Scattering Measurements and Data Processing 348 
Techniques for Determining RCS 
B. J. Cown,* C. E. Ryan, W. H. Hallidy, Georgia Tech. Research Insti­
tute 

1:40 Image Processing for Diagnosis of Dispersive Scattering 349 
Centers 
S. M. Scarborough,* J. D. Young, Ohio State University 

2:00 RCS Decomposition by Area Gating 350 
R. M. Ueberschaer,* SRI International 

2:20 Image Reconstruction Focusing in Microwave Holographic 351 
Diagnostics . 
B. Toland: TRW, Y. Rahmat-Samii, Univ. of California, Los Angeles 

2:40 Calibration Targets for RCS Measurements 352 
P. L. E. Uslenghi,* S. F. Kawalko, University of Illinois at Chicago, 
B. Audone, Aeritalia 

3:00 Extrapolation of Swept-Frequency RCS Measurements to the 353 
Far Zone 
H. A. Olender,* SRI International 

3:20 Coffee Break 

3:40 Estimation of Near-Zone Bistatic RCS Levels Using Far-Zone 354 
Monostatic RCS Measurements 
D. G. Falconer: SRI International 

4:00 A Physical Model for Detection with Over-the-Horizon Radar 355 
R. L. Fante: S. Dhar, MITRE Corp. 

4:20 Resolution of Low Elevation Radar Targets and Images Using AP-S 
a Shifted Array Correlation Technique 
K. A. Struckman: Sanders 

4:40 Deterioration in Resolution of a Radar Using Long Slotted AP-S 
Waveguide Antenna 
B. K. Sarkar,* R. Roy, C. J. Reddy, SAMEER 
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NEAR-FIELD SCATTERING MEASUREMENTS AND DATA PROCESSING 
TECHNIQUES FOR DETERMINING RCS 

B. J. (own, * C. E. Ryan, Jr., and W. H. Hallidy 

Georgia Tech Research Institute 
Georgia Institute of Technology 

Atlanta, Georgia 

Near-field measurement techniques have been used for antennas 
since the early 1970's. Due to advances in near-field measurement 
hardware and data processing capabilities and the current interest in 
radar cross-section (R(S) of complex targets, these near-field 
techniques are being investigated for determining the near-field and 
far-field bistatic and monostatic R(S. This paper addresses the issues of 
efficient acquisition and processing of the requisite scattered near­
field electric field data for complex targets that are electrically and 
physically large, i.e., military aircraft/vehicles at micro/millimeter wave 
frequencies. Previous results of bistatic near-field measurements using 
compact range illumination and planar scanning of a small receiving 
probe are presented and discussed. Technical advances that overcome 
previous limitations of near-field measurements for large targets are 
discussed, and the notion of using probe arrays for rapid acquisition of 
near-field scattering data is examined. Several combinations of target 
illumination and near-field scanning techniques are considered. The 
techniques considered encompass mechanical and electronic scanning 
methods using single probes, one-dimensional (l-D) probe arrays, and 
two dimensional (2-D) probe arrays to accomplish the near-field 
scanning of the receiving surface, combined with either (a) compact 
range illumination or (b) "synthesized" plane wave illumination 
employing a single probe, a 1-D probe array, or a 2-D probe array. The 
problem of extracting the targets' Plane Wave (PW) scattering dyadic 
function from near-field data measured on planar, cylindrical or 
spherical surfaces is examined. In particular, a general Spherical 
Angular Function (SAF) integral formulation of near-field 
coupling/scattering for non-planar measurement geometries is 
presented, and an approximate "deconvolution" technique for 
computing the PW scattering dyadic function for electrically/physically 
large targets is described. 

348 



79-2 

IMAGE PROCESSING FOR DIAGNOSIS 
OF DISPERSIVE SCATTERING CENTERS 

S. M. Scarborough and J. D. Young 
The Ohio State University Elect.roScience Laboratory 

Department of Electrical Engineering 
Columbus, Ohio 43212 

This paper will present the results of gating in the two-dimensional image 
domain and the frequency-angle domain. Frequency-angle backscatter data 
were collected in the OSU Compact Range (Walton, E. K. and Young J. 
D., "The Ohio State University Compact. Radar Cross-Section Measurement 
Range'" IEEE Trans. A & P, Vol. AP-32, Nov. 1984, pp. 1218-1224) over 
a bandwidth of 2 - 18 GHz and with angular resolution which satisfied the 
sa.mpling theorem (Mensa, D. L., High Resolution Radar Imaging, Artech 
House, Norwood, Mass., 1981). Ti;;~ dat;;:- were used to construct two­
dimensional ISAR images of the targets. 

Gating in the image domain was used t.o extract azimut.h patt.ern and 
signat.ure information about individual scat.tering centers. Gating in the 
frequency-angle domain was used to illustrate how the relative contributions 
of t.he scattering centers change depending on the look angle and frequency 
region being measured. In bot.h cases the results were compared t.o theoretical 

predictions. 

The results demonstrate the dispersive characteristics of scattering cen­
ters which are not evident in the image. Those artifacts introduced by the 
windowing process, depending on gating window size and character, are also 
discussed. 
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RCS DECOMPOSITION BY AREA GATING 

Ron M. Ueberschaer 

SRI International 
Remote Measurements Laboratory 

333 Ravenswood Avenue 
Menlo Park, California 94025 

ABSTRACT 

Range gating is a well-known technique for analyzing the ReS 
of individual scattering centers of a radar target. Unfortunately, for 
many targets, multiple scattering centers often exist within a single 
range bin, and cannot -be separated by the range gating technique. 
Area gating is a straightforward two-dimensional extension to the 
range gating technique which overcomes this limitation. It is based 
upon 2D ReS imaging. By isolating a particular area in the image 
plane, the frequency and angle dependence of the scattering from 
that area of the target can be analyzed. 

