






























































































































































































































































































































































































































































































































































































































































































































































































Numerical Solution of Random Rough Surface Scattering 
With Low Dielectric Contrast 

Using Extinction Theorem 

Roger T. Marchand 
Bradley Department of Electrical Engineering 

Virginia Polytechnic Institute, Blacksburg VA, 24061 

Abstract 

The method of moments has seen widespread use in the numerical solution 
of random rough surface scattering. This technique has proved valuable, as it is 
valid over a large range of surfaces when the incident angle in not near grazing. 
However, special care must be taken when the scattering surface presents a low 
dielectric contrast, since the reflection from such surfaces may be comparable to 
the numerical error. 

In this study, the method of moments was used in combination with the 
extinction theorem to numerically calculate the scattering from both random rough 
and flat surfaces. It will be shown that for flat surfaces, the solution error does not 
change significantly regardless of the dielectric contrast and is actually greatest for 
a dielectric ratio of I:!. For an unknown spacing ofO.1A. with an 80A. flat surface, 
the solutIOn is valid for a dielectric ratio of roughly 1: 1.2. 

The above analysis is possible because the exact solution for flat surfaces is 
known. There is no exact solution for random rough surfaces. However, the 
error might be approximated by the solution of the 1: 1 dielectric ratio. It will be 
shown that if such an approximation is accepted, the numerical solution remains 
valid over roughly the same ratio as the flat surface. 
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COMPARISON OF NEAR-GRAZING OCEAN SCATIERING 
CALCULATIONS WITH EXPERIMENTAL RESULTS 

Emesto Rodriguez~, Yunjin Kim, Thierry Michel 
Jet Propulsion Laboratory 

California Institute of Technology 
Pasadena, CA 91109 

Dennis Trizna, Mark Sletten 
Naval Research Laboratory 

Washington DC 

Near grazing scattering from the ocean surface has many curious features 
which are not present in other incidence angle regimes. Two of the most 
unusual features are the anomalous statistics of the backscatter return and the 
horizontal to vertical polarization cross section ratio which, unlike the 
intermediate incidence angle regime results, can be close to, or greater than, 
one for intermittent spiking events. In our previous work, we have shown 
that, using ocean models which did not include capillary waves or wave 
breaking, the anomalous statistics could be reproduced by numerical 
scattering experiments. However, we were unable to reproduce the 
intermittent, spiking behavior. 

We proceed in two ways to obtain better agreement with experimental results. 
First, we have experimentally obtained wave tank sea surface profiles from 
which numerical scattering calculations may be performed. This data was 
collected simultaneously with radar scattering data so that a comparison may 
be performed between the numerical and experimental scattering results. In 
this paper, we present and contrast these results and examine the relationship 
between specific surface features and the near and far scattered fields. 

To extend these results to the open ocean, we have simulated realistic ocean 
surfaces, including capillary waves and nonlinear interactions, using the 
hydrodynamic model advocated by West et al. (JGR, 92 (Nell), 1987) to 
generate ocean surface realizations for a variety of ocean conditions. The 
results of these calculations are compared against the open ocean data in the 
literature as well as against the wave tank experiments. 
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Range-Resolved Ocean Backscatter Simulations 

Charles L. Rino' and Hoc D. Ngo 
Vista Research, Inc. 

100 View Street, P. O. Box 998, Mountain view, CA 94042 

Ocean surface backscatter at low to moderate grazing angles is evidently domi­
nated by the returns from the region of the wave crests. The space-time dispersion 
characteristics of the radar returns and their Doppler spectra are readily associated 
with known properties of ocean surface waves; however, the precise origin of the 
backscatter appears to be polarization sensitive. That is, horizontally polarized 
backscatter responds to the faster moving structures near the wave crests, whereas 
vertically polarized backscatter responds to slower moving structures below the 
crests of the dominant surface wave structure. To model these phenomena, the 
range-resolution process must be considered in conjunction with an accurate rep­
resentation of the wave crest region. The latter is a hydrodynamics problem that 
is currently receiving considerable attention. 

In this paper we will describe the results from numerical simulations of 
the backscatter from one-dimensional surface realizations that have been con­
structed with varying degrees of hydrodynamic consistency. Time-domain meth­
ods have be used to calculate range-resolved backscatter, but most radars use 
pulse-compression or synthetic pulse techniques. It happens that standard frequency­
domain techniques based on method-of-moments computations are particularly 
well suited to modeling synthetic-pUlse radars because the simulation is not af­
fected by range ambiguities. As a consequence, a coarse frequency sampling can 
be used to minimize the computation requirements. 

Our current results· show that the measured polarization characteristics are 
sensitive to the range-resolved location on the surface realization, however the 
polarization Doppler sensitivity observed in real data has not been reproduced 
by surfaces that were available at the time this abstract was submitted. We will 
review our most recent results and discuss the interpretation of range-resolved 
backscatter in the presence of wavelength-scale surface structure and multiple 
scattering. 
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RADAR BACKSCATTER FROM THE OCEAN AT LOW GRAZING ANGLES 

Dayalan Kasilingam 
University of Massachusetts, Dartmouth 

North Dartmouth, MA 02747-2300 

Sea clutter is one of the factors that limit the performance of radars 
operating at low grazing angles. At these incidence angles, sea clutter is 
more sporadic than clutter at moderate incidence angles. The large spikes 
that occur due to this sporadic nature can significantly increase the false 
alarm rate in target detection. There is a real need to accurately charac­
terize sea clutter at low grazing angles. However, modeling sea clutter at 
low grazing angles has been difficult, because the mechanisms that deter­
mine sea clutter at these incidence angles are significantly different from 
those at moderate incidence angles. Measurements at low grazing angles 
have found that the statistical properties, the Doppler signatures and the 
polarimetric signatures of sea clutter to be quite different from those at 
moderate incidence angles. It is found that the standard two-scale reso­
nant model does not adequately explain all the observations at low grazing 
angles. Effects of shadowing and multiple scattering are invariably present 
at low grazing angles, but are generally negligible at moderate incidence 
,angles. An exact scattering model is developed to describe scattering from 
two-dimensional rough surfaces that consist of periodic waves. The model is 
based on the space harmonic method for analyzing scattering from periodic 
surlaces. The surface is assumed to be perfectly conducting. The surface 
currents induced by the incident radiation is estimated for various angles 
from near-nadir incidence to grazing incidence angles. The estimates at 
near-nadir and moderate incidence angles are used to verify existing mod­
els for backscatter at these angles. It is shown that multiple scattering is 
negligible at these incidence angles. Using this model to estimate the cur­
rents, the effects of shadowing and multiple scattering at low grazing angles 
are also studied. The distribution of the currents are used to assess the lev­
els of shadowing and multiple scattering. The effects of shadowing and 
multiple scattering are calculated for various combinations of wavelengths, 
amplitudes and wave directions. These results are then extended to low 
grazing angle backscatter from the ocean surface. Approximate results are 
obtained for the various properties of backscatter in the different sea states. 
The theoretical estimates are compared with a variety of experimental data 
sets. It is concluded that multiple scattering plays a significant role in the 
properties of backscatter at low grazing angles and it is crucial that it be 
properly described in any model. 
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Chair: 

THURSDAY AM URSI-B SPECIAL SESSION TH-U32 
Room: Kane 130 

A TRIBUTE TO ROGER F. HARRINGTON 

Chalmers Butler, Clemson University 

Organizers: A.T. Adams, Syracuse University; Chalmers Butler, Clemson University; Don 
Wilton, University of Houston 

8:20 Roger and Me 
*R.G. Kouyoumjian, The Ohio State Univ. 

8:40 Why You See Roger Harrington's Footprint on My Back 
*C.M. Butler, Clemson Univ.; *D.R. Wilton, Univ. of Houston 

9:00 Field Equivalence Principles in Electromagnetic Theory 
*R.E. Collin, Case Western Reserve Univ. 

9:20 The Method of Moments: The Last Twenty-Five Years 
*A.T. Adams, B.J. Strait, Syracuse Univ. 

9:40 Use of the Method of Moments to Obtain Variational Solutions 
*J.R. Mautz, Syracuse Univ. 
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Roger and Me 

Robert G. Kouyoumjian 
Dept. of Electrical Engineering 

The Ohio State University 
Columbus, Ohio 

Professor Roger Harrington and I first met over forty years ago at The Ohio 
State University, where we were graduate students in the Antenna Laboratory 
(now the ElectroScience Laboratory). We were both Ph.D. students, and it 
is ironic that a part of his dissertation was concerned with edge diffraction, 
whereas my dissertation was concerned with the variational method and the 
reaction concept, which are closely related to the moment method. In later 
years we exchanged these areas of interest. I remember Roger as being well­
organized and very able (he graduated a year earlier than I did); however he 
also was a modest, cordial person with whom I formed a lasting friendship. 

In the early 1970's Roger became interested in the uniform geometrical 
theory of diffraction (the UTD), and we corresponded on the subject. He 
used the UTD to calculate the scattering from polygonal cylinders, and com­
pared the results with scattered patterns obtained from a moment method 
solution. Generally speaking, the two calculations were in close agreement. 
However there were discontinuities in the UTD patterns of some of the smaller 
cylinders. The erroneous discontinuities were the result of double diffraction 
which occurs when the second edge is illuminated by a transition region field 
from the first edge. This motivated Professor Roberto Tiberio and me to de­
rive improved expressions for double diffraction which could correct this type 
of error. 

The moment method is frequently employed to check the accuracy of a 
UTD solution. If the two compare closely, the accuracy of the UTD solution 
can be expected to increase with increasing frequency. However there are 
also direct connections between the two methods which are advantageous 
when a part of the radiating structure is large. In the hybrid method of 
Thiele and Newhouse the UTD is employed to augment the impedance matrix, 
whereas Burnside, Yu and Marhefka have used the UTD to develop high­
frequency basis functions (physical basis functions) which greatly reduce the 
computational effort in the moment method solution. 

No discussion of Professor Harrington's contributions would be complete 
without mentioning his two very fine books: Time Harmonic Electromagnetic 

Fields and Field Computation by Moment Methods. The author of this paper 
has used them frequently in his teaching and research. 
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WHY YOU SEE 
ROGER HARRINGTON'S FOOTPRINT ON MY BACK 

Chalmers M. Butler,* ECE Department 
Clemson University, Clemson, SC 29634-0915 USA 

and 
Donald R. Wilton, * EE Department 

University of Houston, Houston, TX 77204-4793 

The purpose of this presentation is to acknowledge the profound influence 
that Professor Roger F. Harrington and his work in electromagnetic theory 
and its applications have had on the authors and on many other researchers 
and educators. In the race to apply the power of computers to electromag­
netic problems, for example, Professor Harrington not only established the 
rules, he also issued the challenge, set the pace, and left the imprint of his 
work on all those to follow. We draw attention to the many cases in which 
the foundations of our own work can be traced back to a fundamental con­
tribution made earlier by him in a paper or in one of his books. We also 
attempt to relate incidences in which Roger's contributions to the literature 
have directly affected the work of others. 

Without dwelling extensively on anyone of Roger's contributions to our 
understanding of the fundamentals of electromagnetics and numerical tech­
niques, we attempt to trace the development of those which have led us to 
a better understanding of the important principles. For example, we men­
tion Roger's leadership in the use of vector and scalar potentials (as opposed 
to dyadic Green's functions) in formulating integral equations amenable to 
numerical solution. Also described are his popularization and pioneering 
elucidation of how to formulate aperture problems in terms of magnetic sur­
face current, as opposed to employing more complex techniques based upon 
Green's theorems. And, of course, we will give appropriate focus to the power 
of the equivalence principle as expounded to the world by Roger Harrington. 

If Roger actually slows down in retirement, the electromagnetics community 
will miss his intellectual stimulation and his warm friendship. And, in the 
event of true retirement, the authors hope that someone else comes to the 
fore and carries forth the Harrington method: think hard about a complex 
problem and reduce it to its simplest essentials so Butler and Wilton can 
understand it. 
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FIELD EQUIVALENCE PRINCIPLES IN ELECTROMAGNETIC 
THEORY 

R.E.Collin 
Electrical Engineering and Applied Physics Department 

Case Western Reserve University 
Cleveland, OH 44106 

This paper presents a short historical review of 
the development of field equivalence principles and 
their application in applied el ectromagnetic theory 
with particular emphasis on the contributions of 
Professor R.F.Harrington. The concept of equivalent 
secondary sources that can reproduce the 
electromagnetic field of a given set of primary sources 
originated with Huygens more than three centuries ago. 
Huygens' theory was a geometrical theory and treated 
light as a scalar wave field and ignored interference 
effects. Fresnel is credited with adding interference 
effects associated with time harmonic fields in 1818. 
Over the next 80 years important contributions were 
made by well known scientists such as Stokes, 
Helmholtz, and Kirchhoff. A rigorous mathematical 
development of equivalent sources on a closed surface 
was provided by Love in 1901. In the paper we also 
review the work of Larmor and Tedone, Kottler, Stratton 
and Chu, Schelkunoff, and Harrington which led to the 
modern form of the field equivalence principles 
expressed in terms of equivalent electric and magnetic 
current sheets. Professor Harrington provided a very 
concise and easily understood formulation of the field 
equi val ence principl es in his cl assic text "Time 
Harmonic Electromagnetic Fields". 

By far the greatest stimulus to the use of field 
equi val ence principl es came about when Professor 
Harringt'on coupled their use with the method of moments 
which could provide solutions for the secondary 
sources. Professor Harrington and his colI eaques have 
skillfullY applied the use of field equivalence 
principl es and the method of moments to sol ve a wide 
variety of problems in electromagnetic radiation and 
scattering. In the paper we will highlight the aperture 
coupling problem and the mutual interaction problem 
associated with the radiation from mul tipl e waveguide 
apertures. These two problems are conceptually made 
much simpler by using the methods developed by 
Professor Harrington and provide a clear illustration 
of the great utility of field equivalence principles in 
applied work. 
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THE METHOD OF MOMENTS: THE LAST TWENTY-FIVE YEARS 

Arlon T. Adams' 
Bradley I. Strait 

Department of Electrical and Computer Engineering 
Syracuse University 

Syracuse, NY 13244 

For more than a quarter century Syracuse University researchers have been 
developing the "method of moments" and exploring its applications to practical 
problems in the field of electromagnetics. The method has been successfully used 
for both analysis and design in a) problems in electrostatics, b) treatment in the 
frequency domain and also in the time domain of problems involving radiation 
and scattering of electromagnetic waves by thin wires and rods, c) treatment in the 
frequency domain of problems involving radiation and scattering by two- and 
three-dimensional conducting bodies, d) problems of radiation and scattering by 
two- and three-dimensional material bodies, again treated in the frequency domain, 
e) frequency-domain coupling of electromagnetic energy through apertures in 
conducting bodies, and f) treatment of eigenvalue problems such as waveguides 
with arbitrary cross-sections. Most recently, the method has been applied to 
problems of wave propagation and coupling in multilayered dielectric media and 
analysis of microwave circuits and printed circuit antennas. This paper will 
summarize key research efforts and results in these areas and point out many of 
the well-documented computer codes that are readily available and that can be 
used to advantage by engineers working in the electromagnetics area. The paper 
will also point out some of the key milestones and contributions in the progress 
of this work of the past quarter century. In addition, some interesting historical 
aspects of the development of the method of moments will also be recounted. 
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Use of the Method of Moments to Obtain Variational 
Solutions 

Joseph R. Mautz 
Department of Electrical and Computer Engineering 

Syracuse University, Syracuse, NY 13244-1240 

Consider P =<Lj, w> where j and w satisfy 

(1 ) 

(2) 

Here, L is a linear operator, La is the adjoint of L, <Lj, w> is the symmetric 
product of Lj with w, and 9 and h are known functions. A variational 
formula for P is a functional of two functions j and w that reduces to P when 
j = j and w = wand is stationary there. A variational formula is desirable 
because it gives a second order approximation to P when j and ware first 
order approximations to j and w, respectively. 

Let Pv be a function of the three symmetric products <Lj, w>, <Lj, w>, 
and <Lj, w> where j is the exact solution to (1), j is an approximation to 
j, w is the exact solution to (2), and w is an approximation to w. Viewing 
Pv as a functional of the functions j and W, one writes Pv = Pv(j, w). If 

Pv(j,w) = Pv(f,w) = Pv(f,w) =<Lj,w> (3) 

for arbitrary j and W, then one can show that Pv(j, w) is stationary about 
(j,w) = (f,w). Consequently, Pv(j,w) is said to be variational. 

Let J and w be moment approximations to f and w, respectively. The 
pair of moment solutions (j, w) is a symmetric pair if the expansion and 
testing functions for ware respectively the testing and expansion functions 
for j. Although the simple formula <Lj, w> is not variational, one can show 
that if j and ware a symmetric pair of moment solutions, then the value of 
Pv(j, w) is the same for anyone of the class of variational formulas Pv that 
satisfy the conditions in the previous paragraph. Furthermore, this value is 
< Lj, w >. Therefore, one who seeks the most accurate approximation to 
<Lj, w> afforded by a symmetric pair of moment solutions j and w will do 
just as well to bypass the whole class of variational formulas Pv described in 
the previous paragraph and use the "non-stationary" formula <Lj, w>. 
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HOW TO IMPROVE COMPUTATIONAL EFFICIENCY OF 
LARGE PROBLEMS SOLVED BY METHOD OF MOMENTS 

R. S. Adve and Tapan K. Sarkar 
Department of Electrical and Computer Engineering 

Syracuse University 
Syracuse, New York 13244-1240 

Sadasiva M. Rao 
Department of Electrical Engineering 

Auburn University 
Auburn, Alabama 36849 

Abstract: The objective of this presentation is to show how the principle 
of analytic continuation can be utilized effectively to solve large method 
of moment problems efficiently. To this end the method of Cauchy 
(Kottapalli et.al, IEEE Trans. on MTT, April 1991, pp. 682-687) has 
been utilized to interpolate/extrapolate an analytic function by a ratio 
of two polynomials. An information theoretic criteria based on the 
quality of the data has been utilized to select the parameters for the 
Cauchy's method. Cauchy's method involves approximating a function 
by a ratio of two polynomials. When values of the function and its 
derivative information is provided. Utilizing this method it has been 
possible to reduce computation time for large method of moments 
problems by at least two orders of magnitudes. Examples have been 
solved utilizing the Electric Field Integral Equation. Typical results 
involve scattering from arbitrary shaped 3-D structures. RCS results for 
a conducting sphere, plate, concave hemisphere and convex hemisphere 
are presented over a decade bandwidth utilizing this technique. 
Accompanying data will be presented to illustrate the accuracy and 
efficiency of this technique. 
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Multiconductor Transmission Line Research at 
Syracuse University 

Richard G. Plumb 
Radar Systems and Remote Sensing Laboratory 

Dept. of Electrical Engineering and Computer Science 
University of Kansas 
Lawrence, KS 66045 

In this paper we review the importance of multiconductor 
transmission line theory and the contributions made to this theory by 
researchers at Syracuse University. Published work performed by Professor 
Roger F. Harrington, his colleagues, and his graduate students at Syracuse 
University will be reviewed. Attention will be paid to the areas of quasi­
static solutions, quasi-dynamic solutions and full-wave solutions for vias and 
cross-overs. Various techniques for computing the capacitance matrix and 
inductance matrix for transmission lines will also be covered. Finally, 
radiation for multiconductor connectors and pigtails will be reviewed. 
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E-FIELD INTEGRAL EQUATIONS AND THE METHOD OF MOMENTS 

Roger F. Harrington 
Department of Electrical Engineering 

Syracuse University 
Syracuse, NY 13244, USA 

We use the words "E-field integral equations" to emphasize that there are 
many forms that an EFlE may take. Furthermore, it is not a true integral 
equation, but rather an integro-differential equation. Finally, given any particular 
form of the E-field equation, there are many moment-method solutions to it. 

First, consider the thin-wire mixed-potential EFIE. For a wire defined by 
the parametric variable t, this is Z(I) = El where Eli is the Ith component of 
the impressed field and Z(I) is the operator which relates the current to the 
negative tangential component of the scattered field. Following the usual method 
of moments we obtain the matrix equation [Z] I = V, where the elements of [Z] 
are z.." = <Wm, ZfD>. Here f,.(') are the expansion functions and wm(f) are the 
testing functions. 

Many ways of evaluating the z.." are possible. Perhaps the best one is to 
perform the inner-product integration by parts and obtain 

L L 

zmn = jOJl.l I d'I d. 'wm (f ) fn (f ') G (f " ' ) 

L L 

+ 1 I d' I d. ,dwm dfn G (. ") Jro£ or (If' I 

This results in the least singular integrals, since the Green's function G(U) is 
never differentiated. It also clearly shows that f,. and Wm should be functions 
whose I-derivatives exist. Other possibilities for evaluating z.." involve 
transferring derivatives to G(I,I'), which must be done with great care. 

A similar procedure applies to the mixed-potential EFIE obtained for 
conducting surfaces. In this case z.." elements are obtained in terms of vector­
valued expansion functions .E. and vector-valued testing functions Yim. The form 
of the equations for z.." show that.E. and Yim should be functions whose surface 
gradients exist. 

Some possible choices for expansion and testing functions, and other forms 
for z.." will be discussed. 
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Chairs: 

THURSDAY AM URSI-A SESSION TH-U33 
Room: Savery 249 

MEASUREMENTS FOR DIELECTRIC MEASUREMENTS 

R.L. Moore, Georgia Institute of Technology; S.S. Stuchly, University of Victoria 

8:20 Free Space EM Measurement System 390 
*P.G. Friederich, RL. Moore, Georgia Inst. of Technology 
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K. Komisarek, N. Wang, A. Dominek, The Ohio State Univ. 

9:00 Dynamic Resonator Measurements of Metallic Surface Resistance and Complex 
Pennittivity 392 
*R.G. Geyer, J. Baker-Jarvis, National Inst. of Standards and Technology; J. Krupka, 
Instytut Mikroelektroniki i Optoelektroniki Politechniki Warszawskiej 

9:20 A Possibility of Wide band Dielectric Measurement Using the Coplanar Waveguide 
Technique , 393 
K. Wu, D. Maurin, C. Akyel, R.G. Bosisio, Ecole Poly technique 

9:40 Non-Destructive Measurement of EM Properties of Anisotropic Materials with a 
Waveguide Probe System 394 
*C. W. Chang, K.M. Chen, J. Qian, Michigan State Univ. 

10:00 Break 

10:20 Dielectric and Magnetic Relaxation Models 395 
J. Baker-Jarvis, R.G. Geyer, National Inst. of Standards and Technology 

10:40 Time Domain Method for Materials Characterization Using Microstrip Field Applicators 396 
D.J.Infante, J. Ross, D.P. Nyquist, Michigan State Univ. 