This paper begins with a review of the range gating procedure 
and 2D ReS imaging concepts. An outline and detailed descrip­
tion of the steps in the area gating procedure are then given, with 
experimental examples. Guidelines are established for the required 
data, methods of interpolation, placement of area gates, removal of 
windowing effects, and validation of results. 
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IMAGE RECONSTRUCTION FOCUSING IN MICROWAVE 
HOLOGRAPHIC DIAGNOSTICS 

B. Toland*,TRW,Redondo Beach,CA 90278 
Y. Rahmat-Samii,UCLA,Los Angeles,CA 90024 

Abstract 

Far field measurements of antennas are made with respect to a phase reference 
plane which is determined by the measurement apparatus. The antenna surface 
can be reconstructed in this reference plane by utilization of microwave holographic 
techniques (Y. Rahmat-Samii, Radio Science, 13,1205-1217,1984). This plane does 
not necessarily provide the clearest surface reconstruction due to spatial divergence 
of the scattered rays from the antenna. By shifting the reference plane, the an­
tenna surface may be more suitably focused and lend a better reconstruction of 
the antenna surface. 

Reflectors with various types of distortions and dimensions are simulated with 
software and a far field is generated with respect to a specified phase reference. 
The reference plane is then moved by a proper manipulation of the far-field data. 
Different reference planes are selected, and other software reconstructs the surface 
distortions with respect to those planes by utilizing microwave holographic tech­
niques. 

Results indicate that selecting a reference plane as close to the reflector sur­
face as possible provides the clearest reconstruction of the reflector surface. The 
image focusing is more pronounced for reflector antennas with small F /D ratio or 
small diameters. Further investigations will include reconstruction of planar array 
surfaces. 
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CALIBRATION TARGETS FOR RCS MEASUREMENTS 

*P.L.E. Uslenghi, S.F. Kawalko 
Department of Electrical Engineering and Computer Science 
University of Illinois at Chicago 

B. Audone 
Aeritalia - Gruppo Equipaggiamenti 
Caselle Torinese, Italy 

A class of metallic objects which may be used as targets for calibration of radar ranges 
is suggested and studied in detail. With reference to rectangular (x, y, z) and spherical 
(r, a, <1» coordinates, the targets consist of a metallic sphere occupying the region 
o :s; r :s; a, that is intersected by one or more of three thin metallic circular disks of 
radius r = b > a, lying in the planes x = 0, y = 0 and z = 0, respectively. Such targets 
present the dual advantage of a. simple geometry which is amenable to detailed study 
by analytical and numerical techniques, and of generating a cross-polarized component 
in the backscattered field. 

Three targets are considered: a sphere with three disks; a sphere with two disks 
located in the planes x = 0 and y = 0; a sphere with one disk located in the plane z = 
O. In all cases, the primary field is a plane wave of arbitrary polarization, incident in 
the first quadrant (0 :s; a, <I> :s; n/2). 

The backscattered field up to moderately high frequencies is determined via either an 
integral equation which is solved numerically by method-of-moments techniques, or by 
expressing the fields in the regions a:S; r :s; b and b :s; r :s; 00 as two infinite series of 
spherical wavefunctions that are matched at r = b after truncation. 

The backscattered field at high frequencies is determined using the geometrical theory 
of diffraction. Contributions due to specular reflection and to first - and second-order 
edge-diffracted rays are considered. Corrections due to caustics and to the small but 
nonzero disk thickness are introduced. Comparisons are made with the results obtained 
by analytic-numerical methods. 

352 



EXTRAPOLATION OF SWEPT-FREQUENCY RCS MEASUREMENTS TO THE FAR ZONE 

Henry A. Olender 
SRI International 

Electromagnetic Sciences Laboratory 
Menlo Park, California 94025 

ISAR imaging makes use of swept-frequency RCS data to form an 
approximate picture of the radar target. The imaging algorithms pre­
sume that the RCS measurements have been taken in the far zone. In 
practice, the RCS engineer may find it convenient or necessary to 
take the swept-frequency measurements in the near zone. To avoid 
image distortions, one must either correct the recorded data for 
near-zone effects before forming the ISAR image or modify the imaging 
algorithms themselves to prevent image distortions. As most imaging 
algorithms are fairly optimized, we have looked at how one might 
correct the recorded imagery prior to applying ISAR algorithms. 

It was determined that better extrapolation accuracies and more 
manageable data arrays could be achieved by correcting the recorded 
RCS pattern one frequency at a time, rather than treating all fre­
quencies simultaneously. As the illumination frequency is usually 
stepped faster than the azimuthal or elevational coordinates on an 
RCS range or in an anechoic chamber, this approach requires that the 
recorded data be completely reordered so that the near-field RCS 
patterns at each illumination frequency are available for extrapola­
tion with our time-harmonic codes [D. G. Falconer, Trans. AP-S, 
vol. 8, no. 6, p. 822, 1988]. Many uses of ISAR imaging call for 
immediate extrapolation of the recorded data. To meet this need, we 
have employed FFT algorithms to effect the required Fourier transfor­
mations and direct-access files to store/retrieve our data sets. 
With these techniques and a MicroVax, we can extrapolate data sets 
with 200 frequency components and 270 azimuthal angles in about 20 
minutes. 
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ESTIMATION OF NEAR-ZONE BISTATIC RCS LEVELS 
USING FAR-ZONE MONOSTATIC RCS MEASUREMENTS 