11:00 Microwave Level Gauging System 397 
*W. Guo, S.S. Stuchly, K. Caputa, Univ. of Victoria 
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Free Space EM Measurement System 

Paul G. Friederich* and Rick L. Moore 
Georgia Tech Research Institute 

Prediction and control of the electromagnetic signature of an object requires knowledge of 
the constitutive properties of the materials composing the object. Georgia Tech researchers 
have implemented a variety of techniques to characterize such materials. One of the most 
versatile involves the use of focusing elements (lenses) with free space measurements. 
Two assumptions commonly made in the derivation of transmission and reflection coeffi­
cients as functions of material constitutive parameters are that the wavefront interacting 
with the sample is planar, and that all the energy of the wave interacts with the sample. 
Use of lenses to transform a spherical wave into one with a planar phase front, and to 
focus the energy, better satisfies these assumptions. 

A Gaussian beam profile is achieved with lenses consisting of two plano-convex pieces 
with flat faces next to each other. The input lens half (closest to the hom antenna) is 
designed to collimate the beam and the output lens half focuses the beam. The lenses are 
mounted on booms which pivot around a point at which a sample is mounted. The sample 
holder, mounted on a mill turntable at the pivot position, accommodates up to 24" samples 
with precision positioning in either lateral direction and rotation around the vertical axis of 
the sample. This so-called "boom arch" arrangement, depicted below, allows the user to 
characterize the reflectivity of materials at various incident and reflected angles. Together 
with appropriate measurement calibration and data processing, the boom arch provides a 
means for measuring the complex permittivity, permeability, or sheet impedance of a 
material, as well as reflectivity, transmissivity, and bistatic scattering from particular sam­
ples. The facility has been used at frequencies from 2 to 100 GHz, and a similar arrange­
ment has even been used to characterize the millimeter wave properties of ceramic foam 
panels at temperatures up to 1500°C. 

Free-space algorithms used to calculate permittivity and permeability assume true plane­
wave incidence. In order to assess their accuracy when used with focused beam illumina­
tion, the lenses have been characterized on a planar near field scanner to derive the plane 
wave spectrum of the lens output. Using the PWS data, the algorithm performance is 
being re-examined to assess the impact on derived values of constitutive parameters. 
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Effective Dielectric Constant For 
Composite Materials 

K. Komisarek, N. Wang and A. Dominek 
The ElectroScience Laboratory 

Department of Electrical Engineering 
The Ohio State University 

Columbus, OH 43212 

Abstract 

Advanced fabrication practices employ composite materials in aerodynamic 
structures to achieve a variety of design goals. Some of these design goals assume 
the existence of an effective dielectric constant. The concept of an effective di­
electric constant not only provides a mechanism to readily perform radiation and 
scattering calculations but more basically, the ability to characterize the electrical 
properties of composite material. The composite material of interest is formed by 
fibers embedded in a resin matrix. A variety of composite configurations will be 
evaluated to determine the validity of the effective dielectric constant concept. The 
evaluation is numerically performed by equating the reflection and transmission 
characteristics from generic composite structures to those of equivalent, uniform, 
isotropic material structures. Additionally, the issue of composite uniformity in 
the structure is also examined. 
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DYNAMIC RESONATOR MEASUREMENTS OF METALLIC SURFACE 
RESISTANCE AND COMPLEX PERMITTIVITY 

Richard G. Geyer' and James Baker- Jarvis 
National Institute of Standards and Technology 
Electromagnetic Fields Division, 813.08 
325 Broadway, Boulder, CO 80303, U.S.A. 

Jerzy Krupka 
Instytut Mikroelektroniki i Optoelektroniki Politechniki Warszawskiej 
Koszykowa 75, 00-662 Warszawa, Poland 

Surface resistance measurements improve the accuracy of dielectric loss 
determinations made with metallic cavities by enabling better spectral char­
acterization of wall losses. In addition, they are quite useful in many electro­
magnetic interference problems, where electronic systems are located within 
a metal enclosure and it is necessary to ascertain the shielding effectiveness 
of the enclosure. Accurate microwave measurements of metallic surface resis­
tance may be conveniently performed by TEall (or TEals) mode excitation of 
a well-characterized very low- loss dielectric material, such as crystalline c-axis 
oriented quartz or sapphire. The measurement is made by placing this material 
between a metal plate whose surface resistance is known and a parallel plate 
consisting of the material under test. By changing the aspect ratio of the very 
low-loss dielectric material, it is possible to determine the surface resistance 
over a broad frequency spectrum. 

In a similar fashion, accurate measurements of permittivity and dielectric 
loss tangent of low-loss dielectric materials may be performed. Given the 
dimensions of the dynamic resonator, the resonant frequency of the TEals 
mode, and the unloaded quality factor, both permittivity and dielectric loss 
can be resolved. Losses of the two parallel plates may be suitably accounted 
for. Although the TEall mode is typically employed, higher-order TE and 
quasi-TE hybrid modes may be used, subject to positive identification of each 
resonant mode. Introduction of a small air gap between the sample under test 
and either of the metallic ground planes allows the fundamental TE resonant 
frequency at which the sample is tested to be changed. Applications of these 
techniques demonstrate that materials having relative permittivities as large 
as 100 or dielectric loss tangents as low as 3 x 10-6 can be measured. This 
measurement accuracy is not achievable with transmission line or free-space 
methods. 
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A Possibility of Wideband Dielectric Measurement Using The Coplanar 
Waveguide Technique 

Ke WU, David MAURIN, Cevdet AKYEL, Renato G. BOSISIO 

Groupe de Recherches Avancees en Microondes et en Electronique Spatiale 
(POLY-GRAMES) 

Dept. de genie electrique et de genie informatique, Ecole Poly technique 
C. P. 6079, S1:lcc. "Centre-Ville", Montreal, Canada H3C 3A7 

Tel: 514-340-5991, Fax: 340-5892, e-mail: wuke@poly-hf2.grmes.polymtl.ca 

Abstract 

A large variety of te<;hniques has been proposed for characterizing dielectric 
materials. These measurements are essentially accomplished by using various 
electromagnetic sensors such as open coaxial lines, waveguides, six-port 
reflectometers, horn lens antenna, etc. These techniques, however, suffer from the 
requirement of either a wideband RF/microwave operation or a large range of 
measurement capability in terms of material parameters under test. This is mainly 
due to the limited sensibility and field saturation. We attempt to propose a 
possibility of overcoming these difficulties. This novel technique uses a quasi-TEM 
planar cell for wideband measurements of dielectric materials including highly lossy 
films. It consists of a coplanar waveguide (CPW) interconnected with two backside 
micros trips through via-holes. As shown in the following figure, the wideband high 
sensibility is achieved through the use of contact or non-contact procedure between 
the sample-under-test and the CPW surface. The electromagnetic field interacting 
with the sample is "modulated" by the unknown dielectric parameters over certain 
length of wave propagation, thereby giving appropriate information on reflection 
and transmission coefficients. These parameters can be extracted through the 
measured complex coefficients once the equivalent circuit model is established. Our 
preliminary theoretical and experimental results indicate that good transitions of 
the microstrip-CPW-microstrip can be made over wideband frequency range. 
Measurements of different material samples are presented to demonstrate a 
promising wideband sensitivity of the proposed CPW cell. 
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NON-DESTRUCTIVE MEASUREMENT OF EM PROPERTIES OF 
ANISOTROPIC MATERIALS WITH A WAVEGUIDE PROBE SYSTEM 

C.W. Chang*, K.M. Chen and J. Qian 
Department of Electric~1 Engineering 

Michigan State University 
E. Lansing, MI 48824 

A non-destructive measurement of electromagnetic (EM) properties of 
anisotropic materials using an open-ended waveguide probe has been conducted. 
The probe consisting of an open-ended rectangular waveguide with a large flange 
can be placed against a material layer to be measured. As the dominant mode of 
wave in the waveguide is incident upon the material layer, a part of it penetrates 
the material layer and the rest of it is reflected back to the waveguide due to the 
discontinuity present at the waveguide aperture. Since electric and magnetic fields 
of the dominant mode are orientated in specific directions, the reflected dominant 
mode of wave should be dependent on the anisotropic parameters of the material. 
Thus, by measuring the reflection coefficient of the dominant mode at various ori­
entations of the waveguide with respect to a reference axis of the material layer, 
the tensor permittivity of the anisotropic material can be determined. 

To analyze this waveguide probe for material measurement, the EM fields 
inside the waveguide near the waveguide aperture is expressed as the sum of inci­
dent and reflected dominant modes plus higher-order modes. The EM field inside 
the material layer is expressed in terms of eigenmodes for the anisotropic material 
case and Hertz potentials for the isotropic case. When the tangential components 
of electric and magnetic fields in the waveguide and the material layer are matched 
at the waveguide aperture, two coupled electric field integral equations (EFIE) 
with transverse components of the aperture electric field as unknowns can be 
derived. After the transverse components of the aperture electric field are solved 
from the coupled EFIE by Galerkin's method, the reflection coefficient of the dom­
inant mode can be determined. Since the reflection coefficient of the dominant 
mode is an implicit function of tensor permittivity, we can inversely determine the 
tensor permittivity if the reflection coefficient of the dominant mode in the 
waveguide is measured experimentally. 

An experimental setup was constructed with a waveguide system termi­
nated on a large conducting flange on which a material layer can be placed. The 
reflection coefficient or the input impedance of the dominant mode of the 
waveguide terminated on a material layer is measured at the X-band using a net­
work analyzer (HP 8720B). The measured reflection coefficient is then used to 
inversely determine the EM parameters of the material. 
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DIELECTRIC AND MAGNETIC RELAXATION MODELS 

James Baker-Jarvis and Richard G. Geyer 
National Institute of Standards and Technology 
Electromagnetic Fields Division, MS 813.08 
Boulder, CO 80303 

Relaxation is observed in a wide variety of processes, for example, in re­
sponse to magnetic, nuclear, and mechanical driving fields. Relaxation is a 
result of microscopic transitions between internal states and of an interaction 
with a thermal reservoir. If an external field, such as an electric field, is ap­
plied to a material, the material responds by adjusting the position of dipoles, 
higher multipoles, and free charge. At low frequencies, dipoles in a material 
respond with the applied field, whereas at higher frequencies the response lags 
the field. The resultant motion, the basis of dielectric relaxation, is analogous 
to a driven, damped harmonic oscillator. Energy is removed from the driving 
source by internal friction and by energy storage in the dielectric. Dipolar ori­
entation can be altered by both driving field interactions and thermal effects. 
When simultaneous fields such as electric and magnetic are applied, the prob­
lem becomes more complex. A study of electrodynamic relaxation phenomena 
requires the analysis of ensembles of particles, and is based on Langevin or 
Fokker-Planck equations. 

In this paper we examine dielectric and magnetic relaxation models, start­
ing with Debye and Bloch equations and gradually increasing the complexity 
of the underlying assumptions. Generalizations of the Debye and Bloch equa­
tions of motion are presented which include memory effects. The generalized 
equations are shown to consist of reversible and irreversible components. The 
irreversible terms increase the entropy of the system, whereas the reversible 
terms do not directly influence the entropy. Using the algebra of Poisson 
brackets, expressions are derived for the reversible components in terms of 
field quantities. 
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TIME DOMAIN METHOD FOR 
MATERIALS CHARACTERIZATION USING MICROSTRIP 

FIELD APPLICATORS 

D. Infante, J. Ross and D. P. Nyquist 
Department of Electrical Engineering 

Michigan State University 
E. Lansing, MI 48824 

Microstrip and stripline field applicators have found increasing use for broadband 
measurement of the electromagnetic properties of materials. Frequency-domain calibration 
methods for field applicators have been developed which require measurements of a short located 
at three different positions within the applicator, and two measurements of the empty applicator. 

Recently there has been an increased interest in high temperature measurements of the 
electromagnetic properties of materials at microwave frequencies. Because of its simple design, 
the microstrip field applicator is well suited for making such measurements. However, due to 
the complex propagation-mode spectrum associated with the microstrip, use of the frequency 
domain method with the microstrip has been limited to characterizing low permittivity, low loss 
materials. In addition, the frequency domain calibration method becomes cumbersome and of 
questionable accuracy for high temperature measurements, requiring that the applicator be heated 
and cooled several times to allow placement of the various standards. Multiple heating/cooling 
cycles limit the lifetime of the applicator and increase measurement time and cost. It has 
therefore become desirable to perform calibrations using a minimum number of standards. 

The number of standard measurements required for calibration can be reduced by taking 
advantage of the inherent properties of the time-domain response of the field applicator. By 
careful design of that applicator and use of time-domain windowing techniques, the applicator 
can be calibrated with the measurement of only one short and one measurement of the empty 
applicator. This greatly reduces calibration time and measurement uncertainties caused by 
misplacement of the shorts and sample materials. In addition, the use of time-windowing 
techniques may permit the characterization of a wider variety of materials using the microstrip 
applicator. 

This paper will discuss a calibration method for micros trip field applicators using time 
domain principles and will provide a comparison of material properties measured using both the 
time domain method and the usual frequency domain method. 
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Microwave Level Gauging System 

W. Guo*, S. Stuchly and K. Caputa 
Department of Electrical and Computer Engineering 

University of Victoria 
Victoria, BC, Canada V8W 3P6 

Measuring and controlling liquid level in storage tanks and processing vessels is 
becoming more and more important in modem industrial processes. The level measure­
ment requirements in tanks often exceed those in ordinary process level measurements 
and several level measuring techniques have been developed. Recently, use of microwave 
techniques for this application has been studied by many workers and a few microwave 
level gauging system (MLGS) have been developed. Resistance to harsh environment, 
versatility of measuring schemes and high precision make MLGS advantageous over other 
methods. 

The MLGS consists of two units: a processor and a transmission medium. The pro­
cessor allows for transmitting EM wave as well as processing the received echo signal. 
Two basic transmission media have been used: free space and metallic waveguides. The 
advantages of free space are non-contacting monitoring and simplicity of hardware. Sensi­
tivity to the parasitic reflections and the requirement of a narrow beam antenna are the dis­
advantages. Metallic waveguides are free of parasitic reflections, however, due to the 
closed boundary structure, the meniscus effect is inevitable. 

A novel X band microwave level gauging system is presented. Two kinds of sur­
face waveguides, dielectric rod and Goubau line, are used as the transmission media and 
multiple frequencies continuous wave (MFCW) technique is adopted in the processor. 
Being open boundary guided structures, surface waveguides are free of meniscus effect 
and insensitive to the parasitic reflections. By carefully choosing the dimension and 
dielectric materials of the structure, the propagation loss of surface waveguides can be 
made comparable to that of metallic waveguides. In this paper, the design aspects of the 
proposed MLGS are described. First, a brief review of the surface waveguides is pre­
sented. This includes the analysis of loss, power containment and the design of the launch­
ing devices for surface waveguides. It also includes the theoretical comparisons of the 
chosen surface waveguides with several other transmission lines. Then, the design aspects 
of experiment sets up and the measurement results are presented. The experiments are 
concentrated on the measurement of the propagation losses and the reflection coefficient at 
the interface of liquid surface and measurement environment atmosphere along the guid­
ing structure. Finally, results of level measurements for various liquids with proposed 
approach is presented and the accuracy and error correction are discussed. 
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Tree-Cotree Methods for Electromagnetic Field Computation 

John Manges* and Zoltan J. Cendes 
Department of Electrical and Computer Engineering 

Carnegie Mellon University 
Pittsburgh, PA 15213 

Edge elements are often used with [mite element or [mite difference methods 
to model electromagnetic field problems. These elements have the advantage of 
representing the nullspace of the curl-curl operator properly and thereby avoiding 
the problem of spurious modes that are generated by using conventional node-based 
elements. Although the nullspace of the curl-curl operator is modeled correctly with 
edge elements, these elements do not eliminate this nullspace. Consequently, the 
matrix representing the curl-curl operator is singular. This singularity is manifest in 
a large number of zero eigenvalues in the discrete matrix and in an attendant 
increased size and increased computational resources required to compute resonant 
frequencies. It also sometimes leads to slow convergence with iterative solvers such 
as the conjugate gradient method when computing driven problems. (The fact that 
the conjugate gradient method correctly solves the singular curl-curl matrix was 
established by Barton and Cendes (J. Appl. Phys., 61,3919-3921,1987». 

Albanese and Rubinacci (Int. J. Num. Meth. Eng., 26, 515-532, 1990) have 
shown that the nullspace of the curl-curl operator is correctly eliminated with edge 
based finite elements by partitioning the edges in the mesh into a tree-cotree 
structure. In magnetostatics problems where one is solving for the vector potential 
A, one can set the values of the vector potential on an arbitrary tree of the mesh to 
zero. This is because the gauge of the vector potential is undefined and setting 
values of A on the tree does not impose the curl of A on any face of any finite 
element. Consequently, the edge values on the cotree of the mesh provide the 
independent set of variables for the curl operator and are uniquely determined once 
the tree values of the vector potential are eliminated. 

This paper extends the approach taken by Albanese and Rubinacci to compute 
electric and magnetic fields directly for high-frequency applications. In solving for 
the vector potential in magnetostatics, one is free to assign arbitrary values, 
including zero, to the vector potential on the tree. This is not possible when solving 
for the electric or magnetic field since field values are never arbitrary. Instead, the 
values of E or H on the tree are related by taking a linear combination to the values 
of E or H on the cotree. It is possible to eliminate the tree values of E or H in favor 
of the cotree values. One may then solve for the unique and linearly independent 
values of E or H on the cotree and, subsequently, evaluate E or H on the tree by 
taking a linear combination of the cotree values. We show that the finite element 
matrix equation is greatly reduced in size by this process and that the zero 
eigenvalues in the original discrete curl-curl matrix are eliminated. Computations 
show that imposing the relationship between fields on the tree and the fields on the 
cotree of the mesh eliminates the nullspace of the curl-curl operator and results in a 
nonsingular matrix. 
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On Feed Modeling of Cavity-backed 

Antennas in the Context of the Finite 
Element Method 

J. Gong' and J. 1. Volakis 
Radiation Laboratory 

Department of Electrical Engineering and Computer Science 
The University of Michigan 

Ann Arbor, Michigan 48109-2122 

Abstract 

It has been demonstrated that the hybrid finite element method (FEM) is an 
accurate and efficient approach for scattering and radiation analysis of printed an­
tenna configurations. For antenna applications, typically a transmission line or a 
simple probe model excitation is assumed for simplicity. However, the simple probe 
model for the coaxial cable feed is valid only for electrically thin substrates. For 
thick substrates, sophisticated techniques and models are needed. Also, a high-rate 
sampling around the feed is usually required for the FEM analysis. This is an un­
desirable choice, since for many configurations the system condition worsens and the 
number of iterations increases significantly. Most importantly, this usually leads to a 
prohibitively large calculation cost (in terms of CPU time or number of unknowns) 
even for some small physical problems. Some other techniques have been seen in the 
literature for coax feed modeling, unfortunately they are either inefficient, inaccurate 
or incompatible with FEM applications. However, the FEM itself offers new pos­
sibilities for feed modeling improvement, and in this presentation, an efficient feed 
model will be described in the context of the finite element method for radiation by 
a coax-fed microstrip antenna or arrays. Specifically, a special shape function simu­
lating the physical coaxial cable mode will be employed for field expansion inside the 
cable. Both incident and reflected waves within the cable are taken into account in 
the formulation .. A combination approach to associate the fields below and above the 
cable-cavity junction will also be discussed in the presentation. 

The detailed formulation and numerical considerations will be presented in the 
meeting together with some validation examples. 

401 

,II 



Accuracy in EM Fields Calculations using a Combined FE-lE Approach 

Cinzia Zuffada *, Tom Cwik and Vahraz Jamnejad 

Jet Propulsion Laboratory 
California Institute of Technology 

4800 Oak Grove Dr., Pasadena, CA 91109 

ABSTRACT 

A hybrid finite element - integral equation (FE-lE) approach has been developed to 
calculate the EM fields scattered by inhomogeneous 3D-bodies of arbitrary shape. It 
couples a 1st-order edge-based FE representation in a volume containing the scatterers 
and bounded by a surface of revolution, to an lE on the surface, to properly account for 
the FE mesh truncation. Hence, it solves for the component of either H or E along each 
edge in the FE mesh, as well as both E and H tangential to the surface of revolution 
bounding the problem domain. The code has been validated for RCS calculations on 
several objects with good results. Its applicability to calculate accurate fields in the near­
zone of and inside penetrable scatterers is investigated here. Starting with the solution for 
the tangential field components at the surface of revolution, the fields are calculated 
everywhere in the space surrounding the problem domain. Similarly, inside the mesh 
volume, starting with their values along the edges, a proper linear combination yields the 
fields at any location, according to the chosen FE representation. Issues such as the 
scatterer's geometry modeling, as well as the choice of mesh densitY,and mesh geometry 
for accurate field description are discussed. In particular, the impact on accuracy of 
coupling the FE representation to the lE representation on the surface of revolution is 
analyzed. Specifically, the two (different) representations need to be consistent, in terms 
of modeling of field viuiation on the surface of revolution, especially about its poles. 
Examples are provided for a variety of scatterers for which either analytical results or 
alternative numerical results are available. 
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VECTOR FINnE ELEMENT MODELING OF PURELY PHYSICAL MODES IN A 
FERRITE-FILLED CYLINDRICAL CAVITY 

1. W. Parker, Jet Propulsion Laboratory, California Institute of Technology 
Pasadena, California, USA 91109 

Modes of a fictitious ferrite-filled perfectly conducting cavity are obIained by modeling the 
fully 3-D electric fields using Whitney edge elements. The cavity is modeled by a tetrahedral mesh 
with unknowns linked with each lattice edge representing the component of the field tangential to 
that edge. The perfectly conducting walls are represented by setting the included tangential electric 
field values explicitly to zero. A Hermitian matrix [SI is computed by combining the curl of the 
testing function, curl of electric field, and the Hermitian magnetization tensor. We solve the 
generalized eigenvalue problem [SId = k2 [TId, for eigenvalues k2 and electric field coefficient 
eigenvectors d, where [TI is the positive defmite matrix formed by combining the testing function 
and the electric field directly. 