David G. Falconer, Ph.D. 
SRI International 

Remote Measurements Laboratory 
Menlo Park, California 94025 

We have developed and validated an algorithmic procedure for 
estimating bistatic RCS levels in the near zone using monostatic RCS 
measurements taken in the far zone. Our procedure begins with far­
zone measurements of the monostatic amplitude, Am, and a typical bi­
secting angle, 00 , about which one wishes to estimate the near-zone 
bistatic amplitude,~. A 60-degree window is first centered on the 
selected angle, 00 • We next resample the far-zone measurements of 
the monostatic amplitude, Am(k,R,O), where k is the radiation wave­
number, R the far-zone range, and 0 the monostatic scattering angle, 
measured relative to the window's center. In particular, we follow 
Mensa [High-Resolution Radar Imaging, Artech, WOC, 1981] and convert 
the uniform samples in 0 to uniform samples in sin 0, obtaining there­
by a new data set of the form A(k,R,sin 0). Next, we inverse Fourier 
transform the resampled data by applying the kernel exp(+i2kx sin 0) 
and then integrating with respect to the natural transform variable, 
(k sin 0)/2~. The latter operation yields the equivalent obliquity 
factor, O(x) [D. G. Falconer, IEEE Trans. AP-S, vol. 36, p. 822, 
1987]. To estimate the desired near-zone field, we multiply the 
equivalent obliquity factor by the phase factor exp[ikx2(1/2R' + 
l/2R")], where R' and R" are the illumination and observation ranges 
at which one wishes to estimate the near-zone amplitude. Next, we 
forward transform the modified obliquity factor by applying the 
kernel exp[-ikx(sin 0' + sin 0")] and then integrating with respect 
to the spatial variable x, where 0' and 0" are the illumination and 
observation angles at which one wishes to estimate the bistatic 
amplitude. Finally, we resample the transformed factor with respect 
to both sin 0' and sin 0", thereby obtaining the desired estimate of 
the bistatic amplitude ~(k,R' ,R" ,0' ,0"). 

,!II The above procedure has direct and important application in 
assessing the expected performance of semiactive seeker missiles, 
since the radar systems used by such missiles operate bistatically 
in the near zone of the target aircraft or vessel. In particular, 
the above procedure allows the performance analyst to properly 
assess how glint and scintillation may be expected to vary with 
bistatic angle and near-zone range. 
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A PHYSICAL MODEL FOR DETECTION 
WITH OVER-THE-HORIZON RADAR 

Ronald L. Fante* and Sachidulal Dhar 
The MITRE Corporation 

Bedford, Massachusetts 01730 

A model for over-the-horizon detection has been developed 
that proposes multi path and Faraday rotation as the root causes 
of target-signal-strength fluctuations, with additional longer­
term fluctuations produced by ionospheric variations. Using 
this model the probability of detection has been computed for 
targets with arbitrary polarization properties. It is found 
that both multipath and Faraday rotation strongly influence the 
detection statistics, with the effect being greatest for linearly­
polarized and less dramatic for symmetrical targets. 
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Thursday PM 

Joint AP-S, URSI-B Session 80 
Transient Scattering & Propagation 

Chairs: A. G. Tijhuis, Delft Univ. of Tech.; E. J. Rothwell, Michigan State Univ. 
Room: San Carlos Time: 1:15-3:40 

1:20 Time Domain Analysis of Signal Propagation in Planar Trans- 358 
mission Lines and Discontinuities 
R. L. Geiger: R. Mittrl'o, Univ. of Illinois at Urbana-Champaign 

1:40 Some Important Properties of the Impulse Response for the AP-S 
Bistatic Case 
S.-M. Lin: Northwestern Poly technical Univ., Xi'an 

2:00 A Luneberg-Kline Expansion Solution for the Transient Scat- AP-S 
tering of Cylindrical Waves by a Circular Cylinder 
J. Ma, 1. R. Ciric: University of Manitoba 

2:20 Time Domain Electromagnetic Scattering from Thin, Conduct- 359 
ing Surfaces Using the Electric Field Integral Equation 
P. D. Smith,* University of Dundee 

2:40 Coffee Break 

3:00 On the Self-Focusing of Beams During Linear Propagation 360 
P. P. Banerjee,* Syracuse University, T.-C. Poon, Virginia Polytechnic 
Institute 

3:20 Comparison of Experimental and Numerical Results for Tran- AP-S 
sient Electromagnetic Fields Induced on a Scale Model Aircraft 
by Current Injection Technique 
J. Grando: G. Labaune, J. C. Alliot, F. Issac, A. Delannoy, ONERA 
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TIME DOMAIN ANALYSIS OF SIGNAL PROPAGATION IN 
PLANAR TRANSMISSION LINES AND DISCONTINUITIES 

Robert L. Geiger* and Raj Mittra 
Electromagnetic Communication Laboratory 

University of Illinois, Urbana IL 61801 

The development of design rules for automated, computer-aided design of 
microwave and digital circuits is greatly facilitated if the propagation characteristics 
of various transmission lines, and the scattering properties of discontinuities in 
these lines, is readily available to the circuit designer in a convenient form. The 
increasing compactness, speed, complexity and the cost associated with the design 
iteration of an integrated circuit board makes it invaluable to have access to accurate 
simulation models that provide knowledge of circuit performance before actual 
construction. In this paper we employ a modified version of the transmission line 
method (TLM) for modeling three-dimensional electromagnetic fields, employed in 
an earlier paper by Yoshida and Fukai for graphical display of signal propagation in 
stripline structures, to investigate the modeling and simulation problems in 
integrated circuits. 

The TLM method used by Yoshida and Fukai to construct a time-domain 
solution of Maxwell's equations placed each of the six field components on a 
different spatial node. Unfortunately, such a field representation makes the 
modeling of complex structures a formidable task, as it requires a great many nodal 
points to achieve a desired resolution. This may perhaps explain why complex 
discontinuities in microwave circuits have not been investigated in the past using the 
conventional TLM. However, the condensed node version of the TLM, proposed 
by Johns obviates this problem as it places all the six components of the electric 
and magnetic fields at the same nodal point. 

Field distributions for several different microstrip geometries are computed 
in this paper using the condensed node TLM, including those for layered structures. 
The knowledge of the time signature of the field distribution is not only useful in 
determining the dispersion characteristics of uniform lines but is also helpful in 
examining how various design choices affect the VSWR, electromagnetic 
interference and crosstalk noise. 

Graphical displays of field component magnitude for representative 
problems will be presented in selected planes at selected time intervals. These 
graphical displays will be used to identify some of the causes of transmission 
difficulty in microstrip structures such as layered integrated circuit packages. A 
discussion of the practical aspects of implementing the TLM method on the 
computer and the use of absorbing boundary condtions for mesh truncation are 
included in the paper. 
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Time Domain Electromagnetic Scattering from Thin, Conducting 
Surfaces Using the Electric Field Integral Equation 

Paul D. Smith 

Department of Mathematics and Computer Science, 
University of Dundee; 

Dundee DDl 4HN, 
Scotland U. K. 

We consider the problem of transient scattering of electromagnetic 
pulses from thin, perfectly conducting surfaces and discuss a solution 
procedure based on solving the time dependent electric field integral 
equation (EFIE) 

(1) 

on the surface (where Ei is the incident electric field and A, $, denote 
the vector and scalar potentials), together with the continuity equation 

le. Vo.J+ ot =0 (2) 

(where J, p, denote the induced currents and charges on the surface and 
V o.J denotes the surface divergence of J) to obtain the current on the 
surface by a time-marching technique. Such a solution procedure gen­
erally encounters 3 main difficulties: 
(i) the EFIE contains derivatives along the surface which must be 

evaluated numerically; 
(ii) the condition that the normal component of the current must vanish 

on the edges must be enforced; 
(iii) time marching solutions of transient problems generally have a ten­

dency to become numerically unstable at large times. 

Considering first a flat plate of arbitrary shape we describe a solu­
tion procedure which deals with difficulties (i) and (ii) in a very simple 
manner and which is found to be stable at large times. This procedure 
is based on a finite difference solution of the coupled equations (1) and 
(2) using a set of 3 overlapping grids on the surface to discretise the 
equations. These grids are similar to those used previously (A. W. 
Glisson, D. R. Wilton, IEEE Trans. Ant. Prop. AP-28, 593-603, 1980), 
to obtain frequency domain solutions for scattering from bent plates and 
are chosen in such a manner that the surface derivatives in (1) and (2) 
can be easily evaluated by simple finite difference formulae. 

In addition a von-Neumann type stability analysis provides a stabil­
ity criterion relating the grid size to the time step which ensures the sta­
bility of the solution. This result is particularly important, since the 
instability usually encountered in time marching solutions of the EFIE 
has restricted its usefulness to rather short time scales, and forced the 
development of other, more cumbersome, solution methods, such as the 
conjugate gradient method. Finally, the above solution procedure can be 
extended to cope with general curved surfaces using triangular patch 
basis functions (defined by S. M. Rao, D. R. Wilton, A. W. Glisson, 
IEEE Trans. Ant. Prop. AP-30, 409-418, 1982). 
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ON THE SELF-FOCUSING OF BEAMS DURING LINEAR PROPAGATION 

Partha P. Banerjee 
Department of Electrical Engineering 
Syracuse University, Syracuse NY13244 

Ting-Chung Poon 
Department of Electrical Engineering 

Virginia Polytechnic Institute & State University 
Blacksburg, VA24061 

ABSTRACT 

Self-focusing of beams during propagation in a nonlinear medium is well­
known (see, for instance, A.K. Ghatak and K. Thyagarajan: Contemporary 
Optics, Plenum NY 1978). This occurs primarily due to the fact that in a 
nonlinear medium the refractive index is dependent on the intensity 
distribution during propagation. In linear media, the presence of so-called 
diffractionless beams is known to researchers in the optics area. Also, 
image synthesis using self-imaging concepts have been reported (Packross et al 
Opt. Comm. 56 (6) 1986). In both cases, the cause of the aforementioned 
effects is due to the special shape of the initial amplitude profile of the 
beam. For instance, in the former case the beam profile has a Bessel-function 
dependence, while in the latter, the initial beam profile is spatially periodic. 

In this talk, we provide a systematic approach to studying these effects through 
the use of (a) the eikonal equations in the presence of diffraction and (b) the 
transfer function approach to propagation. The nature of the initial amplitude 
(and phase) profile of the beam required to produce self-focusing/self-imaging 
effects are studied, and examples are provided. It is shown that the 
diffractionless beams and self-imaging examples stated earlier follow as 
special cases of our general approach. 

PPB wishes to acknowledge the support of the National Science Foundation 
under Grant no. MIP 8657765, and a matching grant from Xerox Corporation. 

360 



Thursday PM 

URSI-F,H Session 81 
Communication Through the Atmosphere and Ionosphere 
Chairs: D. H. Cheng, NUSCj I. Ishihara, Nat. Defense Academy of Japan 

Room: San Juan Time: 1:15--4:00 

1:20 Hybrid Ray-Mode-PE Formulation of High Frequency Propa- 362 
gation in a Bilinear Tropospheric Surface Duct 
I. Ishihara;" K. Goto, National Defense Academy of Japan, L. B. Felsen, 
Polytechnic University of New York 

1:40 Modeling and Simulating Secondary Fading Statistics of Mo- 363 
bile Satellite Signals 
R. M. Barts;" W. L. Stutzman, Virginia Polytechnic Institute 

2:00 Global-Scale Modelling of Environmental Effects on HF 364 
Systems 
D. Rault;" M. Sands, E. P. Szuszczewicz, Science Applications Interna­
tional Corp. 

2:20 Spread Spectrum HF Communication in the Auroral Zone over 365 
a 300 Km Path 
D. H. Cheng;" D. J. Saleem, P. M. Mileski, Naval Underwater Systems 
Center, E. V. Thrane, Norwegian Defence Research Establishment 

2:40 Coffee Break 

3:00 High Thruput Burst Telecommunications: Novel Adaptive 366 
HF /Meteorburst System Design 
A. K. Gupta;" Sigcom Company 

3:20 Parametric Inversion of One-Dimensional Electron Density 367 
Profiles 
Y. Kim;" F. Gangi, New Jersey Institute of Technology 

3:40 Potential Ionospheric Limitations on Space-Based Radar 368 
Performance 
G. J. Bishop;" J. A. Klobuchar, Air Force Geophysics Lab 
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HYBRID RAY-MODE-PE FORMULATION OF HIGH FREQUENCY PROPAGATION IN 
A BILINEAR TROPOSPHERIC SURFACE DUCT 

I. Ishihara and K. Goto 
Department of Electrical Engineering 

National Defense Academy 
Hashirimizu, Yokosuka 239, Japan 

and 

L.B. Felsen 
Department of Electrical Engineering/Computer Science 

Weber Research Institute 
Polytechnic University, Route 110, Farmingdale, NY 11735 USA 