The 20 lowest order physical eigenvalues (5 < k 2 < 25) differ from an 
analytic/trancendental solution by < 3% for the case where the cavity is an axially-magnetized 
cylinder of unit radius, two units altitude, with unit relative permeability on the diagonal, ±O.lj 
off diagonal, for fmite elements with typical edge length 0.3 units (-1700 unknowns). In addition, 
a finite number of k2 - 0 modes are computed, corresponding to the infinite-dimensioned space of 
zero-frequency zero-curl divergence fields admitted by the curi-<:url operator. It is notable that these 
modes compute to values of k2 < 10-5, demonstrating that Whitney elements may be used to 
represent fields in ferrite media with near-perfect separation of physical and non-physical modes. 
This indicates the ability to model fields in ferrite device and scattering problems with no 
corruption from vector parasites. 
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Scattering Analysis of an Arbitrarily Shaped 

Material Cylinder (2D) Using FEM-BEM Method 

M. D. Deshpandt, Vigyan Inc., Hampton, VA., 

C. R. Cockrell, NASA Langley Research Center, Hampton, VA. 

Summary 

This paper presents scattering characteristics of an arbitrarily shaped infinite 
material cylinder (2D) using Finite Element Method (FEM) in conjuction with the 
Boundary Element Method (BEM). The material cylinder is assumed to be excited by 
either TE or TM polarized plane wave at normal incidence. 

For mathematical modeling, the first step is to assume the cylinder to be enclosed 
by a fictitous, conformal boundary slightly away from the outer boundary of the 
cylinder. The next step is to discretize the surface S, enclosed by the curve r into 
linear triangular subdomains as shown in figure. For the TM case, the total electric 
field inside the region enclosed by r is obtained by using the weak form of the wave 
equation given by 

(1) 

where T is a testing function. The normal derivative of Et z over r required in equa­
tion (1) is obtained using BEM. The total field and its normal derivative over r are 
related through following variational equation 

Vj P f • f aEz, • - = - LVi <l>i(r) q dr + - u dr 
2 i=1 an (2) 

where Vi. is the value of El at the jth node on r, <l>i er) is a linear function, 

q' = a:
n 

,and u' is the dominant solution of V2 u • +k J u· = 0 jj' Substituting the 

normal derivative of El over r from equation (2) in (I), equation (I) is solved for El 
The computational code using the above mathematical model is first validated 

with earlier published data. The paper will include several examples of ReS computa­
tions of cylinders of various shapes. 
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A Three-Dimensional Bymoment Method Approach for the Analysis 
of Electromagnetic Scattering 

R. Lee 
ElectroScience Laboratory 
The Ohio State University 

1320 Kinnear Road 
Columbus, Ohio 43212 

D. Pekel 
Electromagnetic Comm. Laboratory 

University of lllinois 
1406 W . Green Street 

Urbana, IL 61801 

The finite element method (FEM) can be used to analyze two- or three­
dimensional electromagnetic scattering problems in unbounded regions. However, 
the main difficulty that is encountered in the application of FEM to scattering 
problems is the fact that FEM is a differential-based method which must be 
formulated as a boundary value problem. This implies that one must define an 
artificial boundary surface of finite size at which the finite e1ement mesh is 
truncated. The field solutions which are interior and exterior to the mesh must then 
be coupled in such a way that both the continuity conditions at the artificial 
boundary and the radiation condition at infinity are satisfied. 

One can find various mesh truncation techniques in the literature, such as 
the ones which employ certain approximate absorbing boundary conditions 
(ABC's) on the artificial boundary surface, the hybrid finite element method 
(HFEM) technique, or the unimoment method approach. In this work, a three­
dimensional bymoment method approach is developed for the FEM analysis of 
scattering problems (A.C. Cangellaris and R. Lee, IEEE Trans. Antennas 
Propagat., AP-38, 1429-1437, Sept. 1990). The boundary truncation scheme of 
this approach focuses on two z-directed Hertz vector potentials instead of three 
Cartesian field components in order to decouple the interior and exterior region field 
solutions on the truncation boundary surface, which conforms geometrically to the 
surface of the scattering object. The boundary conditions for relevant field 
components are formulated on the truncation surface in terms of series of 
appropriate expansion functions which are weighted by unknown coefficients. The 
FEM field solutions, which pertain to these boundary conditions, are calculated in 
the interior region by treating the scattering problem as a Neumann-type boundary 
value problem. The FEM solutions are then subjected to a numerical' 'coupling" 
procedure, which is carried out on a second boundary surface that is conformal to 
the first one and is completely enclosed by it. Once the set of expansion coefficients 
is determined as a result of this procedure, it is used to express the total field 
solution as an appropriate linear combination of the interior region FEM field 
solutions. The three-dimensional bymoment method is a numerically efficient 
approach for the analysis of electromagnetic scattering from inhomogeneous, non­
conducting, and geometrically complex objects. The numerical accuracy of this 
method is demonstrated by means of comparison to analytical results which are 
available for spherical scatterers, and to numerical results which have been obtained 
with alternative numerical techniques for other problem geometries. 
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Comparison of Electric and Magnetic Field Formulations in 
Finite Element Modeling 

Tom Cwik*, Vahraz Jamnejad, Cinzia Zuffada 

Jet Propulsion Laboratory 
California Institute of Technology 

Pasadena, CA 91109 

A coupled finite element-integral equation technique has been developed for 
modeling fields scattered from inhomogenous, three-dimensional objects of arbitrary 
shape. The method incorporates a finite element model of fields in and near the scatterer 
with an integral equation that models fields on an arbitrary surface of revolution very near 
and circumscribing the scatterer. The integral equation is used to truncate the 
computational mesh without approximation (T. Cwik, V. Jamnejad and C. Zuffada, 
IEEE-APS Symposium, June 1993). This method has been recently extended to include 
antenna radiators. 

The formulation of this technique begins with the wave equation for either the 
magnetic or electric fields. Either field can be chosen in deriving a consistent set of 
equations that is a solution of Maxwell's equations. The choice of field is typically made 
depending on the materials present. For example, if the scatterer is an closed perfect 
conductor, using the magnetic field wave equation results in a natural enforcement of the 
boundary condition zeroing the tangential electric fields on the surface of the conductor. 
Yet, if the perfect conductor becomes electrically thin, or is a zero thickness plate, 
difficulties can arise in meshing the object and properly solving for the tangential 
magnetic fields on either side of the conductor. In this case it becomes expedient to use 
the electric field formulation and explicitly enforce the boundary condition zeroing 
tangential electric fields on the surface of the conductor. Explicit enforcement of this 
boundary condition requires modifications to the formulation not needed in the magnetic 
field formulation. Similar differences can arise when the scatterer consists of only 
dielectric or only magnetic materials, and again it can be preferable, to use either the 
magnetic or electric field formulation. 

This talk will present comparisons of the two formulations for scatterers 
composed of different materials. Numerical implementations based on vector, edge based 
tetrahedral elements and the coupled finite element-integral equation technique will be 
discussed. Results and necessary extensions of the formulation will be presented. 
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Analysis of a Multilayered, Doubly-Periodic, Frequency Selective 
Structure using an FEFD Technique Based on Edge-Elements 

0. Pekel*, K. Mahadevan, and R. Mittra 
Electromagnetic Communication Laboratory 

University of Illinois, Urbana, IL 61801 

The finite element method (FEM) can be applied to analyze a wide variety of 
problems in electromagnetics. In this work, a finite element frequency domain 
method (FEFD) is used to investigate the spatial filter characteristics of a frequency 
selective structure, which comprises several layers of lossless/lossy dielectric 
materials, and a perfectly-conducting, doubly-periodic screen of finite thickness 
which resides on these layers. The unit cell for this structure is shown in Fig. 1, 
where it is assumed that the slots in the conducting screen are filled with air. The 
FEFD technique that is employed to analyze the frequency selective structure is 
based on hexahedral edge-elements, and does not require the use of commercial 
mesh generation packages. The effect of the thickness of the screen on the 
transmission and reflection characteristics of the frequency selective structure is 
investigated over a frequency band ranging from 2.0 GHz to 8.0 GHz for an 
incident magnetic field that is polarized in the direction parallel to the slots in the 
screen. The results show that the finite screen thickness can indeed affect the 
characteristics of the frequency selective structure near the resonances, particularly 
in those cases where the screen thickness is large. Even for moderately thick 
screens, however, distinct differences are observed in comparison to the case of 
zero screen thickness, both in terms of the location of the resonances and the 
respective levels of the transmission and reflection coefficients. Consequently, for 
such frequency selective structures, one should be cautious when using MoM-type 
programs which are designed to analyze thin-screen FSS's, and do not account for 
the effect of finite screen thickness. 

Side View Top View 

_ Epsr.=(11.812, -0.112) _ Epsr.=(10.24,O.0) lEI Epsr.=(9.333,O.0) 

Figure 1. 
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3D HYBRID FINITE ELEMENT ANALYSIS OF SCATIERING AND 
RADIATION BY A CLASS OF WAVEGUIDE-FED STRUCTURES 

JianmingJin 
Department of Electrical and Computer Engineering 

University of Illinois at Urbana-Champaign 
Urbana, IL 61801-2991 

Waveguide-fed structures are a class of important radiating structures found 
many applications in antenna and communication engineering. Such structures 
include hom and slot antennas and coaxial line-fed patch antennas, and are 
characterized by a waveguide with an opening(s) which radiates electromagnetic 
wave into free space through a transition region. To improve the radiation 
efficiency or protect the antenna, the transition region is often filled with some 
dielectric material, making its analysis rather difficult. The purpose of this paper 
is to present a three-dimensional hybrid finite element method for the analysis of 
the radiation and scattering properties of this class of structures. 

In the proposed method, we divide the entire solution region into three regions: 
the exterior region, the transition region, and the waveguide region. The field in 
the exterior region is formulated using a boundary integral equation which is then 
converted to an exact global boundary condition for the field at the interface 
between the exterior and transition regions. The field in the waveguide region is 
formulated in terms of waveguide modes, from which an exact absorbing 
boundary condition is also derived for the field at the interface between the 
waveguide and transition regions. With a complete knowledge of the boundary 
conditions for the transition region, an equivalent variational formulation can be 
obtained for the field in the transition region. This variational problem is then 
solved using the finite element technique in conjunction with edge elements for a 
suitable expansion of vector fields. All antenna and scattering parameters can be 
calculated with a knowledge of the fields at the interfaces between the three 
regions. 

The major advantages of this method are its versatility and accuracy. By virtue 
of the finite element technique, the method is applicable to the radiating 
structures consisting of a complicated transition region of arbitrary shape and 
material composition. Because of the employment of the exact boundary integral 
equation and waveguide absorbing boundary condition, the method is accurate 
except for numerical discretization errors. The accuracy of the method is 
particularly important for antenna characterization since antenna parameters are 
very sensitive to the errors in the near field calculation. Furthermore, since the 
waveguide absorbing boundary condition contains all high order modes, the 
interface between the waveguide and transition regions can be placed as close to 
geometry or material irregularities as possible, keeping the volume of the 
transition region to a minimum. 
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ACCURATE FEM ANALYSIS OF QUASI-TEM 
TRANSMISSION LINES WITH FIELD SINGULARITIES 

* J.M.Gil, J.Zapata 
Grupo de Electromagnetismo Aplicado y Microondas 

E.T.S.I.T de Telecomunicaci6n U.P.M 
28040 Madrid Spain 

Quasi-TEM structures consisting of a number of conducting 
strips with sharp edges, such as microstrips lines or coupled 
multiconductor lines, are commonly found in practice. In these 
configurations some of the field components become infinite at the 
edges producing a slow FEM convergence rate and inaccurate 
prediction of parameters such as characteristic impedance, couplings, 
etc. Inclusion of the known singular field behavior in the numerical 
method increases the rate of convergence and computation accuracy. 

In microwave transmission lines with inhomogeneous dielectric 
and sharp metal edges, the order of field singularity depends on the 
relation between the dielectric permittivities, and it can be calculated 
from the Meixner's theory. On the other hand, the quasi-TEM model 
yields satisfactory results for the majority of the practical 
computations. 

In this work, we describe a method to accurately cope with 
field singularities in the quasi-TEM analysis of multidielectric and/or 
multiconductor transmission lines by using the Finite Elements 
Method. To achieve this goal, we employ singular elements which are 
introduced in the mesh surrounding singular points. 

Additionally, a new transition element, able to approximate the 
field behavior when the singular point lays outside the element 
domain, will be proposed as an interface between singular and 
standard elements. 

In order to asses the improvement on the rate of convergence 
of FEM and the approximation of fields near the singular point, several 
examples with different orders of field singularity have been analyzed, 
and results will be presented. 
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Radar Cross Section of a Ferrite Tuned 
Cavity Backed Slot 

David M. Kokotoff*, EI-Badawy EI-Sharawy, and James T. Aberle 
Department of Electrical Engineering 
Telecommunications Research Center 

Arizona State University 
Tempe, Arizona 85287-7206 

The cavity backed slot (CBS) antenna is an attractive candidate for aerospace ap­
plications due to its lightweight, low profile, and conformal attributes. However, 
conventional CBS antennas are usually limited to UHF and higher frequencies due 
to size constraints. The antenna size can be reduced by loading the cavity. Unfor­
tunately, cavity loading reduces the antenna's bandwidth and increases its weight. 
An alternative approach is to load the cavity with ferrite. Besides reducing the 
size of the antenna, the material properties can be varied with the application of 
an external bias field. 

The concept of magnetically tuning a ferrite loaded CBS antenna is not new. 
However, many investigators assume that the ferrite material is isotropic with a 
permeability that varies with the DC magnetic bias field, i.e. the permeability ten­
sor is replaced with an effective permeability. This assumption simplifies the field 
equations, but ignores some gyromagnetic properties of ferrite. In this work, a 
full wave solution is utilized, which is an extension of our previous work for a two 
dimensional CBS antenna (Lopez, et. al., 1993 IEEE AP-S Int. Sym. Dig., pp. 
1175-8). Unlike previous work which concentrated on the effective permeability 
of the ferrite, this research focuses on exploitation of magnetostatic surface and 
volume wave modes. Use of these modes may allow the antenna to operate at 
much lower frequencies than predicted by the effective permeability of the ferrite. 

The antenna comprises an aperture in an infinite ground plane backed by a cavity 
which is filled with various ferrite and dielectric layers. The structure is tuned 
by varying a DC magnetic bias field in the plane of the layers. The antenna is 
analyzed using the method of moments wherein the Green's functions are formu­
lated using the spectral domain transmission matrix approach (EI-Sharawy and 
Jackson, IEEE Trans. MTT, pp. 1071-9, June 1988). 

By examining the scattering response of the antenna, one may determine reso­
nant frequencies and qualitatively assess the antenna behavior. A discussion of 
dynamic, as well as, magnetostatic volume and surface wave mode resonances will 
be presented at the conference. 
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SLOT ANTENNAS BACKED BY A 
DIELECTRIC-FILLED CAVITY 

H. Ostner*, T. Krems, J. Detlefsen 
Lehrstuhl fUr Hochfrequenztechnik 

Technische Universitiit Munchen, 80290 Munchen, Germany 

There has been shown growing interest in planar slot antennas especially 
in the millimeter-wave frequency range due to the simplicity of fabrication 
and the possibility of monolithic integration of active devices. On the other 
hand it is well known that the efficiency of these slot antennas suffers from 
parasitic excitation of surface waves. Furthermore these surface waves can 
cause strong mutual coupling and eventually scan blindness in array confi­
gurations. 

Up to now most of the investigations of planar active slot antennas 
have been directed to laterally open antenna configurations with or without 
backside metallization, without taking into account the finite substrate size. 
In this presentation we discuss planar slot antennas on an infinite ground 
plane backed by a dielectric-filled rectangular cavity. This seems to be a 
more appropriate design since chip area is expensive and therefore kept to a 
minimum especially when semiconductors such as silicon or gallium-arsenide 
are used to integrate active devices, e. g. Impatt-diodes, monolithically. In 
addition mutual coupling between adjacent elements can be prevented. 

Using the equivalence principle the slot radiating in free space and the 
cavity are treated separately by spectral domain methods. This derivati­
on is similar to that introduced by A. Hadidi and M. Hamid (lEE Proc., 
Pt. H, pp. 139-146, April 1989). In contrast to them we have focussed on 
full-wavelength slots providing low resistances in the center of the slots, the 
location of the active device. Additionally dielectric and ohmic losses of the 
dielectric-filled cavity and the ground plane are taken into account. 

Calculated results will be presented showing input impedances in the 
case of silicon or gallium-arsenide filled cavities along with experimental 
results confirming the validity of the calculations. Further the influence of 
cavity depth and slot geometry on the input impedance will be discussed. 
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THEORETICAL AND EXPERIMENTAL ANALYSIS OF SURFACE 
WAVE EXCITATION IN PLANAR SLOT ANTENNAS 

Markus O. Thieme' and Erwin M. Biebl 

Lehrstuhl fiir Hochfrequenztechnik, Technische Universitat Miinchen 
Arcisstr. 21,80333 Miinchen, Germany 

The radiation efficiency of planar antennas is mainly determined by the excitation of surface 
wave modes. In conductor backed planar slot antennas the TEM parallel plate waveguide 
mode is excited. This configuration is often chosen for monolithic millimeterwave integrated 
circuits, where the back conductor acts as a heat sink. The antenna impedance depends 
strongly on the substrate thickness (H. Ostner, E.M. Biebl, 1993 AP-S Symp. Dig., pp. 612-
615) indicating that the excitation of the TEM mode is also governed by this parameter. In 
this paper we report theoretical and experimental investigations of the excitation of the TEM 
modes in conductor backed planar slot antennas. 

The magnetic currents in the aperture of the slot antenna are obtained by solving an integral 
equation using a MoM formalism in the spectral domain. Based on the magnetic current dis­
tribution, the radiation pattern of the antenna is calculated using a far field approximation 
of the Sommerfeld type integrals for both the radiation and TEM modes. The knowledge of 
the far field pattern of the TEM modes is important for the design of monolithic integrated 
circnits in order to minimize the mutual coupling between the circuit elements. The values of 
the power carried by radiation, P., and by the TEM mode, PTEM, are calculated by integrat­
ing the Poynting vector over a hemisphere and a cylinder surface, respectively. Neglecting 
dielectric and conductor losses, the radiation efficiency is given by 1] = Pr/(Pr + PTEM). 

Far field patterns of the TEM modes are measured at X-band frequencies. A grounded 
dielectric slab is ~ covered by a metal plate with the slot antenna. A tapered transition at 
the edge of the dielectric slab eliminates reflections. Port 1 of an HP8510 network analyzer 
is connected via a coaxial feed line at the center of the slot. The surface wave is measured 
using a coaxial probe, which is connected to port 2 of the analyzer. The separation between 
antenna and probe is 25 cm, and the azimuth angle is varied. 

Sample calculated and measured far field patterns of a TEM mode excited by a full wave 
slot antenna are depicted in the figures below. With respect to the value of the main lobe 
the measured far field pattern is predicted within 5 %. The dependence of the radiation 
efficiency and the radiation pattern on various geometrical and electrical parameters will also 
be presented. 

calculated measured 

414 



ni 

NUMERICAL STUDY OF APERTURE ANTENNAS 

BACKED BY A RECTANGULAR WAVEGUIDE OR CAVITY 

H. Moheb*, L. Shafai 

Department of Electrical & Computer Engineering 

University of Manitoba, Winnipeg, Manitoba, Canada R 3T 2N2 

The general problem of coupling through apertures have applications in slotted 
arrays, directlOnal couplers, microstrip lines, etc. The couplmg problem is usu­
ally formulated for the unknown tangential electric field in the aperture. Of 
these, the moment method is especially attractive because it inherently deals 
with apertures of arbitrary shape and size. It has been used extensively to 
examine the problems of two waveguides coupled through a rectangular slot, 
using pulse basis functions and point matching. 

In this pap'er, we apply equivalence principle and the generalized network for­
mulation LR. F. Harrington, and J. R. Mautz, IEEE Trans., Antennas & Pro­
pagat., pp. 870-873, Nov. 1976] to model the tan~ential electric field of arbi­
trary apertures backed by a rectangular waveguIde or cavity, in terms of 
eqUIvalent magnetic currents. The result is an mtegrlll equation for the unk­
nown aperture current. This integral ~uation is then reduced to a matrix equa­
tion usmg the method of moments LR. F. Harrington, Field Computation By 
Moment Methods, MacMillan, New York, 1968]. 

The formulation developed here allows the calculations of resonance frequency 
of an arbitrary aperture, the aperture admittance with guide dimensions 
appropriate for propagation of any mode, aperture gain, and its radiation 
characteristics. The aperture admittance can be easily calculated for different 
dielectric materials inside the waveguide, various number of slots, their shapes 
and also slot inclination angles. 

The developed technique is then applied to several novel aperture antennas, 
such as crossed-slots, rectangular and square end-loaded, and centre-loaded 
crossed slot antennas backed by a waveguide or cavity. These antennas are easy 
to fabricate, are low loss, lightweight, and low cost. Their resonant frequency is 
a function of the physical dimenslOns of the waveguide and the slot, the shape 
of the slot, and the dielectric constant of the waveguide region. 