Analytical modeling of high frequency propagation in tropospheric elevated or 
surface ducts by normal (trapped) and leaky modes is inconvenient because of the 
large number of modes that may be required. Moreover, synthesis with normal modes, 
while accurate when the refractive index varies only with height, does not incisively 
model the physics of the propagation process in those domains where that process is 
essentially ray-like or beam-like. A hybrid ray-mode-PE (parabolic equation) 
formulation has been developed, which combines the various wave processes self­
consistently. It appears that legitimate ray fields (with caustic corrections, when 
required) furnish an efficient model away from the strong trapping regime near the 
lower boundary and the trapped-to-Ieaky transition near the upper boundary of the 
duct, with a few whispering gallery modes included in the boundary layer near the 
bottom, and a number of (trapped and leaky) transitional modes near the top. A PE­
propagator can be substituted for essentially forward propagating modes. This 
parametrization is tested on a bilinear refractive index height profile, and compared 
with a modal reference solution. The numerical comparisons reveal the observation 
domains where the hybrid algorithm is effective. The ray-PE format is readily 
extended to weak longitudinal variations in the index profile. 
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MODELING AND SIMULATING SECONDARY 
FADING STATISTICS OF 

MOBILE SATELLITE SIGNALS 

* R. M. Barts and W. L. Stutzman 
Virginia Tech 

Bradley Department of Electrical Engineering 
Satellite Communications Group 

Blacksburg, VA 24061 

Mobile satellite systems being planned for the 1990's will have to contend 
with severe multipath and vegetative fading and will have smalllink mar­
gins. Statistical models of the signal fading behavior are a convenient 
method of predicting system reliability and availability prior to the launch 
of a working satellite system. The models used to predict the fade dis­
tributions of mobile satellite signals are based on the primary statistical 
behavior of the signal and describe only the gross signal fading behavior. 
The secondary fading statistics of the signal (level crossing rate and aver­
age fade. duration) are also of importance in mobile satellite system design. 
The secondary statistics of the fading signal are related to the received 
signal multipath spectrum and autocorrelation. While no explicit models 
exist to describe the secondary statistics, results have been obtained from 
a software propagation simulator that was built on primary statistic mod­
els. Results comparing simulated data and measured data will be pre­
sented. 
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GLOBAL-SCALE MODELLING 
OF 

ENVIRONMENTAL EFFECTS ON HF SYSTEMS 

D. Rault*, M. Sands and E. Szuszczewicz 
Laboratory for Atmospheric and Space Sciences 
Science Applications International Corporation 

McLean, Virginia 

We have developed a three-dimensional global-scale code for the testing, 
simulation, verification and validation of ground-based, airborne, and space­
borne hf systems. The code employs internationally-accepted and tested 
empirical models for the ionosphere, atmosphere and auroral boundaries. 
Coupled with a fully-three-climensional ray tracing module we can simulate 
and test the environmental influences associated with seasonal, solar cycle, 
diurnal and geomagnetic controls. In its current form our model specifies the 
electron densities over the 80 - 1000 km altitude regime, and includes ion and 
neutral atmospheric species and density distributions as well as all particle 
temperatures. The ray tracing component accounts for all relevant collision 
terms and the influences of the geomagnetic field, while the specification of 
the environmental components are provided by the International Reference 
Ionosphere, the MSIS (for the neutral atmosphere), and the Feldstein, DMSP 
and NOAA/TIROS models (for the boundaries of the auroral oval). We can 
determine the propagation characteristics for hf communications or over-the­
horizon radar systems including the influences of ducting, ionospheric tilts, 
and seasonal, solar-cycle and geomagnetic controls. We will present and de­
scribe the code components, verification data, and specific illustrations of 
code applications to the diagnostics of an hf communications channel and 
to barrier placement and clutter-to-noise ratios for over-the-horizon radar 
systems. 
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SPREAD SPECTRUM HF COMMUNICATION IN THE AURORAL 
ZONE OVER A 3()()"KM PATH 

David H. S. Cheng*, David J. Saleem, Paul M. Mileski; Naval 
Underwater Systems Center 
Eivind V. Thrane; Norwegian Defence Research Establishment 

High Frequency (HF) communication in the auroral zone is difficult 
due to the rapidly varying characteristics of the ionosphere. This study 
was done to demonstrate the need for frequency flexibility and to 
explore spread spectrum techniques to improve reliability of HF 
communications. 

A medium range test circuit was set-up in Norway with the 
transmitter located at the Andoya Rocket Range at Andenes and the 
receiving station at Alta. They are about 300-km apart. A digitally 
coded message of 15120 databits in length was transmitted on 9 carrier 
frequencies in succession: 3.0,4.5,6.0,8.5,10.5,12.5,14.5,17.0, and 
19.0 . At each frequency, five different bandwidths were used: 0.4, 6.0, 
20.0, 80.0, and 120.0 kHz. All were modulated using a direct sequence 
spread spectrum technique with a spreading code length of 31 bits 
except at 0.4 kHz, which was transmitted in a conventional mode for 
comparison purposes. Each cycle of frequencies and bandwidths took 
52 minutes to transmit and was repeated every hour for most of 
August through November 1987. The ionospheric conditions were 
monitored with a riometer, magnetometer, and a vertical sounder, all 
located at the Andoya Rocket Range. 

Time availability as a function of bit error rate was determined for 
each hour of the day for each combination of bandwidth and carrier 
frequency. Spread spectrum modulation increased the time 
availability at all frequencies tested, although bit error rates were 
found to increase with bandwidth. The best carrier frequency for both 
spread spectrum and conventional modes was 4.5 MHz with the 
spread spectrum bandwidth of 6 kHz having the highest time 
availability. All carrier frequencies over 6 MHz were poor in 
comparison. 

Preliminary results indicate that time availabilities of 70-80% with an 
accepted bit error rate of 10% are possible using spread spectrum 
techniques. 
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HIGH THRUPUT BURST TELECOMMUNICATIONS: NOVEL ADAPI'IVE HF/ 
METEORBURST SYSTEM DESIGN 

Ashok K. Gupta 
SIGCOM COMPANY 
10 Wheeler Rd. 
Westboro,MA 01581 

The mode of communication,whether be the transmission of informat.-. 
ion from a transmitter to a receiver or the 'fetching' or 'retrie­
val' of information from a transmitter by a receiver, may be cont­
inuous or burst. The burst transmission may be due to intermittent 
source data or intermittent channel availability or th" combination 
of both.IIl this paper,we consider burst channel characteri7ation by 
network parameters,burst interval and waiting times, and discuss 
de~ign issues for obtaining survivable author proposed high thruput 
meteorburst/HF telecommuni cation system(A. K.Gupta. and J. R. Herman, 
URSI Radio Science Meeting,Boulder,Jan. 1988;A.K.Gupta,IEEE Int. AP 
Symposium and URSI meeting,Syracuse,June 1988). 

Specifically,we design an adaptive high data rate MEC system and an 
adaptive HF communication system,utilizing coded MFSK signalling, 
multichannel diversity,frequency management techniques such as 
frequency -hopping(FH) and this author proposed high-supperession 
adaptive filtering. Some of the coding schemes analyzed in this 
paper are: orthogonal codes,dual-K codes,Reed-Solomon codes ~nd 
concatenated codes. The multichannel diversity may be some combi­
nation of waveform,frequency and space diversity. The transmitted 
waveforms are compared on the basis of complexity,time-varying bit 
energy to noise ratio,bandwidth expansion factor and number of chips 
required to maintain a high average data rate or average thruput at 
specified bit error rate. 

For meteorburst channel,we relate the network parameters of the 
proposed 'modified Rician' model(A.K.Gupta and J.R.Herman,IEEE Int. 
AP Symposium and URSI meeting ,Syracuse,June 1988) in terms of link 
parameters and propose a telecommunication model interms of M/M/1 
with bulk arrivals of size 2. The model is modified in the sense 
that both Rician components are present in a time period rather than 
at any instantaneous time.Assuming negligible burst duration and poi­
ssion meteor arrivals for underdense and overdense trails with x and 
y parameters,the prob. density of epochs of the combined returns is 
shown to be poission with parameter x+y.For Rayleigh channel and fin­
ite burst interval,the waiting time distribution is obtained from the 
probility theory under the assumption of known prob. distributions of 
epochs and burst interval.For modified Rician model,the waiting time 
distribution is obtained from the queuing theory model. Such telecom­
munication model is thus useful in analyzing multimedia multichannel 
systems. 
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PARAMETRIC INVERSION OF 
ONE-DIMENSIONAL ELECTRON DENSITY PROFILES 

• Y. Kim and F. Gangi 
Department of Electrical Engineering 

New Jersey Institute of Technology 
Newark, NJ 07102 

In this paper, parametric inverse scattering theory is 
implemented to reconstruct electron density profiles. 
Specifically, the one-dimensional electron density profile V(z) is 
obtained based on the knowledge of the reflection coefficient r(k) 
through a parametric inversion. The geometry under consideration 
is shown in Fig. 1. This problem has been previously investigated 
by both exact and perturbational algorithms. However, the 
applicabU ity of the exact algorithm is limited to the class of 
reflection coefficients such as rational functions. In addition, 
we show here that the perturbational solution is not robust with 
high frequency noise. Physical origin of this instability will be 
discussed. 

Here, we implement a parametric inverse scattering in order to 
enhance both the accuracy and the robustness of the perturbational 
solution. That is, a perturbational solution with a proper 
bandlimitation becomes an trial function of a desired profile. Two 
undetermined parameters, which avoid significant amplitude and 
phase errors, are introduced into the trial function. Then two 
parameters are optimized such that they yield least mean square 
errors in the reflection coefficient. The advantages and 
disadvantages of this approach wi 11 be presented wi th several 
examples. 

V(z) 

exp(ikz) 

r(k)exp(-ikz) .. 

Figure 1 

'----------- z 
o 
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POTENTIAL IONOSPHERIC LIMITATIONS ON SPACE-BASED RADAR PERFORMANCE 
G. J. Bishop and J. A. Klobuchar 
Ionospheric Physics Division 
Air Force Geophysics Laboratory 
Hanscom AFB, MA 01731 

Ionospheric effects on radar signals can pose serious limitations to the 
performance of space-based radars in trans-ionospheric surveillance missions. 
As such, it is necessary to understand those effects which can limit SBR 
performance and to treat the ionosphere as one of the design constraints on 
system performance. Irregularities in the ionosphere can contribute signifi­
cant clutter and can cause amplitude and phase scintillation on target returns. 
If a single, linearly polarized radar signal is used, Faraday rotation can 
produce large return signal loss. These effects can vary greatly, being 
dependent upon SBR design frequency, geographic region of operation, viewing 
angle with respect to the earth's magnetic field, time of day, season and state 
of solar and geomagnetic activity. The largest effects occur in the equatorial 
and near-equatorial regions of the world, where the Faraday rotation can be a 
maximum, and where the scintillation effects are greatest. The ionosphere 
above the polar cap and auroral regions, can also have important effects on SBR 
performance. 

Potential impacts on SBR performance can be minimized in the design phase 
by careful consideration of ionospheric effects on the radar return signal. 
The impact of a particular effect will be highly dependent upon design para­
meters such as frequency, altitude, integration time, and coverage geometry. In 
order to provide corrections for the ionosphere for various systems, including 
potential SBRs, the U. S. Air Force Air Weather Service is deploying a number 
of ionosphere monitoring stations which will input in real time to greatly 
improved models of the ionospheric parameters which can affect SBR operation. 
These systems will ultimately provide real time specification and short term 
predictions of ionospheric behavior over specific regions for operational 
users. 
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Thursday PM 

URSI-B Session 82 
High Frequency Diffraction II 

Chairs: P. H. Pathak, Ohio State University; R.-C. Chou, Ohio State University 
Room: San Martin Time: 1:15-4:00 

1:20 Far-Zone Reflection from 2-D Superquadric Surfaces 370 
L. A. Takacs: Lockheed Aeronautical Sys. Co., R. J. Marhefka, Ohio 
State University 

1:40 Off-Axis Backscattering from a Cone-Sphere 371 
J.-h. Choi: N. Wang, L. Peters, Jr., Ohio State University, P. Levy, 
Avco Research, Textron 