For instance, one factor that affects the resonant frequency is the shape of the 
slot. Making the slot wider near the centre, increases Its resonant frequency. On 
the other hand, loading the slot at both ends lowers its resonant frequency. The 
lower resonance frequency allows the use of smaller and/or air-filled cavities 
which results in wider antenna bandwidth and lighter weight. The slot shape 
also has direct effect on the radiation patterns and in particular the cross­
polarized pattern. Therefore a study is undertaken to investigate their charac­
teristics in particular the end-loaded and centre-loaded slots are reported in this 
paper. These antennas have potentials for M-SAT vehicle applications [F. 
Manshadi, IEEE Symposium, APS, vol. 3, 1991], and also are good radiators 
for use on high-speed aircrafts due to their low profile construction and weight 
[C. A. Lindberg, IEEE Trans., APS, vol. 17, no. 5, sept. 1969]. 
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The Method of Lines 
for the Analysis of Cylindrical Antennas 

Reinhold Pregia 
Allgemeine und Theoretische Elektrotechnik, FernUniversitat, D-58084 Hagen, Germany 

Abstract 
In this paper a simple but very efficient and accurate procedure is described for the analysis 
of cylindrical antennas (Fig. 1). The fields will be calculated from the wave equation, 
which will be discretized in z direction to obtain an ordinary differential equation from 
the partial differential equation- as usual in the method of lines (MoL). Then the ODE 
is analytically solved on the discretization lines in p direction (see Fig. 1) in the source 
free regions. The solutions are Bessel (region I) and Hankel functions (region II). The 
arguments of these functions are complex because of the open structure, which is modelled 
by absorbing boundary conditions. The matching process with the source field in the slot 
gives the current distribution on the antenna and the input impedance. The conductivity 
of the dipole material needs not be ideal. Therefore loss resistances in the input impedances 
can be calculated. The behaviour of cylindrical antennas above a lossy plane (e.g. the not 
ideal earth) can be calculated, too. In Fig. 2 a diagram of the input impedance of a dipole 
is drawn. The results are compared with those given in Collin-Zucker: Antenna Theory 
(p. 366). Good agreement has been achieved. Taking into account losses for a dipole of 
copper with K = 58 n-1m/mm2 , the dashed line curve was achieved. The loss resistance 
has the value of 3 n in the series type equivalent circuit for the 21 = >./2 dipole and the 
value of 151.8 kn in the parallel type equivalent circuit for the 21 = >. dipole. Results for 
current distribution have been obtained, too. They are in best agreement especially with 
measured results because these calculations have taken into account the fiuite diameter of 
the dipole in a correct way. 
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Fig. 2: Input impedance for a dipole as shown in Fig. 1 
a = 2.11 mm, I = 156.3 mm (2lnl/a = 10) 
X MoL • King-Middleton (s. Collin-Zucker, p. 366) 

Fig. 1: For the analysis of a cylindrical antenna - ABC: Absorbing Boundary Conditions 
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RADIATION CHARACTERISTICS OF AN ARBITRARILY 
SHAPED APERTURE IN HALF SPACE EXCITED BY A 
RECTANGULAR WAVEGUIDE USING A COMBINED 

FEMlMoM APPROACH 

C. J. Reddy*, M. D. Desbpande, C. R. Cockrell, F. B. Beck and M. C. Bailey 
NASA-Langley Research Center, Hampton VA 23681, USA 

ABSTRACT 

Radiation from rectangular waveguides opening onto a ground plane is of 
practical interest due to their applications in phased array antennas. Analysis of 
such antennas are restricted to apertures with regular shapes. In this paper a com­
bined Finite Element Method and Method of Moments (FEMlMoM) technique is 
presented to analyze radiation from arbitrarily shaped aperture opening onto a 
ground plane, excited by a rectangular waveguide. The waveguide is assumed to 
be excited by the dominant TElO mode. The Finite Element Method is employed 
to formulate the fields within the waveguide, and the fields external to the 
waveguide are expressed via the spectral domain radiation integrals over the aper­
ture. The resulting equations are then combined using the boundary condition that 
the tangential fields across the aperture are continuous. The waveguide volume is 
discretized using tetrahedral elements, and hence, the aperture is automatically dis­
cretized by triangular patches. For the sake of numerical implementation, the 
length of the waveguide is assumed to be finite, but long enough, so that the 
reflected wave at the input plane consists of only the dominant TElO mode. To val­
idate the analysis, numerical data for radiation pattern of a rectangular waveguide 
opening onto a ground plane are calculated and compared with the available 
numerical data in the literature(C.A.Balanis, Antenna Theory, Harper & Row Pub­
lishers, 1982) and is presented in Figure 1. By virtue of the Finite Element Method 
and the Method of Moments, the present analysis is applicable to arbitrarily shaped 
apertures with or without dielectric loading. More numerical data with different 
aperture shapes will be presented at the conference. 
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FD-TD Computation of Active Impedance 
of an Array of Vivaldi Quad Elements 

E. T. Thiele, C. E. Reuter, A. Taflove 
Department of Electrical Engineering and Computer Science 
Northwestern University, McCormick School of Engineering 

~Evanston, Illinois 60208 

M. Piket-May* 
Department of Electrical and Computer Engineering 

University of Colorado 
Boulder, Colorado 80309-0425 

This paper proposes a systematic means to obtain active impedance for arbitrary 
phased-array antennas using the fmite-difference time-domain (FD-TD) approach. For 
antenna arrays, active impedance is defined as the input impedance of a given element 
when all other elements are excited. In many array configurations, the elements are 
near one another. This is true for the particular linear array of Vivaldi quad elements 
studied here. The closeness causes complex interactions to occur between all the 
elements, changing the current distribution of a given element relative to its 
distribution when it is isolated in free space. The degree or strength of this coupling 
is highly dependent upon the overall element geometry and the excitations of the 
various elements. 

In this paper, we provide FD-TD computations of the active impedance and 
mutual coupling of a linear array of eight Vivaldi quad elements. Two different 
means of calculating the active impedance are used. In the fIrst, the ratio between 
voltage and current is found at the element of interest while all other elements are 
driven. Here, the voltage is computed using a line integral between the stripline and 
ground plane, and the current is computed using a closed contour integral around the 
stripline. A discrete Fourier Transform is used to obtain frequency domain data for 
voltage, current, and impedance across a band of frequencies. 

The second computation is a more involved, requiring a priori knowledge of 
the element self and mutual impedances as well as the calculation of the current on 
each element. This requires single-source runs for all possible mutual coupling 
geometries. Using symmetry for the Vivaldi array studied, the number of these 
geometries can be reduced by a factor of four to only eight, requiring eight single­
source FD-TD runs. Once this is completed, full sourced array runs are made to 
determine the necessary currents to complete the computation. The benefIt of this 
second method is the determination of the mutual coupling between antenna elements. 
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ANALYSIS OF APERTURE COUPLED RECTANGULAR DIELECTRIC 
RESONATOR ANTENNA USING THE FDTD METHOD 

Abstract 

S. M. Shum* and K. M. Luk 
Department of Electronic Engineering 

City Polytechnic of Hong Kong 
83 Tat Chee Avenue, Kowloon, Hong Kong 

Dielectric resonators (DR) with low permittivites can function as efficient 

radiators. Most efforts had been made on the studies of the cylindrical DR 

antennas due to their popularity. Rectangular DR antennas are easy to 

fabricate but have gained only limited attention in the pass. The resonant 

frequencies of rectangular DR antennas have been estimated by using the 

perfect magnetic wall model but the discrepancy between theory and 

measurement is large (8. A. Long, MW. McAllister & L. C. Shen, Electron. Lett., 

19, 218-219, 1983). Furthermore, only experimental results on the input 

impedance are available in the literature. Hence, to characterize rectangular 

DR antennas, more rigorous approaches should be considered. 

The method of moments (MoM) has generally been regarded as a 

powerful and efficient method for solving electromagnetics problems. However, 

if the geometry involved contains many edge-shaped boundaries, as in the 

case of rectangular DR antennas, the formulation will be very complicated. On 

the other hand, with advances in computer technology, direct methods such as 

the finite-difference time-domain (FDTD) method are more attractive for dealing 

with complicated geometry. With the use of absorbing boundary conditions 

(ABCs), the applications of the FDTD method in antenna problems are feasible. 

In this paper, we demonstrate how to use the FDTD method to analyze 

an aperture coupled rectangular dielectric resonator antenna. The excitation 

method chosen offers several advantages and is appropriate for MMIC 

applications. The results on resonant frequency, input impedance and 

radiation patterns will be presented and verified by experimental 

measurements. 
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FD-TD Analysis of Rectangular Dielectric Resonator Antennas 

Karu P. Esselle 

Electronics Department, Building E6A, School ofMPC&E 

Macquarie University, Sydney, NSW 2109, Australia 

Tel: 61 (02) 805 9141, Fax: 61 (02) 805 9128, Email: esselle@macadam.mpce.mq.edu.au 

With the introduction of more accurate absorbing boundary equations and the availability of more and more 

powerful workstations and supercomputers, the FD-TD method has been receiving renewed attention in 

antenna analysis. It has been successfully used to obtain accurate results for simple antennas (J.G.Maloney 

et ai, IEEE Trans. AP-38, 1059-1068, 1990) as well as more complicated antennas such as microstrip 

patches (A.Reineix & B.Jecko, IEEE Trans. AP-37, 1361-1369, 1989). This paper describes the use of 

FD-TD method for the analysis of rectangular dielectric-resonator (DR) antennas (A.Ittipiboon et ai, IEEE 

AP-S Symp., 604--Q07, 1993). 

In this analysis, the dielectric resonator, the substrate, microstrip-line feed, the ground plane and the 

coupling aperture are accounted for. The substrate and the ground plane are assumed to be infmitely long in 

lateral directions. Thus they pass through the absorbing boundary (AB). Mur's second order absorbing 

boundary conditions (G.Mur,IEEE Trans. EMC-23, 377-382,1981) are applied for most planar sections of 

the AB but the frrst order conditions are applied, diagonally, at the edges and comers of the AB. The far field 

is obtained by applying the Field Equivalence Principle directly in time domain; results are transformed into 

frequency domain later. The analysis package has been developed in FORTRAN77, with some 

FORTRAN90 extensions, and runs in a Cray YMP supercomputer. 

For comparison with measurements, the rectangular DR antenna described by Ittipiboon et al was analyzed. 

Exactly the same dimensions were used for the DR antenna, the substrate and the aperture. The microstrip 

line was assumed to be 0.6mm wide. When excited by a sinusoidal source at 6.68 GHz, the Ex field 

component on a plane half-way across the DR and parallel to the ground plane, at a particular instant of 

time, is shown below. (x axis is from 0-4.5cm, z axis from 0-1.3cm; DR extends from 1.5-3cm in 

x-direction and .5-.8cm in z-direction.) The strong discontinuity of Ex -at the dielectric boundary is clearly 

visible. Our results compare with the measurements favourably. 

Ex (Vim) 
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ANALYSIS OF SQUARE FED PATCHES WITH 
DIFFERENT FEEDING EXCITATION 

H.Saboundji, J.P.Daniel, D.Thouroude Univ of Rennes I CNRS URA 834. 
S.Toutain LEST ENSTBr (Brest) CNRS URA 1329. 

The square patches shown on figures (I-a) and (I-b) have been previously analysed 
experimentally. It has been shown that these structures exhibit strong differences in term of 
the input impedance; the main idea was to determine theoretically the origin of this 
difference. The analysis was based on the segmentation technique taking into account the 
mutual coupling between radiating edges and the microstrip line. The multiport network 
model gives good results for rectangular patches fed by side when mutual coupling between 
radiating edges are taking into account 

The theoretical analysis of the patch fed at the corner needs to take into account both the 
(1,0) and (0,1) modes simultaneously. In that case the four edges are radiating energy and 
must be included in the multiport network model. The radiating conductance Gr is calculated 
from the radiated power of the circnit and distributed around the patch and the line. 

In the table I, we present the input impedance Zin at the resonant frequency of patches in 
plane 1t (Er=2.2, h=0.79 = and a=9 =) using the segmentation method compared to 
experimental results. For the patch of figure l-b, the equivalent circuit is assumed to be a 
parallel impedance Zin located at the center of the feedline. These results show us that the 
coupling effect between the patch and the feedline has an influence both on resonant 
frequency (Fr) and the input impedance (Zin). The impedance obtained by configuration (b) 
is half than of configuration (a). Moreover, The choice of a non uniform distribution of the 
radiating conductance Gr gives better results than the usual uniform distribution. 

1t 

1t 

(a) (b) 

FIG 1 : Corner fed square patch 

segmentation segmentation 
measurements using uniform non uniform 

PATCH distribution distribution 

Fr(GHZ) Zin (0) Fr(GHZ) Zin (0) Fr (GHZ) Zin (0) 

FIG 1-8 10,99 408 11,06 496 11.05 411 

FIG 1-b 11,40 201 11,48 235 11,48 199 

TABLE I : Comparison theory-measurement 
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Abstract 

Optimization of Time-Domain Antennas 

Jun-Hong Wang*, Lang Jen 
Institute of EM Theory and Microwave Technique 

Southwest JiaoTong University, P. R. China 

When designing time-domain antennas, we need to know the time­
domain radiation characteristics of some antennas. Here we present 
the relationships between the maximum values of the front transient 
radiation fields Emax(as shown in fig. 1) and the antenna structures. 
The configuration of an antenna is shown in fig. 1. The antenna is 
excited by Gauss pulse: V&(t)=exp[-g2(t-tmax)2]. We use the time­
stepping approach to calculate the radiation field and use the steep­
est descent method to optimize the antenna shape. Our objective is to 
find out the maximum value of the front transient radiation field.The 
results are shown in fig. 2 and fig. 3. From them we can see that the 
maximum value of the front transient radiation field is increasing 
with the Gaussian parameter g and the antenna length, meanwhile the 
optimum included angle is decreasing. Fig. 4 shows the waveforms of 
the transient radiation field of an antenna with parameters: L=lm,1X = 
112.34' ,and g=1.5xl09

, tmax=1.43xl0-9
• From fig.4 we can see that 

the front radiation field is stronger than that of other directions. 
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GREEN DYADIC OF A UNIAXIAL CHIRAL MEDIUM 

LV. Lindell* and W.S. Weiglhofer** 
*Electromagnetics Laboratory 

Helsinki University of Technology 
Otakaari 5A, Espoo 02150 FINLAND 

**Department of Mathematics 
University of Glasgow 

Glasgow, G12 8QW, UNITED KINGDOM 

In recent years, isotropic chiral media have been under intensive research because of their 
new and promising applications in antenna and microwave engineering. The basic elec­
tromagnetic problem was solved when the dyadic Green function corresponding to that 
medium was found by Bassiri, Engheta and Papas (Alta F'requenza, 55,83-88,1986). The 
problem of constructing the Green dyadic corresponding to a uniaxially chiral bianisotropic 
medium is treated in the present paper. 

Such a medium can be obtained, e.g., by inserting similar metal helices, with their axes 
parallel to a certain direction, in an isotropic base material. Defining the axial direction 
by the unit vector u., the constitutive equations of the medium can be written in first 
approximation as 

D = (€tIt + €zUzuz )· E - jl<-...(iiY. UzUz ' H, 

B = (JitIt + Jizuzuz )· H + jl<-...(iiY. UzUz • E, 

with It u~ u~ + llylly denoting the two-dimensional unit dyadic transverse to the z 
axis. Plane wave propagation in such a medium was considered earlier by these and other 
authors and interesting polarization-transforming properties were found (A.J.Viitanen & 
LV. Lindell, Int.J.lnfrared Millim. Waves, 14,1993-2010,1993). 

An explicit expression for the Green dyadic corresponding to the axially chiral uniaxial 
medium is derived through dyadic analysis. By avoiding the awkward Fourier transfor­
mation technique, the present derivation appears more straightforward than the previous 
ones also for the special case of nonchiral uniaxial anisotropic medium with I<- = O. The 
new Green dyadic expression serves as the basis for solving electromagnetic problems in­
volving sources or equivalent sources and setting up integral equations in a medium of this 
kind. As an example, radiation from an axial electric dipole is considered and the result 
is seen to coincide with the one recently obtained through another analysis. 
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DYADIC GREEN'S FUNCTIONS FOR MULTI-LAYERED 
UNIAXIALLY ANISOTROPIC MEDIA 

Jay Kyoon Lee" and Yun Hee Lee 
Department of Electrical and Computer Engineering 

Syracuse University 
Syracuse, New York 13244-1240, USA 

Recently, because of wide applications of complex materials, many studies 
have been done with layered anisotropic media. The dyadic Green's functions for 
layered anisotropic media are very useful in solving problems of radiation and 
scattering of electromagnetic waves in layered anisotropic media. In studying 
uniaxially anisotropic medium, in most cases the optic axis has been assumed to 
be perpendicular (vertical) or parallel to the interface for simple analysis. Lee and 
Kong (Electromagnetics, vol. 3, 111-130, 1983) calculated the dyadic Green's 
functions for both unbounded and layered uniaxially anisotropic medium whose 
optic axis is tilted from the vertical axis. 

In this paper, we consider the uniaxially anisotropic medium whose optic 
axis is :kbitrarily oriented. First, the dyadic Green's function (DGF) for 
unbounded anisotropic medium is derived using the Fourier transform method. 
The DGF is expressed in compact dyadic form in terms of two characteristic 
waves, viz., the ordinary wave and extraordinary wave. Then we formulate the 
DGF's for multi-layered anisotropic media. The optic axis of each layer is 
assumed to be rotated by angles ('1'1' XI)' i = 1,2, ... , n with respect to the z- and 
x-axes, respectively. In particular, the DGF's for three-layered anisotropic media 
are analytically obtained. Using the matrix method the coefficients of the three­
layer DGF's are expressed in terms of half-space Fresnel reflection and 
transmission coefficients. Applying the boundary conditions of the continuity of 
the tangential electric and magnetic fields, the Fresnel reflection and transmission 
coefficients for anisotropic-anisotropic interface are also calculated. 
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Electric Extremum or Magnetic Maximum? 
Strange Polarization Effects in Chiral and Bi-Isotropic Media 

Ari Sihvola 
Helsinki University of Technology, Electromagnetics Laboratory 

Otakaari 5 A, FIN-02150 Espoo, Finland 

It is the puxpose of this presentation to describe some qualitatively new aspects 
that appear in the wave-material interaction as there is chiral magnetoelectric 
coupling in the medium. The following constitutive relations, particularly well 
suited for the characterization of chiral media, between the electric (E, D) and 
magnetic (H,B) fields and flux densities 

D = cE + (X - jK,)ViiO£OH, B = p.H + (X + jK,)ViiO£OE 

contain the permittivity c, permeability p., chirality K" and nonreciprocity X 
parameters of the material under discussion (I.V. Lindell, A.H. Sihvola, S.A. 
Tretyakov, and A.J. Viitanen: Electromagnetic waves in chiral and bi-isotropic 
media, Artech House, Norwood, Mass., to be published in 1994). Pasteur media 
(X = 0, K, f. 0) and Tellegen media (X = 0, K, f. 0) are special cases of general 
bi-isotropic media. 

The effective properties of heterogeneous bi-isotropic and chiral media are of­
ten complicated functions of the electromagnetic parameters of the component 
phases, and also of the microscopic geometry of the material. The manner how 
bi-isotropic inclusions become polarized, in other words, how strong electric and 
magnetic dipole moments they generate, is essential in the analysis of the effective 
macroscopic properties of the medium. 

Due to the fact that there is magnetoelectric coupling in the material, propor­
tional to the material parameters K, and X, the polarizabilities of material inclu­
sions are not as straightforward expressions as in the pure dielectric or magnetic 
cases. Two strange polarization effects will be described in this talk: the appear­
ance of magnetic properties from nonmagnetic components, and an extremely 
strong polarization effect Eep (enhanced chiral polarization). 

It seems counterintuitive that components with no magnetic properties (the per­
meability of all components in the mixture is that of free space, p.o), mixed 
together, will create a medium with nonzero magnetic susceptibility. And even 
more; it is possible to tailor diamagnetic mixtures using only paramagnetic com­
ponents (A.H. Sihvola and I.V. Lindell, J. Electromagn. Waves Applic., 6(5/6), 
553-572, 1992). And also the dual case is possible: chiral or bi-isotropic compo­
nents that all have positive electric susceptibility, can form a mixture that has a 
negative susceptibility as a whole, i.e., its permittivity is less than co. 

But the chiral coupling can also in some cases produce unexpectedly strong polar­
ization in both electric and magnetic domains. The phenomenon I call here Eep. 
(The corresponding effect can also be predicted for nonreciprocal inclusions.) 
This, however, requires a rather strong magnitude of the chirality parameter. It 
will be shown that the amount of chirality needed for Eep is K, = .J EP.! cWo, 
within the physical limits. Furthermore, the enhancement depends on the shape 
of the chiral inclusion in a sensitive manner. Due to the fact that the electromag­
netic modeling of chiral materials is a very recent topic of study, it seems that 
Eep has neither been experimentally observed, nor even theoretically predicted. 
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Optical Propagation in Helicoidal Bianisotropic Media 

W S Weiglhoferh and A Lakhtakia2 

1 Department of Mathematics, University of Glasgow, Glasgow G12 8QW 

Scotland, Great Britain; email: werner@maths.glasgow.ac.uk 

2 Department of Engineering Science and Mechanics, 

Pennsylvania State University, University Park, PA 16802-1401, USA 

In this contribution we will comprehensively investigate the problem of 

light propagation parallel to the helical axis of general classes of so-called 

helicoidal bianisotropic media (the super-cholesteric material proposed in a 

companion paper is an example of such a medium). 

The objective of this paper is therefore to study propagation in an ar­

bitrary helicoidal bianisotropic medium. The frequency-domain constitutive 
relations applicable to a helicoidal bianisotropic medium can be set down as 

D to (Ol1(Z) . E + 012(Z)' H) , 

B po (021(Z) . E + 022(Z)' H) , 

where omn(z), m = 1,2; n = 1,2 are the rotationally inhomogeneous con­

stitutive dyadics of the medium. On implementing the above relations into 

Maxwell's equations, a system of partial differential equations is obtained 

which will be thoroughly studied for optical propagation parallel to the he­
lical axis. Exact solutions will be obtained and their special features will be 

discussed. In addition, a procedure to obtain the response of a helicoidal 

bianisotropic medium slab to a normally incident plane wave will be pre­

sented. 
Physical realizations of helicoidal bianisotropic media as liquid crystalline 

materials, solid thin films, and densely cross-linked polymers will be dis­

cussed. Finally, the analytical results obtained will be exemplified by appli­

cation to: cholesteric liquid crystals, super-cholesterics, gyrocholesteric di­

electrics, ferrosmectics and cholesteric bianisotropic media. 
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Computation and Physical Behavior of 
Bi-isotropic Material Parameters for a Class 

of Lossy Inclusions 
Keith W. Whites 

Department of Electrical Engineering 
University of Kentucky 

Lexington, KY 40506-0046 

A n important component in the physical application ofbi-isotropic materials is 
an understanding of the electromagnetic attributes and frequency dependence 

of their material parameters. While final confirmation of these quantities rests with 
laboratory measurement, numerical computation of these parameters has obvious 
advantages including the ease with which the inclusion shape, density and 
composition can all be changed. However, due to the inherently large number of 
inclusions and their small size, such numerical simulations have typically been 
relegated to simplified analytical models and/or ignoring the mutual interactions. 

Recently, a full-wave simulation method has been developed which appears to 
overcome many of the short -comings inherent in the numerical computation of the 
effective constitutive parameters for bi-isotropic materials (Digest of the 1993 URSI 
Radio Science International Symposium, Ann Arbor, MI, p. 243, June 1993). 
This approach uses a Monte-Carlo technique to compute the averaged scattered 
fields from an ensemble of inclusions together with an analytical solution for the 
scattering by the volumetric shape in which the inclusions are suspended (with an 
assumed form of the constitutive model) in order to calculate the effective media 
parameters. 

The aim of this work is to present an application of the previously derived full-wave 
simulation methodology to synthetic reciprocal chiral materials having lossy 
inclusions. In particular, the inclusion shape is restricted to the wire-helix class. 
To model the effects of lossy material wires, use is made of the resistive tube 
boundary condition (RTBC) which accurately predicts the scattering by lossy 
dielectric or magnetic wire shapes without a significant computational demand 
beyond that required for perfect electrically conducting wires (Digest of the 1992 
URSI Radio Science International Symposium, Chicago, IL, p. 34, July 1992). 