2:00 Multiple Diffraction Past a Linear Array of Many Equally 372 
Spaced Knife Edges 
H. Xia, H. L. Bertoni: Polytechnic University of New York 

2:20 Scattering by Cavity-Backed Cracks 373 
T. B. A. Senior: K. Sarabandi, University of Michigan 

2:40 Coffee Break 

3:00 On the Use ofa Beam Method for Analyzing the EM Scattering 374 
by Open-Ended Waveguide Cavities 
R. J. Burkholder,* P. H. Pathak, Ohio State University 

3:20 On Ray Methods in Computing the Electromagnetic Scattering 375 
from Open-Ended Cavities 
R.-C. Chou,* P. H. Pathak, R. J. Burkholder, Ohio State University, 
G. Crabtree, General Electric 

3:40 Comparison of the Methods of Stationary Phase and Steepest 376 
Descents for Evaluation of the Geometrical Optics Field at a 
Caustic 
A. J. Booysen: C. W. I. Pistorius, University of Pretoria 
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FAR-ZONE REFLECTION FROM 2-D SUPERQUADRIC 
SURFACES 

* Laszlo A. Takacs 
Lockheed Aeronautical Systems Company 

Advanced Research Organization 
Dept. 70-12, Unit 50, Plant 2 

P.O. Box 551 
Burbank, CA 91520 

Ronald J. Marhefka 
The Ohio State University 
ElectroScience Laboratory 

1320 Kinnear Road 
Columbus, OH 43212 

The Geometrical Optics (GO) reflection from a smooth 2-D subclass of 
superquadric surfaces is examined. These smooth convex surfaces exhibit 
points of zero curvarture, from which GO predicts unbounded reflected 
fields. In order to obtain a uniform result, a transition function is derived 
via an asymptotic analysis of the Physical Optics formulation. 

The transition function augments the GO expressions producing a bounded 
and accurate result for the reflected field. The heart of the transition func­
tion is a family of functions related to the so-called diffraction catastrophe 
integrals which, in the context of this analysis, furnish an oscillatory pattern 
effect which is characteristic of radiating apertures. 

Solutions are obtained for the bistatic reflected fields for two cases: 

1) the ent.ire family of S11pere11ipt.ic cylinrlers when t.he reflection point 
is located on the zero-curvature point, 

2) those cylinders accociated with a superelliptic parameter of three 
when the reflection point is located anywhere on the cylinder sur­
face. 

The solution, consisting of GO together with the transition function, 
shows excellent agreement with results obtained by both Physical Optics 
and the Method of Moments. 
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OFF-AXIS BACKSCATTERING FROM CONE-SPHERE 

Jae-hoon Choi, Nan Wang and Leon Peters, Jr. 

The Ohio State Universit.y ElectroScience Lab 
Columbus, Ohio 43212 

Paul Levy 

A vco Research, Text.ron, Wilmingt.on, Mass 01887 

EM scat.tering from conducting cone-sphere in the principle planes is 
generat.ed by a UTD solution. This is to the best. of our knowledge the first. 
UTD solut.ion for non axial backscattering for the cone-sphere. Several 
diffraction mechanisms are introduced. One of these (EGDC ) is the ray ini­
tiated at. the shadow boundary, creeps over the cone surface and eventually 
diffracts off the principle plane to the backscattering direction. This and 
other significant rays ( illustrated in the following figure) will be dicussed. 

(a) EJD 

(e) I: IDe: Cd) I: CDG ee) Eft) 

The results of the UTD solut.ion ar~ C0ll1p~rp-:1 wit.h I. hose obtained from 
a moment method solution for an indude-:1 (one aUlI:ie of 30·. The resu\t.s 
are in execellent agreement.. 
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MULTIPLE DIFFRACTION PAST A LINEAR ARRAY OF 
MANY EQUALLY SPACED KNIFE EDGES 

H. Xia and H.L. Bertoni* 
Center for Advanced Technology in Telecommunications 

Polytechnic University, Brooklyn, NY, USA 

We have considered the high frequency diffraction 
of electromagnetic waves past an array of parallel 
half planes. The half planes are assumed to be 
equally spaced and of equal height so that their edges 
all lie in a plane. Both incident plane waves and 
cy Ii ndrical waves are considered for propagat ion 
nearly parallel to the plane of the edges. In this 
case each edge lies near the shadow boundary of the 
previous edge, and the multiple diffraction process 
cannot be treated by the Geometrical Theory of 
Diffraction. Using the physical optics approximation 
it is possible to represent the field in the form of a 
n-dimensional Fresnel integral. The multiple 
integral, in general, can only be evaluated 
numerically. However, if we restrict ourselves to 
computing the filed incident on successive edges, a 
physically incisive solution is achieved by utilizing 
Boersma's closed-form results for relevant n-fold 
integrals whose integrands containing the exponential 
of a specific quadratic form. For small glancing 
angles e, this expression allows for numerical 
evaluation for both incident plane and cylindrical 
waves, even if the number of edges is as high as 1000. 
The edge fields are found to depend on the single 
parameter eJd/A, where d is the spacing between edges 
and A is the wavelength. For the special case of 
inc idence parallel to the edges, our resul ts are in 
agreement with those previously derived by Lee. 

For the case of plane wave incidence from above 
the plane of the edges, the edge fields are found to 
settle to a finite value. This settling phenomena can 
be understood with reference to Fresnel zone theory. 
The edge fields due to a cylindrical wave incident 
from above can also be interpreted in terms of the 
settling phenomena after many edges. When the fields 
are incident from below the plane of the edges, the 
edge fields decrease rapidly with edge number, even 
for small angles. 
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SCATTERING BY CAVITY-BACKED CRACKS 

T.BA Senior' and K. Sarabandi 
Radiation Laboratory 

Department of Electrical Engineering 
and Computer Science 
University of Michigan 

Ann Arbor, MI 48109-2122 

A topic of some concern in radar cross section studies is the scattering 
from the gap or crack that may exist where two component parts of a 
target come together. Even if the crack is wholly or partially filled with a 
material, it can still provide a significant contribution to the overall 
scattering pattern of the target, and it is then necessary to develop 
methods for predicting the scattering. 

One method for doing this was described in a recent paper (T.BA Senior 
and J.L. Volakis, submitted to IEEE Trans. AP-S). For a place wave of 
either principal polarization incident on a narrow (kw « 1) resistive strip 
insert in an otherwise perfectly conducting plane, the quasi-static integral 
equations for the currents induced in the strip were solved in a 
pseudo-analytical manner, leading to expressions for the far zone 
scattered field that are accurate for almost any resistivity R of the insert. If, 

instead, the insert is characterized by a surface impedance Tj, the results 

differ only in having R replaced by 11/2 and the scattered field doubled, 
and this suggests that for a narrow gap backed by a cavity, the scattered 

field can be obtained by identifying 11 with the impedance looking into the 
cavity. 

An alternative approach is to use the equivalence principle to develop 
coupled integral equations for the electric and magnetic currents which 
exist on the walls of the cavity and in the aperture, and this is the method 
employed here. For an incident plane wave either H- or E-polarized, the 
integral equations are derived for a cavity of arbitrary shape filled with a 
homogeneous material. The equations are solved by the moment method 
and data for a variety of simple cavities are presented. For gap widths 
which are electrically small the results are compared with those obtained 
using the previous method. When the cavity is rectangular, a simple 
quasi-static expression is available for the impedance looking in, and in 
this case at least, the agreement is very good. 
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ON THE USE OF A BEAM METHOD FOR 
ANALYZING THE EM SCATTERING BY 
OPEN-ENDED WA VEGUIDE CAVITIES 

Robert J. Burkholder* and Prabhakar H. Pathak, 
The Ohio State University Electro Science Laboratory 

1320 Kinnear Road 
Columbus,OH 43212 

The high frequency scattering from the interior of a relatively arbitrarily shaped 
open ended waveguide cavity which is illuminated by an external EM plane wave in 
free space is analyzed using a beam shooting method. It is assumed that the 
waveguide cavity contains an interior termination which is a planar boundary. The 
cavity walls and the termination can be perfectly conducting or contain a thin layer 
of material coating. This method provides a useful alternative to modal as well as 
geometrical optics ray shooting methods for reasons which will be made clear 
shortly. 

In this beam method, the aperture is divided into subapertures, and the field 
incident in the aperture at the opening of the cavity is expanded in terms of a set of 
well focused, shifted, and rotated Gaussian beams (GB). The initial conditions on 
the GBs are found quite accurately from the radiation patterns of the subapertures in 
the absence of the cavity walls. These GBs are then launched into the cavity and 
tracked via multiple reflections at the interior cavity walls using the real paraxial 
approximation. Such a procedure whereby the beams are tracked paraxially along 
their beam axes is thus referred to as the real paraxial Gaussian beam (PGB) 
method. It is found that the beams need to be tracked only once independent of the 
incident angle making this a highly useful feature of the PGB approach. This is in 
contrast to the geometric optics (GO) ray shooting approach where a new set of 
rays must be tracked, via multiple reflections at the cavity walls, for each new 
incident angle. Also, a generalized reciprocity argument can be developed to show 
that beams need to be tracked only from the open end to the termination, and not 
back, to find the interior cavity scattering. Furthermore the PGB method contains 
the effects of waves diffracted into the cavity via the edges at the open end which 
the GO ray method does not. In addition, the PGB overcomes the limitation of GO 
rays at caustics within the cavity. The PGB method also overcomes the limitation 
of the modal approach at high frequencies where an extremely large number of 
modes are excited within the cavity making the modal approach inefficient. Unlike 
the PGB method, the modal approach is of course restricted only to waveguide 
cavity shapes for which modes can be found. However, the PGB approximation 
tends to lose accuracy due to the distortion of the beams at each interior reflection; 
thus, typically, cavity lengths less than 3 or 4 times the cavity width can be treated 
well by the PGB approximation. Numerical results will be illustrated for some 2-D 
S-shaped cavities and compared with results based on a reference modal solution. 

374 



82-6 

ON RAY METHODS IN COMPUTING THE 
ELECTROMAGNETIC SCATTERING FROM 

OPEN-ENDED CAVITIES 

Ri-Chee Chou*, Prabhakar H. Pathak, Robert J. Burkholder 
The Ohio State University ElectroScience Laboratory 

1320 Kinnear Road 
Columbus, OH 43212 

Glenn Crabtree 
General Electric Company 

Aircraft Engine Business Group 
1 Neumann Way 

Cincinnatti, OH 45215 

One problem of considerable recent interest is that of the electromagnetic 
scattering from open-ended cavities and inlets. For high frequency scattering from 
arbitrarily shaped cavities in which modes cannot be easily defined or found, the 
geometric optics (GO) ray approach has proved to be very promising. Ray 
methods allow for the realistic modelling of complex targets. Basic ray methods in 
inlet applications model an incident plane wave as a dense grid of parallel GO rays 
that are "shot" into the cavity aperture. The rays are allowed to bounce within the 
cavity until they exit the cavity. Physical optics is then used to sum up the far field 
scattering contribution from each ray. Other variations of the ray method include a 
generalized ray tracing approach in which the cavity aperture is divided into sub­
apertures, and a cone of rays in different directions and with different amplitude 
weightings are launched into the cavity from each sub-aperture. Another method 
which requires the fewer rays to be traced is a real paraxial Gaussian beam tracing 
technique. 

The basic ray method is conceptually simple and highly versatile. However, it 
neglects the fields coupled into the cavity interior via edge diffraction by the 
aperture. Additionally, a new set of rays must be traced for each new incident 
angle. Both the generalized ray tracing method and the Gaussian Beam tracing 
method overcomes both of these limitations and implicitly includes the interior 
effects of aperture edge diffraction as well as requiring only one ray/beam tracing 
for a wide range of incident angles. For arbitrary aperture shapes, the generalized 
ray method has the added complexity of defining sub-apertures. And the Gaussian 
beam method has the main limitation that the beams become more distorted the 
further they propagate inside a curved cavity and restricts the length/width ratio of 
cavities that can be analyzed by this method. . 

Typical numerical results based on the different approaches will be presented, 
and the pros and cons of these approaches will be discussed. 
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