In this talk, a brief overview of the theory and computational implementation of the 
RTBC for material wires will be given followed by a presentation of the frequency 
dependence of the three effective constitutive parameters (e, f.l and f3 ) for a number 
of handed wire inclusion geometries and varying loss. Phenomenological 
comparisons with the Drude equation predictions for the optical rotatory dispersion 
will also be shown. 
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Electromagnetic Scattering from Chiral Cylinder of Arbitrary 
Cross-Section 

Ercument Arvas and Majeed Alkanhal* 
Department of Electrical and Computer Engineering 

Syracuse University, Syracuse, New York 13244-1240 

A simple moment (MoM) solution is given for plane wave scattering by an arbitrary cross-sec­
tion chiral cylinder. Electromagnetic chirality is found in materials characterized by the constitu­
tive relations 

[) = eE - j'YlJ and Ii = (1/fl) lJ - j'YE , 
where c is the permittivity, Il is the permeability, and 'Y is the chirality admittance of the chiral 
medium. The chirality admittance 'Y is an indication of the degree of chirality of the medium. 

The solution of the problem is begun by developing a simplified form of surface integral equa­
tions for scattering by chiral cylinders which is feasible to numerical computations. Then, surface 
equivalent problems of electric and magnetic surface currents radiating in free space and in an 
unbounded chiral medium are developed to replace the original problem of scattering by the 
chiral cylinder. The use of the chiral surface equivalence principle results in a set of two coupled 
vector integral equations for the surface electric and magnetic currents radiating in free space and 
in an unbounded chiral medium. Due to the coupling between the longitudinal and the transverse 
components of the fields in chiral media, both longitudinal and transverse components of the sur­
face currents are considered in the scalarization of the coupled vector equations. The resulting 
coupled scalar equations are, then, solved by a pulse basis and point matching method of 
moments solution. Numerical results for circular chiral cylinders of different parameters show 
excellent agreement with the exact data found by eigne functions solution. The figure below com­
pares the magnitudes of the computed and the exact internal E-fields for a circular chiral cylinder 
of the shown parameters. 
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Fig. I: The E-field inter­
nal to the circular chiral 
cylinder (Ilr = 2.8, cr 
=4.0, oe =0.05, om 
=0.05, 'Y =0.002, r =0.1 
"'0) along y=O axis illu­
minated by an incident 
TEz plane wave. 



A general scheme for the 
reflection and transmission 

structures of complex 

electromagnetic 
for composite 
materials 

Martin Norgren * and Sailing He 
Department of Electromagnetic Theory 
Royal Institute of Technology 
S-100 44 Stockholm, SWEDEN 

Abstract 

A time-harmonic electromagnetic plane wave obliquely 
incident on a stratified composite structure 
consisting of complex (bianisotropic) materials is 
considered. The composite structure consists of 
multiple layers of different types of complex media. 
The parameters in each layer are arbitrary functions 
of the depth, which do not need to be continuous or 
differentiable. A modified invariant imbedding method 
is used to calculate the reflection and transmission, 
and the internal fields are calculated through a Green 
function approach. A characteristic feature of the 
approach is that it is based on a wave-splitting that 
is not related to the media which make up the 
composite structure, but is always defined with 
respect to vacuum. Any mismatch in the parameters 
makes no extra effect in the calculation using the 
present splitting. The advantages of this approach are 
identified and it is compared to other approaches. 
Numerical results for the co- and cross-polarized 
reflection and transmission coefficients for TE and TM 
modes for a composite structure consisting of a 
stratified chiral layer and a stratified n layer are 
presented (cf. Figs. l(a) and l(b». 
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Fig.l(a); Reflection coefficients Fig.l(b); Transmission coefficients 
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Estimates for the effective properties of 
bi-isotropic composites with helical inclusions 

Frederic Guerin* 

THOMSON-CSF Central Research Laboratories' 
Domaine de Corbeville 91404 Orsay Cedex, France, and 

IRCOM, University of Limoges, 123 Avenue Albert Thomas 
87060 Limoges Cedex, France 

Pierre Bannelier 

THOMSON-CSF Radars and Countermeasures Division, 
La Clef de Saint Pierre, 78852 Elancourt Cedex, France 

Establishing a relationship between the microscopic features of a complex 
medium and its macroscopic, or "average", properties is a topic to which an 
appreciable research effort has been dedicated over the last decades. In 
electromagnetics, with the appearance of new classes of materials, the need for an 
appropriate tool aimed at predicting the effective properties of multiphased media 
has become even more pronounced. 

The present paper is devoted to the study of composites consisting of a 
dispersion of asymmetric inclusions in a dielectric matrix. These materials belong to 
the class of bi-anisotropic media, an important subgroup of which is formed by 
reciprocal bi-isotropic, or chiral, substances. We will restrict our analysis to such 
substances, i.e. composites whose inclusions are randomly oriented metallic or 
dielectric helices; such materials have already been fabricated and experimentally 
characterized (p. Guerin, PIERS Book Series Special Issue on Bi-Isotropic Media 
and Applications, to appear in 1994). 

Our model for predicting, or at least obtaining estimates for the effective 
properties of chiral composites is based on a finite-element computer code, Antenna 
Design, developed at Thomson-CSF Radars and Countermeasures Division. This 
software enables one to compute the electromagnetic field scattered in the forward 
and backward directions by a given object, in our case an helix, in a medium. The 
object can in general be made of a lossy magnetoelectric medium or a lossy metal, 
while the surrounding medium may be a lossy magnetoelectric one. Using the 
forward and backward vector scattering amplitudes, one can compute all 4 
polarizabilities of an orientationally averaged helix (there are in fact only 3 
independent polarizabilities, showing that the scatterer is reciprocal and the 
corresponding composite medium is chiral), provided that the quasi-static limit is 
applicable to the case. Once the polarizabilities are known, a Maxwell Garnett 
treatment leads to the effective constitutive parameters: permittivity, permeability, 
and chirality coefficient. Other variables of interest, such as the rotation angle, the 
ellipticity, or the scattering parameters, are then computed. 

Numerical results relative to different types of inclusions will be presented. 
The effect of matrix permittivity and inclusion concentration on the effective 
properties will in particular be shown. Some comparison with experimental results 
will also be given. An analysis of the method will fmally be performed, and further 
research directions will be discussed. 
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An Eigenvalue Theory of Circular Birefringence 
and Dichroism in a Chiral Medium Based on the 
Electric Quadrupole-Magnetic Dipole Multipole 

Approximation 

R.E. Raab* and J.H. Cloete 
Department of Physics, University of Natal, Pietermaritzburg 3200, South Africa 

and 
Department of Electrical and Electronic Engineering, 

University of Stellenbosch, Stellenbosch 7600, South Africa. 

Chiral effects occurring at optical frequencies in gases and crystals have been explained 
in the past by means of Maxwell's equations and constitutive relations which allow for 
induced electric quadrupoles and magnetic dipoles. The basis of this approach is that 
the relative magnitudes of the multipole contributions to an electromagnetic effect are 
ordered as (E.B. Graham, J. Pierrus, and R.E. Raab, "Multipole moments and Maxwell's 
equations," J.Phys. B, 25, 4673-4684, 1992) 

I . d· I { electric quadrupole { electric octopole 
e ectflc IpO e > > magnetic dipole > > magnetic quadrupole > > ... 

Within the electric quadrupole-magnetic dipole approximation the D field contains, in 
addition to the electric dipole moment density P, a term in the electric quadrupole moment 
density Q, which is a dyadic. The R field is, consistent with the ordering shown above, 
truncated at the magnetic dipole moment density M. The resulting constitutive relations 
are 

D = foE + P - ! \7 . Qt + ... 
R = l'oIB-M+ ... 

A plane time-harmonic electromagnetic wave induces multipole moments in matter through 
its E and B fields and their space and time derivatives. When the constitutive relations 
are used with Maxwell's equations, a 3 X 3 matrix eigenvalue equation is obtained. Its so­
lution yields the polarization eigenwaves which the medium supports for a given direction 
of propagation, and their refractive indices, n, and absorption coefficients, k. 

Although usually applied to crystals and gases, the theory also describes helices in a neutral 
substrate, where these simulate a crystal or a gas. The criteria for such a simulation are 
given. It is found that the expressions for the circular birefringence, nR - nL, and circular 
dichroism, kR - kL, contain an electric quadrupole term for uniaxial crystals but not 
for cubic crystals or gases. These expressions satisfy the essential requirements of being 
independent ofthe origin to which the multi pole moments are referred, provided all electric 
quadrupole contributions are included. 
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Re:O.ection and transmission 
in uniaxial chiral omega composites 

S.A. Tretyakov, A.A. Sochava 

St. Petersburg State Technical University, Radiophysics Department 
195251 St. Petersburg, Russia 

Electromagnetics of complex media attracts a lot of attention and efforts 
of researches. Isotropic chiral composites appear to be useful in microwave 
technology, antenna design and, especially, as perspective materials for anti­
reflection coverings. Recently, more general bianisotropic materials such as 
composites with O-shaped metal elements embedded in a dielectric matrix 
were studied. Especially, composites with uniaxial symmetry seem to offer 
good possibilities for applications. Here we study electromagnetic waves in 
more general reciprocal uniaxial materials with 0 particles and with intrinsic 
handedness, i.e. in uniaxial chiral omega structures. 

Corresponding material equations become uniaxial with the most general 
uniaxial dyadic coupling terms: 

15 = €. E + i"/€o/Lo (-Ittlt - ItnZOZo + KJ) . H, 

13 = Ii· H + i"/eo/LO (lttlt + ItnZOZo + KJ) . E. 
The dielectric permittivity € and the magnetic permeability Ii are uniaxial 
dyadics: 

where Zo stands for the ~nit vector_along the axis and It = lVolVo + YoYo is the 
transverse unit dyadic, J = Zo x It = Yo:Vo - :VoYo is the 90 degree rotator 
in the (:v - y) plane. Additional coupling provided by the omega particles is 
measured by the dimensionless parameter K. 

As is seen, introduction of chiral elements in omega structures makes the 
analysis much more involved. In non-chiral omega media, eigenwaves are 
linearly polarized T M - and T E-waves, whereas in isotropic chiral media 
eigenwaves are circularly polarized. In chiral omega structures eigenwaves, 
in general, have elliptical polarization patterns. 

Here we study plane wave reflection and transmission phenomena in pla­
nar uniaxial bianisotropic layers. As it appears, such problems for complex 
media layers can be effectively treated by the vector transmission-line the­
ory, where plane layers of a composite material are modelled by an equiv­
alent transmission line with dyadic wave impedances and dyadic propaga­
tion factors. In general, the modelling line is non-symmetric, i.e., its wave 
impedances depend on the direction of the wave propagation. 

Numerical examples demonstrate some interesting features of reflection 
<!-nd transmission phenomena in uniaxial layers. For example, low reflection 
from thin absorbing layer can be achieved in wide frequency ranges. Effects 
of chirality of the reflection and transmission coefficients are clarified. 
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Analysis of Propagation and Scattering Characteristics of Material­
Co:.ted Periodic Gratings Using the Method of Lines 

Ke WU and Jean-Jacques LAURIN 

Groupe de Recherches Avancees en Microondes et en Electronique Spatiale 
(POLY-GRAMES) 

Dept. de genie electrique et de genie informatique, Ecole Poly technique 
C. P. 6079, Succ. "A", Montreal, Canada H3C 3A7 

Tel: 514-340-5991, Fax: 514-340-5892, e-mail: wuke@poly-hf2.grmes.polymtl.ca 

Abstract 

The method of lines is proposed for determining propagation and scattering 
characteristics of material-coated periodic gratings under the TE and TM illuminations. 
Periodic boundary conditions governed by Floquet theorem are formulated in terms of 
characteristic circulant matrix in the discretized space domain, thereby eliminating the 
need for field expansion in terms of Floquet harmonics, as required by the boundary 
integral techniques (e.g. J. Moore, H. Ling and C. S. Liang, IEEE Trans. on Antennas and 
Propagation, Vol. 41, Sept., pp. 1281-1288, 1993). The theoretical framework with 
nondistant discretization schemes is illustrated in the following figures for TE and TM 
analysis of both propagation and scattering problems. Compared to the boundary 
integral approaches, this technique presents simple formulation and monotonous 
convergence for multilayered material-coated periodic gratings. Owing to the nature of 
transmission-line expression upon the transform and decoupling procedure, the 
incident and scattered waves are easily determined in the space domain. As an example, 
complex propagation constant is calculated in the absence of incident fields for lossy 
material-coated periodic rectangular gratings to demonstrate the theoretical principe. 
Scattering and absorbing characteristics are also studied under the TE and TM 
illumination at arbitrary angle of incidence. 

solid lines: electric lines dotted lines: magnetic lines 
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TM Blazing of Rectangular Groove Gratings at Non-Bragg Incidence 

Wei Chen, N.C. Beaulieu, D.G. Michelson & E.V. Jull* 
Department of Electrical Engineering 

University of British Columbia 
Vancouver, B.C. V6T lZ4 

It is well known that perfect blazing to the n = -1 order is possible 
for diffraction gratings under Bragg angle incidence. That is, the period d = 
A/(2sin 17;), where A is the wavelength and 17; is the angle of incidence from the 
normal to the grating surface. High efficiency gratings are useful at millimeter 
wavelengths for multiplexers, demultiplexers and frequency-scanned reflector 
antennas. (eg. F.S. Johannsson, IEEE AP-38, 1491-1495, 1990) but 100% 
efficiency only for diffraction back in the direction of incidence is a serious 
inconvenience. 

Perfect blazing for other than Bragg angle incidence, once thought impossible, 
has been observed numerically and experimentally with rectangular groove grat­
ings (E.V. Jull and J.W. Heath, 1979 AP-S Symp. Dig. 515-518) and predicted 
for sinusoidal gratings (D. Maystre et al., Optica Acta 28, 457-470, 1981). In 
both instances it occurs only for TM polarization (magnetic field parallel to the 
grooves). It is a consequence of reciprocity that angles other than Bragg for which 
there is perfect blazing must occur in pairs. If between these angles specular re­
flection can be adequately suppressed, then high efficiency blazing over a wide 
angular range, or for a wide range of frequencies, has been achieved. Such high 
efficiency wideband diffraction gratings would be superior to any now available 
for multiplexers or frequency scanned antennas. 

To establish design data for rectangular groove gratings with such desirable 
behavior a rigorous analysis by mode matching is being used with computer search 
routines for zeros in specular reflection. There is a very limited range of surface 
periods dl A for which this unusual phenomena occurs. For example, with a groove 
width to period ratio of 0.5 the range is 0.92 < dl A < 0.98 and the corresponding 
shallowest appropriate groove depths are 0.20 < hi A < 0.23. These results could 
not be predicted by any equivalence from those for sinusoidal gratings. Other 
grating widths are being investigated and the phenomena is observed also for the 
comb grating. 

While the results apply to perfectly conducting surfaces, similar profiles may 
be expected to provide high efficiency wide-band optical gratings. 
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COMPUTER MODELLING AND NUMERICAL ANALYSIS OF EM SCATTERING 
FROM PERIODIC GRATINGS OF LOSSY CONDUCTORS 

Hassan A. Kalhor 
Electrical Engineering Department 

State university of New York 
New paltz, NY 12561 

Metallic gratings of different groove shapes have 
many applications in the areas of optics and 
microwaves, because of their strong frequency 
dependent behavior. Many ingenious numerical methods 
have been developed for the analysis of such problems. 
Almost all of these analysis methods assume that the 
gratings are made of perfectly conducting materials. 
In practice, all scatterers are made of finitely 
conducting materials and in some applications the 
knowledge of losses becomes very important. The 
effects of finite conductivity in gratings with 
triangular groove shape have been previously 
calculated approximately ( H.A. Kalhor & A.R. 
Neureuther, JOSA, 63, 11, 1973) by using a surface 
impedance model. 

In the present work, conductor losses are 
calculated exactly. The EM scattering problem is 
solved by a combined wave expansion and finite 
difference or finite element method which gives the 
fields within the material as well as the scattered 
fields. Conductor losses and their impact on the 
scattered fields can, therefore, be determined 
accurately. The losses are also calculated 
approximately by a perturbation method similar to that 
used in calculating the wall losses in waveguides. To 
demonstrate the method, a grating with rectangular 
grooves is considered, and it is assumed that the 
metal has infinite conductivity. This structure is 
easily amenable to solution by a mode matching 
technique. The scattered fields due to an incident 
plane wave are calculated inside and outside the 
grooves. The current distribution on the walls is 
then computed and conductor losses are determined. 
The results based on this approximate theory are then 
compared against those obtained by the exact method 
outlined above to show its limits of applicability. 
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Exact Solution of Helmholtz's Equation in Dielectric 
Gratings with Arbitrary Profiles1 

H.Mossa1laii, M. H. Rahnavard2, H. Abiri 
EE Department, School of Engineering, 

Shiraz University,Shiraz ,Iran 

Based on an exact solution of the pertinent boundary-value problem, a 

method is presented for finding the electromagnetic fields radiated or guided by 

lossy dielectric gratings having arbitrary profiles. This method unifies the 

treatment of both perpendicular (TE) and parallel(TM) polarization by using the 

Boundary Element Method (BEM). 

The computational method described in this paper relies on the numerical 

solution of the integral wave equation inside the grating region. For the problem 

at hand, the boundary conditions of the longitudinal interfaces of the grating 

layer are functionally known because of the Floquet expansion of the fields in the 
uniform layers above and below it. On the other hand, the boundary conditions 

for the interface between the periodic unit cell are naturally provided by 

Floquet's theorem and continuity requirements. Thus, the method can be applied 
in a rather straight forward way towards a rigorous solution of the periodic 

problem, without any a priori assumptions and to a user specified accuracy. 
In this paper we calculate the electromagnetic fields and the radiation 

characteristics of a leaky dielectric waveguide with light-induced trapezoidal 

layer. 

1 This research was supported by Board of Research of Shiraz University, Shiraz, Iran. 
2Presently at Electr. Eng. Deparunent, Faculty of Engineering, University of Ottawa, Ont. on sabbatical 
leave from Shiraz University, Shiraz, Iran. 
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Evaluation and Applications of Quasi-Optical Grids 
with Thin/Thick Rectangular Elements 

Te-Kao Wu 
Jet Propulsion Laboratory 

California Institute of Technology 
Pasadena, CA 91109 

Quasi-optical grids consisting of periodic, thin/thick 
rectangular elements have been extensively used in high­
pass, low-pass or band-pass filters (T.-K. Wu, Int. J. 
Infrared and Millimeter Waves, 14, 1017-1033, 1993.) 
Grids of this simple rectangular element type can be 
easily fabricated by the photo etching or lithography 
technique. Thus they have been extensively applied in 
many optical, millimeter and microwave systems. 

These thin grids with rectangular elements has been 
analyzed by the accurate integral equation technique in 
the above mentioned reference. In this paper, the thick 
grids with finite or semi-infinite thickness (or open­
ended waveguide array) were analyzed via the integral 
equation technique with the standard waveguide modes as 
the field expansion functions. The results matches very 
well with the HP's HFSS solutions for the case of an 
open-ended rectangular waveguide array. The integral 
equation technique is much more efficient than the HFSS. 
However, presently only the HFSS code can analyze a 
rhombic-shaped waveguide array, since it uses the finite 
triangular or tetrahedron elements to best fit the 
rhombic waveguide. 

This paper will also describe the performance evaluation 
and interesting applications of these grids. They are the 
Far Infrared interference or coupling grids, beam 
splitters in many optical systems, sunshields for the 
space-craft antenna's thermal protection, and micro­
switches for phased array beam steering. 
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Design of Frequency Selective Surfaces Using Massively Parallel 
Genetic Algorithms 

E. Michielssen+*A. Boag+, 1.M. Sajer ++andR. Mittra+ 
+ Electromagnetic Communication Laboratory 

University of Illinois at Urbana-Champaign 
Urbana, IL 61801 

++ CEA - CESTA, Ie Barpe, France 

Frequency Selective Surfaces (FSSs) comprised of metallic patch or aperture 
elements supported by dielectric layers, find widespread applications as spatial 
fIlters over much of the electromagnetic spectrum. The fIlter characteristics depend 
upon the element shape and dimensions, as well as upon the thicknesses and 
permittivities of the dielectric layers. Few algorithms for systematically designing 
FSSs are currently available. As a consequence, one typically resorts to a tedious 
trial and error procedure to synthesize a fIlter with a desired frequency response. In 
this paper, an algorithm is presented for systematically synthesizing FSSs using a 
genetic algorithm (GA). GAs are stochastic optimization algorithms that mimic 
natural evolution. In contrast to traditional, gradient -based optimization algorithms 
which iteratively refine an initial guess, GAs operate on a large population of 
solutions, the members of which are processed stochastically and in a discretized 
form. Whereas GAs have been successfully applied to a variety of design problems 
across many disciplines, the development of GA-based algorithms for designing 
electromagnetic systems is still in an embryonic stage. This lack of progress in this 
area can be attributed to the computationally expensive nature of the objective 
functions that arise in the formulation of electromagnetic optimization problems. 

The algorithm presented in this paper vastly improves upon a previously 
reported database-oriented GA synthesis technique ( E. Michielssen, J.M. Sajer and 
R. Mittra, 'Design of Multilayered Frequency Selective Surfaces and Waveguide 
Filters Using Genetic Algorithms,' AP-S Symposium Digest pp. 314-318, Ann 
Arbor, 1993). The database-oriented algorithm restricts the choice of the FSS 
element shape to a predefined set of elements. This restriction results in a 
significant speed-up of the GA search procedure, as it permits the pre-computation 
of the scattering matrices of the individual fIlter building blocks, which, in turn, 
allows for an efficient computation of the objective function during the execution of 
the GA. Unfortunately, the database-algorithm severely limits the GA search to a 
rather restricted class of structures. The new GA-based synthesis algorithm 
presented herein allows all aspects of the element shape to be optimized along with 
layer thicknesses and permittivities. This is accomplished by characterizing element 
shapes by a two-dimensional chromosomes, which represent full-blown pixel­
based approximations of the elements. In order to offset the increased 
computational cost, the algorithm is implemented on a massively parallel computer 
(Connection Machine CM-5). The evaluation of the objective function within the 
GA framework belongs to the class of embarrassingly parallel problems, and a 
massively parallel implementation results in a significant reduction of the 
computational cost when compared to a sequential implementation. Several 
schemes for efficiently distributing the computational load over the available 
processors on a MIMD-configured CM-5 will be discussed for a variety of 
synchronous and asynchronous master-slave GA models. Numerical results 
illustrating the application of this technique will be provided in the presentation. 
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Analysis of Frequency Selective Surfaces with Arbitrary Aperture 
Geometry 

Robert C. Hinz* and Chi H. Chan 
Department of Electrical Engineering, University of Washington 

Seattle, W A 98195 

Robert A. Kipp 
DEMACO, Inc. 

100 Trade Centre Drive, Suite 303 
Champagne, IL 61820 

A hybrid spatial/spectral technique for the analysis of frequency selective 
surfaces comprised of perfectly conducting patches embedded in a layered media 
has been reported recently. Each element for the MoM impedance matrix requires 
that 10 to 100 thousands of modes be summed to achieve convergence. The 
summation is accelerated by evaluating the potential at the FSS surface and 
subtracting an asymptotically identical potential that is just above the surface. A 
rapidly converging spectral summation which corresponds to the offset potential is 
added to recover the original summation. The spatial Green's functions for the 
layered medium are conveniently evaluated using complex images for an electric 
current source. 

In this paper, a frequency selective surface (FSS) comprised of apertures 
embedded in a layered medium is analyzed using the hybrid spatial/spectral 
technique. The complex images, however, are modified for the magnetic current 
sources. 

The magnetic currents associated with the shorted apertures of the frequency 
selective surface are defined in terms of arbitrary triangular basis functions. This 
allows a line segment approximation of the unit cell avoiding the staircase effect. 
The magnetic currents on the shorted apertures are computed by solving a mixed 
potential integral equation (MPIE). When the source and test triangular basis 
functions are sufficiently far apart, the double surface integral is replaced with 
evaluation at the centroids of the triangles. For sources near the test cell, integration 
of the entire triangular domain is required for computing the scalar potential. The 
scalar potential is dominant for near interactions, the vector potential does not 
contribute significantly to the result so it is approximated by the centroid method. 
The convergence of the hybrid spatial/spectral method is further improved by the 
use of Shanks transformation. 
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Performance of double layered FSS with complex 
resonant elements 

J. Shaker* and L. Shafai 
Department of Electrical & Computer Engineering 

University of Manitoba, Winnipeg, Manitoba, Canada, R3T 2N2 

Frequency selective surfaces (FSS) have been used widely as filters for blocking un­
desired frequency bands, or, providing other filter characteristics in reflection and 
transmission of electromagnetic waves and in design of multi-reflector antennas. 
Our studies have concentrated on novel structures and geometries such as open or 
shorted rings, without or with loaded central conducting elements were investigated 
(J. Shaker & L. Shafai, Electronic letters, 1655-1657, 1993). 

With single layer configurations the frequency selectivity can be controlled only by 
the resonance property of the single cell element. Since, these elements are two di­
mensional geometries, their performance is therefore limited by their complexity. 
This limitation can be overcome by adding other layers of conducting cells to gener­
ate three-dimensional structures, with additional flexibilities in the design of cell 
elements. The coupling between elements of different layers also acts as another pa­
rameter to increase the flexibility of the design. So far, however, we have investi­
gated double layer etched on two sides of a dielectric slab. The formulation is based 
on dyadic Green's function in the spectral domain, which is solved using a moment 
method. Therefore, the coupling have been accouned for in the analysis. 

Numerical simulation of an FSS, composed of two layers of square patches each of 
which etched on lower and upper interfaces of the slab, was performed to study the 
effects of coupling between them and the additional flexibility that have been intro­
duced into the structure. The frequency dependence of the resulting structure's re­
flective properties is observed to be dictated by the layer that has larger square 
patches as its cell elements. In other words, it turned out the surface that has larger 
patches as its cell element either "blocks" or "electrically short" the one with smaller 
patches, depending on being etched on the upper or lower interface of the slab. How­
ever, for equal size square patches, there is a noticeable change in the resonant fre­
quency of the structure compared to the single layer case. 

To use the acquired flexibility one can etch different cell elements on the slab inter­
faces. As an example of such an undertaking, the case ofFSS composed of open or 
short circuited square rings on the top and square patches on the lower interface was 
studied for different ring thickness and square sizes. The reflective properties of the 
resulting structure appears to vary between two extremes of ring or square, depend­
ing on their relative sizes with respect to each other. 
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Chairs: 

THURSDAY PM JOINT SPECIAL SESSION TH·J7 

Room: HUB 310 

RANDOM MEDIA & ROUGH SURFACE SCATTERING 

S. Saatchi, California Institute of Technology; Y. Kim, California Institute of 
Technology 

Organizers: S. Broschat, Washington State University; A. Ishimaru, University of Washington 

1:20 Backscattering Enhancement of Volume-Surface Interaction of a Layer of Scatterers 
Overlying a Homogeneous Dielectric Half Space AP-S 
*L. Tsang, Univ. o/Washington; K.H. Ding, Massachusetts Inst. o/Technology; G. 
Zhang, Univ. o/Washington; C. Hsu, I.A. Kong, Massachusetts Inst. o/Technology 

1 :40 Backscattering Enhancement from Discrete Scatterers Over a Rough Surface: Distorted 
Born Approximation 446 
*R. H. Lang, The George Washington Univ.; N. S. Chauhan, D. M. Le Vine, NASA 
Goddard Space Flight Center 

2:00 Enhanced Backscattering from Vacuum/Dielectric Interfaces 447 
Z.H. Gu, I.Q. Lu, Surface Optics Corporation; AA. Maradudin, Univ. o/California; 
ER. Mendez, Centro de Investigacion Cientifica y de Educacion Superior de Ensenada 

2:20 Backscattering Enhancement by 2D Particles Deposited on a Planar Waveguide 448 
A. Sentenac, I.-I. Grettet, UPR 288 CNR.S et Ecole Centrale Paris 

2:40 Venusian Surface Roughness Inversion Using Two Scale Approximation 449 
*Y. Kim, E. Rodriguez, S.S. Saatchi, California Inst. o/Technology 

3:00 Break 

3:20 Numerical Simulation of Scatterer Positions in a Very Dense Media AP-S 
*p R. Siqueira, K. Sarabandi, F.T. Ulaby, Univ. 0/ Michigan 

3:40 Numerical Scattering Analysis of Two Dimensional Dense Random Media AP-S 
*p R. Siqueira, K. Sarabandi, Univ. 0/ Michigan 

4:00 Numerical Analysis of Holographic Images Degraded by Turbulence in Consideration of 
the Double Passage Effect AP-S 
*K. Fujisaki, M. Tateiba, Kyushu Univ. 

4:20 The Effective Permittivity of the Discrete Random Medium Composed of Dielectric Spheres 
and Homogeneous Space in the Region of Low to Resonance Frequencies AP-S 
*Y. Nanbu, Sasebo National College o/Technology; M. Tateiba, Kyushu Univ. 
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Backscattering Enhancement from Discrete Scatterers 
over a Rough Surface: Distorted Born Approximation 

by 

Roger H. Lang· 
The George Washington University 

Washington, DC 20052 

and 

Narinder S. Chauhan and David M. Le Vine 
NASA Goddard Space Flight Center 

Greenbelt, MD 20771 

Bistatic scattering from a sparse distribution of discrete scatterers over a 
rough surface is investigated. The scatter is computed by employing the 
distorted Born approximation for the particle scatter along with a Kirchhoff 
treatment of the rough surface. The findings of this field based method are 
compared with the results of the first order transport theory. This 
comparison shows that there are coherent wave effects predicted by the 
distorted Born theory which are not present in the transport results. These 
wave effects contribute in the backscatter and the specular directions. 
These contributions are sometimes called enhancem ent effects. 

In previous treatments of the problem where a flat interface has been 
assumed, enhancement effects have also been observed. In this case the 
backscatter is divided into: (1) direct or volume scatter, (2) direct-reflected 
or particle-ground interaction contributions and (3) reflected terms which 
scatter from the ground twice. In the case of the flat surface, enhancement 
terms arise from the forward and reverse going particle - ground 
interactions terms. When the interface is rough, the same enhancement 
terms arise as if from a flat interface at the mean level of the rough surface. 
For the rough surface case, other enhancement terms also occur. These 
terms result from forward and reverse interactions of waves which are 
bistatically scattered from particles and bistatically scattered from the 
surface. 

The general results are applied to a layer of vegetation over a rough ground 
surface. The vegetation is modeled by dielectric discs and cylinders 
representing leaves and stems respectively. Backscatter results for P and 
L band frequencies will be given demonstrating the importance of each of 
the effects for typical values of plant and surface parameters. 
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Enhanced Backscattering from Vacuum/Dielectric 
Interfaces 

Zu-Han Gu and Jun Q. Lu 
Surface Optics Corporation, P.O. BOX 261602, San Diego, CA 92126, U.S.A 

Alexei A. Maradudin 
University of California, Physics Department, lrvine, CA92717, U.S.A. 

E. R. Mendez 
Centro de Investigacion Cientifica y de Educacion Superior de Ensenada 

Apdo. Postal 2732, Ensenada, B.C., Mexico. 

ABSTRACT 

One of the most interesting phenomena associated with the scattering of light 

from a randomly rough surface is that of enhanced backscattering. This is the pres­

ence of a well-defined peak in the retroreflection direction in the angular distribution of 

the intensity of the incoherent component of the light scattered from such a surface 

which is due primarily to the coherent interference of each multiple reflected optical 

path with its time-reversed parter. 

It has been known for a few years that not only a rough metallic surface but also 

a rough dielectric surface can produce an enhanced backscattering peak. Due to the 

difficulty in fabricating one- or two-dimensional dielectric rough surfaces with a high 

index of refraction, no experiments have been able to reveal such a peak in scattering 

from a dielectric rough surface. 

In this paper we will present recent theoretical analysis and experimental results 

that cover the enhanced backscattering from a characterized randomly rough I-D free­

standing dieletric film and a dielectric film on a dielctric substrate. We will also 

present the enhanced backscattering from a characterized randomly rough I-D dielec­

tric surface . 

• Submitted 10 The 1994 IEEE AP-S Internatiooal Symposium (Jooe 19-24, 1994 Seattle) 
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Backscattering enhancement by 2D particles deposited on a planar waveguide 

Anne Sentenac and Jean-Jacques Greffet 

Laboratoire d'Energetique Moleculaire et Macroscopique, Combustion 
Ecole Centrale Paris, Centre National de la Recherche Scientifique 

92295 Chiitenay-Malabry Cedex, France 

Under certain conditions, the scattering of light by random rough surfaces exhibits a 

peak in the retroreflection direction. In the case of weakly rough surfaces, enhanced 

backscattering comes from the coherent interferences of multiple scattered surface 

waves, induced by the roughness, with its time-reversed partner. Actually this 

phenomenon has been primarily discussed for metallic structures which support surface 

polaritons (A. A. Maradudin et aI., Revista Mexicana de Fisica, 38, 343-397, 1992). 

In this paper, we present another mechanism, involving multiple scattering of modes, 

that may lead to enhanced backscattering. We consider a homogeneous layer embedded 

in two semi-infinite homogeneous media enlighted by s or p-polarized plane wave. 

Small bidimensionnal defects (rods) are randomly placed on the illuminated surface of 

the film. We derive, in the Fourier space, an expression for the Green function, solution 

of the scattering of a dipole above the layer. Special care is taken to evaluate the poles, 

corresponding to the different modes (guided waves, plasmons) which appear in this 

formulation. Thanks to the Green function, the Hehlmoltz differential equation is 

transformed into a volume integral equation (A. Sentenac et aI., J. Opt. Soc. Am. A, 9, 

996-1006, 1992) that is solved by a classical moment method. A Monte-Carlo 

numerical simulation enables us to study the scattering of light by the structure. 

Backscattering enhancement is obtained for dielectric layers and metallic films. Its 

signification as a weak localization phenomenon of guided modes or long range surface 

plasmons respectively, is discussed. 
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VENUSIAN SURFACE ROUGHNESS INVERSION 
USING TWO SCALE APPROXIMATION 

Yunjin Kim*, Ernesto Rodriguez, and Sasan S. Saatchi 
Jet Propulsion Laboratory 

California Institute Technology 
Pasadena, CA 91109 

Magellan was launched on May 4, 1989 on the Shuttle Atlantis in order 
to achieve global imaging of the Venus surface [R. S. Saunders et al., J. 
Geophys. Res., vol. 95, pp. 8339-8355, 1990]. Since the Venusian surface is 
covered by a dense and optically opaque cloud layer, radar mapping is the best 
tool to obtain surface morphology and electrical properties. The Magellan 
radar operates in three different modes: altimeter, SAR, and radiometer. 
Using the altimeter data, the near nadir backscattering cross sections can be 
obtained. The SAR backscattering data provide the diffuse scattering cross 
section by small scale surface features. From the radiometer data, the 
emissivity of the Venus surface can be estimated. 

In this paper, we present an algorithm which systematically estimates 
Venus' surface parameters using the two scale approximation. These surface 
parameters are the large scale spectral slope, dielectric constant, small scale 
surface rms height, and the small scale spectral slope, assuming that the 
surface power spectrum is a power-law spectrum. Our approach uses all three 
Magellan data sets (altimeter, SAR, and radiometer) and the resultant two 
scale predictions satisfy all the data sets simultaneously within the 
measurement error. As a test of our algorithm, we perfonrted the surface 
parameter estimation using the Magellan data near Gula Mons. The 
estimated values are very close to the surface characteristics of the Playa lava 
flows on Earth. This and other examples will provide the effectiveness of the 
algorithm and the surface characteristics of some Venusian surfaces. 
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AI. Kozlov, A.l. Logvin, The Moscow State Technical Univ. of Civil Aviation 
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2:40 Full Polarimetric Measurements of Targets and Environments by a V.H.E Radar System 456 
L. Challe, E. Pottier, l. Saillard, IRESTE 

3:00 Break 

3:20 Nearfield Reflectance and Imaging of Underground Moisture: Effects of Polarization 457 
G. Tricoles, P. Yasuhara, GDE Systems, Inc. 

3:40 Remote Sensing of the E-Region Ionospheric Magnetoplasma with a VHF Doppler Radar 
Polarimeter 458 
G.C. Hussey, lA. Koehler, G.J. Sofko, Univ. of Saskatchewan 

4:00 Experimental Results of the Measurement of Wind Velocity by Doppler Radars 459 
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W.-M. Boerner, A.P. Agrawal, GD. Nespor, Univ. of Illinois at Chicago, 
P.P.S. Wei, Boeing DSG 
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BASIC FORMUIATICNS OF WIDEBIIND POLARIMETRIC VECTOR SIGNAL 
PROCESSlll> 

wolfgang-M. Boerner, UIC-EECS/CSL, Chicago, ILjUSA 
Ernst Ltineburg, DLR-IHFT, Oberpfaffenhofen, Bev./FRG 

Yoshio Yamaguchi, I&SE, Niigata University, N-Ikarashi, JAPAN 
Jack Y. Dea, NCCOSC-NRaD, Code 832, San Diego, CA/USA 

The importance of complete vector signal description of 
electromagnetic wave radio emission as well object interrogation 
is analyzed convering the extrawideband (ULF-UV) spectral domain. 
First, it is shown that at ULF-ELF bands, it is essential to 
recover the complete (3-axis) magneto-metric and electro-metric as 
well as electromagneto-metric fields by implementing various 
3-axis megnetometers, 3-axis electic field potential meters, and 
3-axis loop antennas, respectively providing pertinent examples of 
polarimetric seisrno-electromagnetology. Next, basic concepts 
LF/HFjUHF/EHF polarimetry and then IR, NIR-oPT-NUV polarimetry are 
introduced and compared. It is shown and verified that in high 
resolution electromagnetic sensing and imaging polarimetry plays 
an essential and crucial role. 

1994 ISAP/ORSI-NRSM, Seattle, WA 
Session: Fundamentals of Active and Passive Polarimetry 
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UNSUPERVIZED CLASSIFICATION OF MUL TIPOLARIZATION SAR IMAGES 

USING COMPETITIVE NEURAL NETWORKS 

E. POTTIER 

Laboratory S2HF - IRESTE 
La Chantrerie - CP 3003 

44087 NANTES CEDEX 03 
FRANCE 

Classification of earth terrain within a full polarimetric SAR image is 
one of the many important applications of Polarimetry. In previous 
publications Gaussian statistics have been assumed for the radar return 
signals to build the Bayes classifier. Among many non-Gaussian statistics, the 
K-distribution has proved to be very useful in characterizing the polarimetric 
distribution of electromagnetic earth echoes. 

In such a case the Bayes classifier is veru difficult to define, and 
another classification strategy has to be developped. 

As the scattering matrix has the disadvantage of being dependent of the 
absolute phase, which means coherent addition, we prefer to use the Kennaugh 
matrix to perfectly describe the mixed target state. This matrix contains 
parameters which are dependent only of the relative phase, so it is possible 
to interpret independent objects which are added incoherently. 

The approach to stationnary target identification is to decompose the 
Kennaugh matrix into several matrices where one of them will be related to a 
pure state target. The way to proceed, consists in applying one of the most 
famous "target decomposition theorems" defined by Huynen, Cloude, Krogager and 
Barnes ... 

Once the single averaged target, or the stationnary target, has been 
obtained from one of the decomposition theorems, we show how it is possible to 
classify and identify the radar target by using a neural network method. 

In previous publications, the author has shown how it was possible to 
classify such data using a supervized learned neural network. Now we deal with 
unsupervized neural network modelization, with training algorithms based on a 
competitive process (Hebbian Rule). This allows to developp a general 
classification process without any a priori knowledge about the number of the 
different classes, the specific features, etc 

The decomposition and claSSification scheme is 
polarimetric SAR data, and during the symposium, 
classification results of real targets will be shown. 
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The Development of Methods 
of Passive Radiopolarimetry in Russia. 

Review. 

Dr. Prof. A.I. Kozlov & Dr. Prof. A.I. Logvin 
The Moscow State Technical University of Civil Aviation 

Abstract 

Passive radiolocation in Russia (former USSR) began developing intensively 
in the mid-sixties when the first satellites designed for environmental studies were 
made. Considerable theoretical and experimental material on radio-thermal 
polarization measurement of the atmosphere and underlying surface is available. 
Among underlying surfaces the following ones have been studied intensively: 
fresh and sea water surfaces (of a river, lake, sea, ocean), fresh and sea ice, soil with 

plants at different ripening stages as well as soil without plants, forests (coniferous, 

foliage and mixed forests), tundra and marsh surfaces, etc. 

Said measurements were carried out using both satellites and aircraft and 
special on-ground platforms. A great number of theoretical studies concerned with 

the application of radiopolarimetry methods in passive radiolocation have been 

carried out. These studies deal with solving problems of navigation, detection of 
ecological dangerous regions and territories, determining the humidity salinity of 

soils, drawing up ice maps in Arctic and Antarctic regions, solving tasks of different 

objects classification and identification, etc. 
The summary of the main results of the studies obtained in Russia (USSR) in 

using passive polarimetry method for the environmental studies. 
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POLARIMETRIC IMAGING OF COMPLEX STRUCTURED RADAR TARGETS UNSING 
A DECOMPOSTION THEOREM FOUNDED ON GEOMETRICAL THEORY OF DIFFRACTION 

Frederic A. Molinet 
Societe MOTHESIM, La Boursidiere, 92357 Le Plessis-Robinson, France 

In this paper, the decomposition of the scattered field of a complex 
closed form target into phyiscal scattering mechanisms, as given by the 
Geometrical or Physical Theory of Diffraction, is used in order to 
establish new target decomposition theorems. Major emphasis is devoted to 
the symetry properties of the Sinclair radar scattering matrix associated 
with single and multiply scattering phenomena. 

The author has shown in previous publications 11, 21 that the 
monostatic Sinclair scattering matrix corresponding to N single reflection 
points on a smooth target can be decomposed into a symetric target (sphere 
like-target) and a non symetric tapget, the lalter being of order 1/k 
compared to the main term of the symetric target, k being the wave number. 
This decomposition is independent of the reference frame. It has also been 
shown that for a target with edges, a similar decomposition can be 
performed. In this paper these results are extended to multiple 
interactions comprizing double and triple bounce reflection, single 
reflection associated with single edge diffraction and double edge 
diffraction. 

By taking into account the symetry properties together with the order 
of magnitude with respect to the inverse powers of k of each diffraction 
mechanism, it is possile to separate the different contributions once the 
scattering matrix of a complex target is known. 

Polarimetric ISAR images of missile-shaped targets are presented 
identifying separate and interactive images for each and several 
diffraction processes. 

111 F.A. Molinet, Proceedings of the 2nd Int'l Conference on 
Electromagnetics in Aeropsace Applications, Torino, Sept. 1991. 

121 F.A. Molinet and aI, eds, 2nd Int'l Workshop on Radar 
Polarimetry, Nantes, Sept. 1992. 
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FULL POLARIMETRIC MEASUREMENTS OF TARGETS 
AND ENVIRONMENTS BY A V.H.F. RADAR SYSTEM 

L.CHALLE-E.POTTIER-J.SAILLARD 

Laboratory S2HF IRESTE 
La Chantrerie CP 3003 
44087 NANTES Cedex 03 
FRANCE 
tel. :(33) 40-68-30-64 
telefax: (33) 40-68-32-33 

At the present time, multifrequency multipolarization V.H.F. radar systems 
(20-100 MHz) are being used to study detection against stealthy behaviour of targets. 
These targets are easier to detect at V .H.F. because their dimensions are of the order 
of a wavelength (3-15 m) and so, the phenomena of electromagnetic resonances 
occur in reflection from targets. Moreover, the efficiency of absorbing materials and 
complex target shapes is reduced. 

Radio-wave propagation at V.H.F. has the advantage of not being sensitive to 
atmospheric phenomena like snow, rain and clouds. But in this frequency band, we 
must take into account: 

- The multipath propagation due to ground reflection effects. 

- The curvature of the Earth, which becomes more important on the distance 
between target and antennas (10-300 km) increases. 

The use of two polarizations simultaneously in reception and variable in 
transmission permits us to construct a full polarimetric received voltage matrix 
(2*2). From several different received voltage matrices, we shall show how it is 
possible to reconstruct the target backscattering matrix and determine the two 
Fresnel's coefficients RH and Ry for the earth's surface. 

During the symposium, we shall present results obtenained by simulation and 
point out the limitations of such system (noise level, different architecture, number 
of antennas ... ). 
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NEARFIELD REFLECTANCE AND IMAGING OF UNDERGROUND 
MOISTURE: SOME POLARIZATION EFFECTS 

G. Tricoles and P. Yasuhara 
GDE Systems, Inc., P. O. Box 85310, San Diego, CA 92186-5310 

In studies of radio wave systems for detecting and imaging leakage from 
buried pipes, we buried samples of wet soil and measured reflectance. A 
horizontal dipole antenna scanned parallel, horizontal lines over the 
sample region for phase and amplitude measurements at frequency 296 
MHz. The sample was three plastic bags of wet soil and had overall a 
nearly rectangular contour; the longest dimension was in the antenna 
scan direction. Depth was 36 inches, or 0.9 wavelength. Measurements 
were made with the dipole first parallel and then orthogonal to the scan 
direction. 

The measured, nearfield reflectance distribution depended on 
polarization; moreover, it spanned a region appreciably larger than the 
area of the buried sample. The understand the data, we dug the soil and 
found wet soil around the buried sample. The explanation was rain 
water that had entered the test region by seeping underneath a wall of 
the test facility's plastic tent. The moisture from the rain was not visible 
on the air-ground surface before digging. Reflectance contours 
coincided with the shape of the moist buried soil region, and they were 
larger for polarization parallel to its boundaries. 

An image was formed by digitally processing the measured reflectance 
data. Polarization for this case was parallel to scan direction, which was 
orthogonal to the overall direction of underground water migration. 
Image calculation was based on Rayleigh-Sommerfeld diffraction theory. 
The angular spectrum of reflectance was backward propagated, with a 
measured value of dielectric constant for dry soil. The image contour 
agreed well with that of the sample and moist soil around it. 
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Remote Sensing of the E-Region Ionospheric Magnetoplasma 
with a VHF Doppler Radar Polarimeter 

G.C. Hussey, ].A. Koehler, and G.]. 50fko 
Institute for Space and Atmospheric Studies 

Department of Physics and Engineering Physics 
University of Saskatchewan 

Saskatoon, SK, Canada S7N OWO 
(Fax: 306-966-6400; E-Mail: sofko@skisas.usask.ca) 

Abstract 

Two bistatic 50 MHz Doppler radar links have been used to measure the 
polarization of scatter from a common ionosheric E-region target volume in two 
nearly orthogonal directions. The radar were operated during magnetically 
disturbed periods when scatter of high signal to noise ratio from the lower E-region 
(heights 100-120 km) was observed. Assuming as is usual that the coherent 
scattering is weak, the polarization changes should be due mainly to the propagation 
of the radar waves through the magnetoplasma to and from the scatterers. The 50 

MHz waves are not expected to exhibit large polarization changes because the radar 

frequency is far above the electrom plasma frequency. However, the measured 
polarization parameters (intensity, polarization ratio, ellipticity and orientation) 

show rapid, large variations. Some of the polarization observations will be 

presented, and physical mechanisms such as Faraday rotation, Faraday dispersion 

and magnetoionic mode splitting will be proposed to explain the unexpected results. 
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Experimental Results of the Measurement 

of Wind Velocity by Doppler's Radar 

Dr. Prof. A.I. Kozlov & Dr. Prof. A.I. Logvin 

The Moscow State Technical University of Civil Aviation 

Abstract 

The results of the experimental studies on the measurement of wind velocity 

by Doppler's radar operating in sm bandwidth at different kinds of polarization are 

given. The results of measurements by means of specially developed algorithms 

were directly displayed on PC in color-brightness image where different gradation of 

color correspondent to wind velocities which made it possible to see the dynamics of 

the development of wind processes with a high degree of accuracy. Considerable 

illustrating material on the results of the experiment and the respective analysis of 

the obtained images are given in this work. 

Additionally, different mathematical models of the development of wind 

process have been considered and simulation on the basis of the formed models has 

been carried out. 

Comparing the results of the simulation to real measurements has shown 

that the proposed mathematical models of the dynamics of the development of 

wind processes describe these processes quite adequately. Further ways for the 

development of experimental studies on measuring wind velocity from the 

viewpoint of increasing their accuracy for the purpose of more reliable description 

of the situation and for further forecasting the developments, i.e. detecting 

dangerous zones having a higher turbulence are shown. 
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EXPERIMEN'l'AL RESULTS OF RAIN-BACKSCATTER MF.ASURl!l<IENT WITH A 

WIDEBEND POLI\lUMETRIC DOPPELER RADI\R IN THE X-BI\.NO 

Wolfgang-No Boerner, Arnit P. Agrawal, Gerald D. Nespor, 

UIC-EECS/CSL, Chicago, IL/USA and P. Pax Sam Wei, Boeing PSG, 

Physics· Division, Kent, ~SA 
The polarimetric backscatter from fluctuating distributed hydro­

meteors is modeled utilizing basic properties of the coherency 

matrix [J], the 2x2 Sinclair [S], the 3x3 covariance [t] and the 

4x4 Kennaugh [K] matrices in order to formulate the Kennaugh 

target characteristic polarization theory for the time-dependent 

distributed scatterer case. A simplified shape-model for rain­

drops based on the STAPOR-PRATT formulation (oblate and prolate 

spheroids) is implemented including an analysis of the associated 

polarimetric Doppler signatures of vibrating and oscilating hydro­

meteors. Experimental data collected with the SAC polarimetric 

instrumentation X/K-band radars is utilized for verifying the 

validity of the model. 

1994 lSAPjURSl-NRSM, Seattle, WA 

Session: Fundamentals of Active and Passive polarimetry 
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Chan-: 

THURSDAY PM URSI-B SESSION TH-U39 

Room: Savery 249 

WAVEGUIDES II 

A.D. Yaghjian, Rome Laboratory (USAF) 

1 :20 Field Pattern Computation of the Waveguides 
462 

*A. Asi, L. Shafai, Univ. of Manitoba 

1 :40 Waveguides Discontinuities - Multimode Moment Method Analysis 
463 

*A.K. Bhattacharyya, Hughes Space and Communications 

2:00 On the Full-Wave Spectral Domain Analysis of Multiconductor Coplanar Waveguide 

Structures 

464 

G. Cano, *F. Medina, M. Horno, Univ. of Seville 

2:20 An Algorithm for the Determination of the Roots of the Characteristic Equation for 

Corrugated or Dielectric Loaded Circular Waveguides 
465 

*L. Costa da Silva, Pontificia Universidade Cat6lica do Rio de Janeiro 

2:40 Variational Analysis of Optical Waveguides with Arbitrary Cross-Section and Refractive 

Index Distribution 

466 

*JR. Souza, Pontifical Catholic Univ. of Rio de Janeiro 

3:00 Break 

3:20 Synthesis of a Curved Waveguide Evanescent Mode Filter 
467 

H. Tertuliano, P. Jarry, Bordeaux I Univ.; LA. Bermudez, Brasilia Univ. 

3:40 Studies on Radiation Patterns of Thinned and Nonnal Arrays of Waveguide Radiators 468 

V.M. Rao, GITAM Engineering College; *G.S.N. Raju, K.R. Gottumukkala, Andhra 

Univ. 

4:00 Transferred Power in an Asymmetrical Two-Dimensional Directional Coupler with 

Trapezoidal Corrugation 

469 

F. Mohajeri, H. Abiri, Shiraz Univ.; MR. Rahnavard, Univ. of Ottawa 
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Field Pattern Computation of the 
Waveguides 

Ali Asi* and Lotfollah Shafai Department of Electrical and Computer Engineering University of Manitoba, Winnipeg, Manitoba, Canada R3T·5V6 

Finite difference has proven to be one of the most versatile techniques in dealing with waveguides of arbitrary cross-sections and profiles. The problem with 
conventional finite difference methods lays in the fact that they are usually 
formulated based on one vector field component. This poses an extra 
computational burden to calculate the other field components using the differential operators of Maxwell's equations. It can be easily verified that this procedure is 
prone to numerical inaccuracies especially in the presence of truncation error. 

In this presentation, a novel finite difference scheme is proposed which is 
capable of evaluating all six vector field components at any arbitrary frequency of 
operation. It is based on a four directional expansion of finite difference form of 
Maxwell's equations. As the input of the algorithm, one has to specify the 
normalized frequency of operation MIA and its corresponding eigenValue, i.e. 
normalized wave number f\ . M. The value of this eigenvalue can be extrapolated 
from dispersion curves of the waveguide or it can be easily evaluated using 
Compact FDTD, i.e. CFDTD (A. Asi, L. Shafai, IEEE AP-S symposium digest, 
voU, pp. 360-363, 1993). 

One may still argue that the calculation of the field patterns can also be achieved using any of the conventional time domain methods. But, this new finite 
difference algorithm is even superior to those methods for the following reasons. First, the calculation of both time and axial derivatives are handled analytically, 
while in time domain methods one or both of these derivatives are taken 
numerically. Second, the field pattern calculation using time domain methods are based on either transient or steady state analysis. For the transient analysis, one has 
to take record of the evolution of the fields at each individual node of the mesh and then take the Fourier transform at all these nodes. Needless to say this is a rather 
tedious and wasteful approach, especially when the field patterns at few 
frequencies are of major concern, and not at all frequencies and all modes. For the 
steady state analysis, on the other hand, one has to excite the structure with a sinusoidal waveform and then after sufficient iterations, average the field absolute 
values at all nodes and for all field components. In addition to large number of 
iterations required to remove the transient response effect, this method suffers from another drawback. In fact, taking the absolute values of the field components simply suppresses all phase information of that component. 
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Waveguide Discontinuities - Multimode Moment Method Analysis 

Arun K. Bhattacharyya 

Hughes Space and Communications 

Bldg. S 12, MS V348 
Los Angeles, CA 90009. 

A number of techniques are available in the literature to analyze waveguide 

discontinuity problems. They include the variational method (R.F.Harrington, 

Time-Harmonic Electromagnetic Fields, McGraw-Hill, 1961), the Mode Matching 

Technique (MMT) (G.L. James, IEEE Trans., MTT-29, pp. 1059-1066, 1981) and 

the Method Of Moments (MOM) (H. Auda and R.F. Harrington, IEEE Trans., 

MTT-31, No.7, 1983). The variational method provides fairly accurate results for 

an isolated discontinuity in a waveguide supporting only one propagating mode. 

The results become inaccurate if two consecutive discontinuities are close to each 

other, because of the higher order modes interaction. The MMT can incorporate 

the higher order modes interactions between discontinuities. In this method, the 

generalized scattering matrix of a discontinuity is determined from the continuity 

conditions of the electromagnetic fields. Because a large number of modes are 

generated by a discontinuity, the matrix size becomes large which requires large 

CPU time. The MOM analysis available in the literature is very similar to the MMT 

in terms of the CPU time. 

In this paper we present a computationally efficient method for analyzing 

waveguide discontinuity problems. The method is based on Galerkin's MOM 

formulation. The modes that are generated by a discontinuity are divided into two 

categories, interacting modes and non-interacting modes. It is found that the size 

of the generalized scattering matrix is proportional to the number of interacting 

modes only. The non-interacting modes affects the elements of the matrix. A 

generalized equivalent network is constructed which gives physical insight to the 

problem. The method is found to be several times faster than MMT. The accuracy 

of the method will be demonstrated by comparing the numerical results with the 

measured return loss of a multi section iris-coupled filter. 
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On the Full-Wave Spectral Domain Analysis 
of Multiconductor Coplanar Waveguide Structures 

G. Cano, F. Medina', M. Horno 
Microwaves Group. Department of Electronics and Electromagnetics 

University of Seville 
Avda. Reina Mercedes sIn 41012 SEVILLA (SPAIN) 

Coplanar waveguide transmission line is a type of planar structure that 
constitutes an interesting alternative to microstrip in hybrid and mono­
lithic microwave circuit technologies. The advantages of this configuration 
have been already discussed elsewhere (e.g. R.W. Jackson, IEEE-MTT, 
34, 1450-1456, Dec. 1986). The basic structure consisting of a strip cen­
tered between two (ideally infinite) ground planes has been exhaustively 
studied in the past under quasi-TEM and more rigorous approaches. Dur­
ing the last decade a number of papers have been published on the analysis 
of this type of line emphasizing the possible CAD suitability of the model. 
Most of this work has been done on the single conductor version of this 
line. However, coupled structures involving several lines are usual building 
blocks in microwave circuitry. The most popular technique to analyze with 
reasonable computational effort this type of configurations is probably the 
spectral domain approach. Unfortunately, this method, although veryeffi­
cient, still requires remarkable computational effort if it is not implemented 
carefully. 

During the last two or three years, some of the authors of this commu­
nication have devoted part of their attention to improve the numerical 
performance of the SDA by means of intensive analytical preprocessing. 
This work has given place to some interesting results in the quasi-TEM 
analysis of several planar structures (F. Medina et aL, IEEE-MTT, 40, 
1748-1756, Sep. 1992; E. Drake et al., IEEE-MTT, 41, pp. 260-267, Feb. 
1993; E. Drake et aL, Int. J. MiMi CAE, to appear). Starting from this 
experience, we have treated from the same perspective (to attain high ac­
curacy and reliability and short CPU time) the intrinsically more involved 
problem of the dynamic (full-wave) analysis. Apart from techniques to 
speed up computations, which are essentially a translation of the previ­
ously developed for the quasi-TEM analysis, we have used a modified 
dispersion equation in order to improve the process of root searching in 
the complex plane. Some preliminary results for the single boxed coplanar 
waveguide embedded in a layered substrate were published in (F. Medina 
et al., 23rd EuMC, pp. 690-692, Madrid, Sep. 1993). In this communi­
cation we present the extension of the method to multiple coupled lines. 
A systematic algorithm to compute the dispersive modal impedances for 
an arbitrary stratified medium -thus avoiding the need of repeating the 
analysis for a different dielectric structure- is also provided. The final goal 
is to develop an algorithm to compute dynamic parameters of multi con­
ductor coplanar waveguide structures which is accurate, reliable and quick 
enough to be considered a CAD tool. 
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AN ALGORITHM FOR THE DETERMINATION OF THE ROOTS OF THE 

CHARACTERISTIC EQUATION FOR CORRUGATED OR DIELECTRIC 

LOADED CIRCULAR WAVEGUIDES 

Luiz costa da Silva 
Pontificia Universidade Cat6lica do Rio de Janeiro 

Rio de Janeiro-Brazil 

An Algorithm is presented for the numerical computation 

of the roots of the characteristic equation for corrugated 

or dielectric loaded circular waveguides, with guaranteed 

indentification of all the roots, real, imaginary or 

complex, in a given interval. In a 9121 IBM computer, 100 

roots for a corrugated waveguide can be calculated in 1 

second of CPU time. 

Both characteristic equations under consideration can 

be put in the form: 

F(x) = Cte 

The zeros of the denominator of F(x) (discontinuities 

of the function) are easily determined, and the function 

has the shape shown in Fig. 1. An inspection of this 

figure leads to the following observations, that are the 

basis for the computation algorithm: 

i) In the first interval, from the origin to the first 

discontinuity of F(x), if F(o) < cte there is a real root; 

if not, the characterist equation has an imaginary root. 

ii) In the remaining intervals, between discontinuities of 

F(X), if F(x) changes sign, there is a real root. If not, 

and F(X
min

) < cte, F(X
min

) being the minimum value of F(x) 

in the interval, there are two real roots; if F (x min) > 

cte, there are two conjugated complex roots, with real 

part close to x
min

• In the search of the complex roots, it 

can be used, as initial values, the roots of the parabolic 

equation that fits F(x) in the neighborhhood of x
min

• 

The real and imaginary roots are quickly computed by 

the method of Brent, and the complex roots by the method 

of Muller. 
F(xl 

Fig. 1. F(x) 
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VARIATIONAL ANALYSIS OF OPTICAL WAVEGUIDES WITH ARBITRARY 
CROSS-SECTION AND REFRACTIVE INDEX DISTRIBUTION 

J. R. Souza 
Center for Telecommunication Studies - Pontifical Catholic University of Rio de Janeiro 

Rua Marques de Sao Vicente, 225 - 22453-900 Rio de Janeiro - RJ, Brazil 

There has been an increasing interest in dielectric waveguides for application in 
optical communication systems. But the analysis of dielectric waveguides becomes very 
difficult if the cross-sectional shape is not a slab or circle, as in this case Maxwell's 
equations are not amenable to analytical solution, especially when the refractive index 
varies with position. 

This paper presents a variational formulation for the analysis of optical 
waveguides with arbitrary cross-section and refractive index distribution. The 
formulation is based on the following formula, developed by A. D. Berk (in IRE Trans. A.P, Vol.4, 104-111, 1956): 

002 = [J(VXH').c-
1 

.(VXH)dn].[fH'·IL·HdQr' (I) 
where ro represents the angular frequency and H, the maguetic field vector. n describes 
the region of interest. Although Berk's formula accommodates anisotropic material, only 
isotropic materials will be considered here. Its is well known that (I) gives rise to 
spurious, nonphysical solutions, as the corresponding Euler equation does not satisfy div 
H=O. This condition is then enforced: the longitudinal component of H is written in terms of the transversal ones, and (I) is modified accordingly. Next, the remaining H 
components are expanded in a series of Hermite polynomials, which form a complete, 
orthonormal set in the infinite domain. The Rayleigh-Ritz procedure is then used, and a 
generalized eigen-value problem is obtained, whose eigen-values correspond to ro and 
the eigen-vectors, to the expansion coefficients for the transversal components of H. 
This formulation was implemented in a computer program, which allows the analysis of 
waveguides with arbitray cross-section and refractive index distribution. Several types of 
waveguides were analysed, such as channel, rib, slab, image waveguides, including gradual refractive index distribution, with excellent agreement with other results of the 
literature. Sample results are shown below for slab and image waveguides, together with 
results obtained by the fmite element method (Rahman & Davies, IEEE Trans. MIT, 
Vol. 32, 20-28, 1984). 
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Synthesis of a Curved Waveguide Evanescent Mode Filter 
H. TERTULIANO*, P. JARRY*, L.A. BERMUDEZ** 

*Telecommunications Laboratory - ENSERB - Bordeaux I University - Bordeaux - France 
**Brasilia University -UnB - Brasilia - Brazil 

Abstract: 

The curved type, evanescent mode filter is a type of waveguide filter that can be constructed 
using standard techniques. However the design of this kind of filter, must be based on accurate 
modeling of a bend waveguide's electrical properties. For the Fig.l a study is made of the 
structure of the electrom!lgnetic field in curved waveguide of rectangular section, and the 
expressions for the electromagnetic field and the propagation constants are derived. Using also 
the properties that relies the scattering matrix [s 1 with the voltage-current in the begin and in 
the en~ of the circuit the [ABeD] matrix, a synthesis procedure is determined . 

/ ~ : Planz/ 
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// Fig. 1 

Taking also in the other hand the choise of a fixed calculus of frequency: the filter's midband 
frequency, we present in Fig.2 the results obtained for one band:j)ass curved evanescent mode 
filter. 
~~~~~~~nrn~~~~~~~~~~~~~ 
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Final Results: 

Band-pass: 3.1 - 3.8 GHz 
Number of poles: I 
Undulation in the band: O.OI2dB 
Width:9.5nun 
Height: 4.0nun 
Curvature Ray: 33.2 nun 
Totallenght: 13.867nun 



STUDIES ON RADIATION PATlERNS OF nIINNED AND NORMAL 
ARRAYS OF WAVEGUIDE RADIATORS 

V.Malleswara Rao, Department of El~tronics and CommlDlication 
Engineering, GITAM Engineering College, Visakhapatnam-530 045 

G.S. N.Raju*, K.R.Gottumukkala, A. U. College of Engineering 
Visakhapatnam-530 003, INDIA. 

The radiation patterns for an array of isotropic 
radiators are evaluata:i from the finite summation of individual 
far-field components by considering the phase differences that 
are resulta:i from the phase distribution flDlctions. When the 
elements of the array are non-isotropic the patterns are 
evaluata:i from the product of the element pattern and array 
factor. The element pattern, in general, varies from element to 
element, size to size and it also depends on its orientation. 

When the elements are r~tangular waveguides, it has 
been possible from the present work to thin the array without 
distUrbing the pattern characteristics 'and parameters. 

The radiation patterns are numerically computa:i for 
arrays of waveguide radiators for different inclinations, 0 of 
the radiators in the array. For the purpose of d~iding 

minimum number of elements in the array for EBch inclination, 
the possible spacing is estimated and the results are presenta:i 
in the following table for array length of lOA and 0=10°, 20°, 
30°. It is folDld from the results tha t it is possible to keep 
12, 11, 10 elements in the array of lE!llgth lOA and with the 
inc I ina tion of 10°, 20°, 30° resp~tively. Ra:iucing the number 
of elements further for the same length, grating lobes are fOlDld 
to appEBr. 

It is interesting to note from the computa:i results that 
the radiation patterns of 12 and 20 elements of the array are 
almost the same. In other words, the overall pattern is not 
disturba:i by thinning the array. 

Length 0 Spacing Number of 
Elements 

10 A 10 2.60 12 

10 A 20 2.71 11 

10 A 30 3.00 10 
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Transferred Power in an Asymmetrical Two-Dimensional 
Directional Coupler with Trapezoidal Corrugation! 

F. Mohajeri, H. Abiri and M.H. Rahnavard2 
EE Department, School of Engineering 

Shiraz University, Shiraz, Iran 

Directional coupler is a 4-port device in which power can be applied to one 
of it's ports and taken from the other ports. One of the methods of constructing 
this device is by using two parallel dielectric waveguides, in which the end of each 
guide plays the role of a port. The transferred power from one port to other is con­
trolled by producing periodic corrugations at one or both adjacent surfaces of the 
two parallel waveguides. If the refractive index of the two sides of the waveguides 
aren't the same, coupler is called asymmetrical. 

In this paper Finite Difference Time Domain (FDTD) method is used to 
obtain coupled waves between two waveguides of a directional coupler composed 
of the paralled dielectric waveguides with trapezoidal corrugation at one and at ' 
both adjacent surfaces. Using the obtained electric and magnetic fields, the 
transferred power from one waveguide to the other one is also computed. 

1. This research was supported by Board of Research of Shiraz University,Shiraz, 
Iran. 

2. Presently at Elec. Eng. Department, Faculty of Engineering, University of 
Ottawa, Ottawa, On., Canada, on sabbatical leave from Shiraz University, 
Shiraz, Iran. 
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Chairs: 

THURSDAY PM URSI-K SESSION TH-U40 
Room: Savery 241 

MEDICAL ApPLICATIONS OF RADIO FREQUENCY FIELDS 

J.C. Lin, University of lllinois at Chicago; M.A. Stuchly, University of Victoria 

1 :20 Comparison of Homogeneous and Heterogeneous Tissue Models for Coil Optimization in 
Neural Stimulation 472 
*M.A. Stuchly, Univ. of Victoria; S. Pisa, Univ. of Rome; K. P. Esselle, Macquarie 
Univ.; G. D'lnzeo, Univ. of Rome 

1:40 An Alternative Approach to EM Stimulation of Long Nerves 473 
R.P. Penno, D.D. Reuster, Univ. of Dayton 

2:00 EM Wave Live-Detection System for Post Earthquake Rescue Operations 474 
*K.M. Chen, 1. Kallis, Y. Huang, 1. T. Sheu, A. Norman, C. S. Lai, A. Halac, Michigan 
State Univ. 

2:20 Measurement of Cattle Fat Thickness Using a IGHz Cavity Device 475 
*L.S. Taylor, Univ. of Maryland; N.L. Buck, U.S. Department of Agriculture 

2:40 Hyperthermia Modeling for an Infinite Two-Layer Concentric Cylinder Using Matrix 476 
Optimization 
G. Kim, A. Ishimaru, Univ. of Washington 

3:00 Break: 

3:20 Preforming the Spatial and Temporal Electromagnetic Fields on the Axis of a Lossy 477 
Cylinder - Torso or Limb 
KA. Nabulsi, KAAU; *R.J. Wait, Consultant 

3:40 Basic Characteristics of Coaxial-Slot Antennas for Interstitial Microwave Hyperthermia 478 
*K. Ito, M;-S. Wu, lA. Takada, H. Kasai, Chiba Univ. 

4:00 Dipole and Concentric Ring Radiators for Tissue Ablation and Hyperthermia Applications 479 
*R.D. Nevels, Texas A&M Univ. 

4:20 Contrast Enhancement for Underwater Imaging Using a Polarization 
Differencing Technique Based on Biological Visual Systems 480 
1.S. Tyo, M.P. Rowe, EN. Pugh, lr., N. Engheta, Univ. of Pennsylvania 

4:40 Fundamental Study for CT Imaging of Biological Body with Light 481 
*K. Shimizu, M. Kitama, K. Yamamoto, Hokkaido Univ. 

5:00 Near and Far Field Approaches for Non-Invasive Microwave Hyperthermia 482 
R.W.Y. Habash, A. Kumar, Indian Inst. of Science 
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COMPARISON OF HOMOGENEOUS AND HETEROGENEOUS TISSUE 
MODELS FOR COIL OPTIMIZATION IN NEURAL STIMULATION 

*M.A. Stuchlyl, S. Pisa2, K.P. Esselle3 and G. D'Inze02, IDepartment of 
Electrical and Engineering, University of Victoria, P.O. Box 3055, Victoria, British 

Columbia, Canada V8W 3P6, 2Department of Electronics, University of Rome, 
"La Scapienza", Via Eudossiana 18, 00184 Rome, Italy, 3School of Mathematics, 

Physics, Computing and Engineering, Macquarie University, Sidney, Australia 
2109 

Stimulation of motor neurons by a magnetic field in humans for a diagnostic 
purpose was first reported by Barker and associates in 1985. Since that time the 
technique has gained acceptance as a clinical and research tool in medicine. In 
magnetic stimulation of long straight nerves reasonably far from their terminations, 
the parameter characterizing the interaction, the so called activation function, is the 
spatial derivative of induced electric field along the nerve. Considerable 
engineering efforts have been devoted to modeling electromagnetic problems 
associated with magnetic stimulation. The main motivation is provided by needs to 
control which nerve is stimulated, and the location of stimulation, to avoid 
stimulation of other nerves, and hyperpolarization of the text (desired) nerve 
between the stimulation point and the nerve connection to the muscle. It is also 
desirable to produce the strongest stimulus at the desired site from a given 
stimulator (for a constant voltage). In a broad sense one can consider this problem 
as an optimization of the stimulating coil. 

Two methods of modeling magnetic field stimulation of a nerve in a cylindrical 
volume conductor representing a human forearm are compared. An analytical 
solution for a homogeneous tissue cylinder and a finite-difference numerical method 
for an anatomically correct heterogeneous tissue cylinder are considered. Various 
coils such as circular, square, double-square (DS) and quadruple square (QS) are 
considered. The main focus is on an evaluation of the applicability of the coil 
optimization performed for simplified, homogeneous models to the actual 
heterogeneous tissue structure. 

In the analytical solution the potential inside the cylindrical volume conductor 
defined by Laplace's equation and the distance from a unit element of the 
stimulating coil are expanded in terms of modified (hyperbolic) Bessel functions. A 
closed form solution is obtained, and only integration needs to be done numerically. 
The numerical solution using 3D admittance method is applied to both the 
homogeneous model (the same as used in the analytical solution) and the 
heterogeneous (anatomically correct) model of a human arm. The tissue resolution 
is 2.5 mm. 

A comparison of results obtained for the heterogeneous and homogeneous models 
of an arm confirms the usefulness of the simplified analysis (homogeneous models) 
in the optimization of stimulation coils. While for any type of coil the stimulus is 
weaker for the heterogeneous tissue than for the homogeneous one, the number and 
location of the stimulation regions are reliably predicated by the simplified analysis 
such as those developed earlier. The analysis described here applies only to straight 
long neurons. This assumption is reasonably well satisfied for peripheral nerves in 
the arm. 
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AN ALTERNATIVE APPROACH TO 
EM STIMULATION OF LONG NERVES 

Robert P. Penno and Daniel D. Reuster 

University of Dayton 
Department of Electrical Engineering 

Dayton, Ohio 45469-0226 

Systems for Functional Neuromuscular Stimulation 
(FNS) of nerve tissue are a required element of neural 
prosthetic devices. These systems deliver an 
electromagnetic signal to nerve or muscle tissue, 
replacing the link originally performed by human nerve 
tissue. As recently as 1988 (W.J.Heetderks, F.T. 
Hambrecht, IEEE Proceedings, vo176,No.9, pp1115-1121), 
the point probe, or electrode, has been utilized for this 
purpose. such a probe was used to inject current into 
the nerve fiber, or at least into the area adjacent to 
the target fiber. More recently, techniques using 
magnetic stimulation, or induction, with coils oriented 
to produce the dual of the electric probe have been 
employed (S. Nagarajan, D. Durand & E. Warman, IEEE 
Trans. Biomed. Eng., vol 40, no.11,pp1175-1187, 1993). 
Analysis with these methods sometimes employ circuit 
models to approximate the effects of mylination. 

As an alternative, it is suggested for stimulation 
of a long nerve fiber that a long, thin probe be oriented 
parallel to the nerve fiber. This probe would act as a 
traveling wave antenna source, with the nerve fiber as a 
traveling wave receiving antenna. Such an alignment 
would provide optimum coupling between the two and, 
hence, would maximize the coupling between probe and 
nerve fiber. Numerical analysis using Finite-Difference, 
Time-Domain (FDTD) techniques affords the use of a more 
rigorous electromagnetic fields model of the embedded 
nerve fiber, either with or without mylination. 

FDTD is used to analyze the coupling between two 
infinite slabs, separated by material of permitivity, E. 
A CW signal is initiated upon one of the slabs, with 
subsequent coupling shown on the other. Effects of 
spacing, slab thickness, and permitivity are examined. 
Besides introducing a more efficient means of stimulating 
a long nerve fiber, insight is obtained into the the 
coupling process itself via the use of time domain 
techniques. 
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EM Wave LiCe-Detection System Cor 
Post Earthquake Rescue Operations 

K.M. Chen', J. Kallis, Y. Huang, J.T. Sheu, 
A. Norman, C.S. Lai, and A. Halac 
Department of Electrical Engineering 

Michigan State University 
E.Lansing, MI 48824 

An electromagnetic (EM) wave life-detection system operating at UHF 
range was constructed for the purpose of locating trapped victims under 
earthquake rubble. 

The system operates on the principle that when an EM wave beam 
illuminates a trapped human subject, the reflected wave from him is modulated 
by the body movement which include heartbeat and breathing. Thus, when the 
reflected wave is received and properly demodulated, the heartbeat and breathing 
signals can be extracted. Since an EM wave at UHF range can penetrate walls 
and rubble to a great depth, it is possible to construct an EM wave life-detection 
system to locate passive victims trapped under a thick pile of rubble by measuring 
their heartbeat and breathing signals. Also from the recorded heartbeat and 
breathing signals, the physiological status of the victim can be determined. 

The life-detection system consists of (1) a phase-locked generator which 
produces an EM wave at 450 MHz with a power of 100 mW, (2) a probing 
antenna which can penetrate into the rubble and a reflector antenna which can be 
placed on the rubble surface, (3) a microprocessor-controlled clutter cancellation 
unit, and (4) a signal processing and monitor system. The antenna is used to 
transmit the EM wave through the rubble and also to receive the reflected wave. 
The reflected wave received by the antenna consists of a large clutter signal­
reflected from the rubble and a weak signal reflected from the victim's body. The 
large clutter signal is cancelled by the automatic clutter cancellation unit which 
consists of a digitally controlled phase-shifter and attenuator. The uncancelled 
signal reflected from the victim's body is amplified and mixed with a reference 
signal so that low-frequency heartbeat and breathing signals can be extracted. The 
extracted signal is fed to a signal processing system to reduce background noise. 
The final output showing the heartbeat and breathing signals is displayed on a 
computer monitor. 

Typical results showing the heartbeat and breathing signals from various 
human subjects lying under simulated earthquake rubble will be presented in the 
meeting. 
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Measurement of Cattle Fat Thickness Using a IGHz Cavity Device 

Leonard S. Taylor*, Electrical Engineering Department, University of 
Maryland, College Park, MD and Nelson L. Buck, Instrumentation and 

Sensing Laboratory, U.S. Dept. of Agriculture, Beltsville, MD. 

Non-invasive measurement of the body fat layer of cattle is a 
problem of concern to beef producers, who wish to minimize production 
costs by eliminating the expense of feeding animals beyond the point at 
which the muscle tissue has become optimally marbled by fat. The 
thickness of the subcutaneous fat layer is one factor used in estimating 
body fat. S-band microwaves can penetrate the thick hides of cattle, and 
a.·e .·esponsive to the la.·ge difference in the dielectric properties of fat and 
muscle or hide. Thus, the wide-band measurement of the input impedance 
to a microwave contact applicator placed against the animal provides a 
possible means fo.· determining the thickness of the subcutaneous fat. 

A system using a modified one-gigahertz open-ended coaxial cavity 
has been designed and tested and found to provide a useful device for this 
application. (The design of the device was guided by a series of laboratory 
trials of a variety of cavity modifications.) The basis of the measurement is 
the .·esonant f.·equency and reflection coefficient at resonance of the cavity 
in contact with the animal. Although an exact theoretical calculation of the 
response of this type of device in contact with a multi-layered lossy 
medium has not been possible, a phenomenological description of the 
response is in agreement with the observed results and provides a basis for 
unde.-standing the response characteristics. The results of laboratOl-Y (and 
available in vivo) testing of the system are described. 
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HYPERTHERMIA MODELING FOR AN INFINITE TWO-LAYER 
CONCENTRIC CYLINDER USING MATRIX OPTIMIZATION 

Gary Kim and Akira Ishimaru 
Electromagnetics and Remote Sensing Laboratory 

Department of Electrical Engineering, FT-10 
University of Washington, Seattle, WA 98195 
Telephone: (206)543-2159 Fax: (206)543-3842 

The work presented here shows how the technique of matrix optimization can 
be used to find optimum surface field distribution patterns for the case of a lossy 
infinite two-layer concentric cylinder. The research has application in the area of 
hyperthermia array focusing. 

The radii of the cylinders as well as their complex dielectric constants are chosen 
to model the muscle and bone of the human arm. For this idealized geometry, the 
method can be used to obtain a graph showing specific absorption rate (SAR) levels 
over a cross section of the cylinder. The TM case studied here becomes a scalar 
problem as only the z component of the electric field is represented for the infinite 
cylinder. 

The optimization is done by choosing the largest eigenvalue of a Hermitian ma­
trix. This approach, as it applies to the specific problem of maximizing intensity at 
a focal point within the cylinder with respect to the total surface power, is outlined 
here. The calculation of the specific integral equation required for this optimization 
is discussed. The integral equation ·relates the internal scalar field to the surface 
field. 

Some graphs are presented illustrating the results of the technique. Peak sur­
face intensities are reduced by setting all surface fields to uniform amplitude, while 
keeping the calculated phase. Focal points are chosen in both the inner and outer 
cylinders. Results showing the effect of a combination of a maximum and a min­
imum intensity point are shown. Data for three different biomedical microwave 
frequencies is included. 

Finally, a procedure for extending the method to allow variation in the z direc­
tion, thereby providing focusing along the z axis, is described. 
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PREFORMING THE SPATIAL AND TEMPORAL 
ELECTROMAGNETIC FIELDS ON THE AXIS 
OF A LOSSY CYLINDER - TORSO OR LIMB 
Khalid A. Nabulsi, KAAU, ECE Dept., 
Jeddah, 21413,POB 9027,Saudi Arabia 
James R. Wait ,* Consul tant, 
2210 East Waverly, Tucson AZ 85719 

The desire to control the spatial and temporal field 
distribution in a lossy medium arises in a number of 
areas. For example, in hyperthermic cancer therapy, 
it is important to focus the field at the location 
of the tumour, while controlling the exposure time so 
that the proper thermal dose is applied. To model a 
human torso or limb, in such a situation, we choose 
an homogeneous conducting cylinder of infinite length. 

The model is also relevant in bioelectromagnetics 
where it has been shown that time-limited exposure 
to electromagnetic fields enhances the immune system 
of the human body. Also it has been indicated that 
such a behaviour for the immune system can be achiev­
ed or optimised by controlling the relative'~ength 
and intensity of the exposure (Worldwide Non-ionizing 
Safety Standards, Capri, May, 1988). 

It is clear,from the above, there is a need to control 
or prescribe the spatial and temporal electromagnetic 
field within the conducting body for therapy applicat­
ions. But it should also be mentioned that in non-dest­
ructive testing of materials, it is often desirable to 
prescribe the spatial and temporal field distributions. 

To simplify the analysis here, we pose the problem of 
determining the required external aperture field on 
the surface of the cylinder when the internal axial el­
ectric field has been prescribed both as a function of 
time and the z coordinate. the mathematical procedure 
is straight-forward but the numerical double Fourier 
transform inversion is simplified when we employ nice 
Gaussian space and time variations. In our example, 
we show that the scheme , as proposed, is validated 
by doing a forward analysis having idealized the source 
as a multi-slotted cylindrical array which encloses 
the torso, limb or sample. 

suggested for Commission K 
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BASIC CHARACTERISTICS OF COAXIAL-SLOT ANTENNAS 
FOR INTERSTITIAL MICROWAVE HYPERTHERMIA 

Koichi Ito·, Meng-Shien Wu, Jun-ichi Takada and Haruo Kasai 
Department of Electrical and Electronics Engineering 

Faculty of Engineering, Chiba University 
1-33 Yayoi-cho, Inage-ku, Chiba, 263 Japan 

Hyperthermia is a cancer treatment to heat tumors up to therapeutic 
temperatures (42 - 45°C) without overheating the surrounding normal 
tissue. Microwave interstitial hyperthermia is considered to be an effective 
and practical technique to heat deep-seated or large-volumed tumors. 

The authors et al. have proposed an interstitial antenna made of a thin 
semirigid coaxial cable with multiple coaxial slots, which will radiate 
microwave energy into a tumor. The antenna is loaded into a thin plastic 
catheter and then an array of the antennas is inserted into the tumor. The 
diameter of the normal antenna used is 0.86 mm and the catheter thickness 
is about 0.2 mm. Various heating experiments using agar phantoms and 
animals have confirmed that the cOaxial-slot antenna is effective and useful. 

Theoretical analysis of the antenna is necessary to understand its basic 
characteristics. The analysis is performed for the simplified antenna 
structure with a single slot. The antenna is covered with a dielectric catheter 
and penetrating the interface between the air and a lossy medium. The 
catheter around the antenna is replaced with an unknown equivalent 
polarization current. The moment method incorporated with the so-called 
complex-image method is employed to obtain electric current distributions 
on the antenna and the polarization current. 

Antenna parameters, such as catheter thickness and distance between the slot 
and the antenna tip, have been varied to discuss their effects on the electric 
current distributions as well as SAR (specific absorption rate) distributions 
around the antenna. The dependence of the antenna insertion depth on the 
electric current and SAR distributions has also been calculated. 
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Dipole and Concentric Ring Radiators 
for Tissue Ablation and Hyperthermia Applications 

R. D. Nevels 
Department of Electrical Engineering 

Texas A&M University 
College Station, TX 77843 

Various types of probe radiators have been investigated for the purpose of 
removing either cancerous tumors or damaged tissue which can for example 
produce a heart abnormality known as cardiac arrhythmia. Because the probe 
must be inserted through a small catheter with a diameter of approximately 2mm 
and because frequencies are in the high megahertz to gigahertz range, the probe 
must generally be straight, narrow and fed by a coaxial line. Initially probes were 
dipole configurations fed either at the coaxial opening or through one or a series of 
circumferential slots. More recently' the helical coil has become popular due to the 
uniformity of its heating pattern as well as its ability to radiate at the tip. Also it 
has been reported that dipole probe heating patterns are more sensitive to 
inhomogeneities in the surrounding medium than the helical coil. In particular, 
radiation from currents flowing on the outside of the feedline have been shown to 
produce heating 'hot spots' when the dipole probe is near the interface of two 
materials. 

In this paper we present a finite-difference time domain analysis of several 
probe configurations which are extractions of the dipole design. Each will contain 
an impedance match produced by a quarter-wave trough surrounding the outside 
sleeve at the coaxial opening. In all cases the probes will be inside a catheter 
which will be inserted in a lossy medium or near the interface of two mediums 
which represent biological material. Probes will be: a single dipole, several dipole 
sections fed by slots and a multiple concentric ring waveguide. It will be shown 
that the concentric ring waveguide provides the most even heating pattern, mainly 
because it avoids the zero amplitude current conditions at the ends of a dipole. 
Overall characteristics of the concentric ring structure are similar to that of a 
helical coil, but because the ring height can be adjusted, radiation along the length 
of the device can be carefully controlled. 
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CONTRAST ENHANCEMENT FOR UNDERWATER 
IMAGING USING A POLARIZATION DIFFERENCING 

TECHNIQUE BASED ON BIOLOGICAL VISUAL 
SYSTEMS 

J. S. Tyo*, M. P. Rowet , E. N. Pugh, Jr.o, and N. Engheta* 

* Moore School of Electrical Engineering 
University of Pennsylvania 

Philadelphia, PA 19104 

t Institute of Neurological Sciences 
University of Pennsylvania 

Philadelphia, PA 19104 

o Department of Psychology 
University of Pennsylvania 

Philadelphia, PA 19104 

Abstract 

Inspired by biological visual systems of certain vertebrates we are studying 
an imaging system which is based on the hypothesis that these animals can generate 
"polarization-difference" neural images in their retinas. Many vertebrates and 
invertebrates are sensitive to polarization in the optical region of the spectrum [K. 
von Frisch, Experientia, 5:142-148, 1949; and T. H. Waterman, Polarization 
Sensitivity, in Handbook of Sensory Physiology VIlI6B, H. Autrum (ed.) 
Springer, Berlin, 1981]. We hypothesize, based on anatomical and behavioral 
experiments [D. A. Cameron and E. N. Pugh, Jr. Nature, 353:161-164, 1991; D. 
A. Cameron and S. S. Easter, Jr. Vis. Neurosci. 10:375-384, 1993; and W. Saidel 
et al. Nature, 304:534-536, 1983], that one of the reasons that these species have 
evolved polarization sensitivity is to enhance the visibility of objects in scattering 
media. Specifically, it appears that polarization-sensitive vision systems improve 
contrast by computing the difference in responses of these visual systems to two 
orthogonal linear polarizations. We believe that the visual systems of these animals 
can serve as models for the reverse engineering of a system for enhancing image 
contrast under conditions of poor visibility, e.g., observation under water or in 
foggy weather. Our technique is to subtract out background light by obtaining two 
images which differ only in the orientation of a polarizer placed in front of the 
camera and digitally subtracting those two images. Our preliminary results show 
that polarization differencing can, under some circumstances, increase the visibility 
of targets in scattering media (compared with a system which did not take advantage 
of polarization differencing). The reason for this is that essentially all of the 
background light will tend to be polarized at the same angle across the visual scene 
as long as the scatterers are isotropic radiators, and the light striking them is 
principally from a single source. However, the light scattered from targets will tend 
to be polarized differently. Orthogonal polarizer positions can thus be found which 
will result in a finite signal emanating from the target, and minimal signal (other 
than noise) emanating from the background. We have examined this possibility by 
setting up a tank containing a low concentration of milk in aqueous suspension as 
the scattering medium and a metallic aluminum bar (with sanded patches on one of 
its face) immersed in this medium as a target. In this talk we present some 
preliminary results of our experimental investigation of an imaging system equipped 
with such polarization-difference coding and we show how this system can be used 
for enhancing image contrast of targets suspended in scattering media. 

480 



Fundamental Study for cr Imaging of Biological Body with Light 

Koichi Shimizu*, Masataka Kitama and Katsuyuki Yamamoto 
Department of Bioengineering, Faculty of Engineering, 

Hokkaido University, Sapporo, 060, Japan. 
(Phone:+81-11-716-2111 (Ext.6857), Fax:+81-11-757-2485) 

With the progress of light sources and detectors, it has become possible to 
detect the light passed through a living body. A fundamental study was conducted 
to examine the feasibility of an optical cr with a CW light. The strong scattering in 
body tissues has been identified as a difficult problem to realize the cr imaging of a 
living body. A technique called "a scattering angle differential technique" has been 
newly developed to suppress the effect of scattering in the imaging through diffuse 
random media. 

Laser 
Source 

Collimator A Fig.l illus­
trates the principle of 
this technique. Two 
detectors are placed 
on and off the optical 
axis of a collimated 
beam of incident 
light. The scattered 
component in trans- Collimator B Detector B 
mitted light is greatly 
reduced by subtract- Fig.1 Scattering angle differential technique 
ing the output of the 
off-axis detector from that of the on-axis detector. The effectiveness was con­
firmed in cr imaging of a model phantom. However, it was found in experiments 
that this technique alone was not effective with a living mouse. The problem was 
found to be the reflection and the refraction at the air-tissue interface. Another 
technique called "a contact technique" was newly developed to overcome this 
problem. A measurement system was developed to use both techniques simultane­
ously. Fig.2 shows 
this system schemat- Sample Rec: 
ically. Using this 
system, cr imaging 
of a mouse abdo­
men was attempted. 
Though the spatial 
resolution was poor, 
the existence of a 
liver and kidneys 
were recognized in 
the CT image of a 
living mouse. 

~o."", ~ fiber 

Fig.2 Measurement with differential and contact techniques 
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Near and Far Field Approaches for Non-invasive 
Microwave Hyperthermia 

R. w. Y. l;Iabash and A. Kumar 
E.C.E. Department, Indian Institute of Science, Bangalore-560 012, India. 

Abstract 

The main challenge in hyperthermia is the ability to develop effective and focused, 
non-invasive applicators. For a considerable improvement of therapy, the field size and 
focusing ability have to be improved in order to focus the corresponding power within 
the tumour region. Among the techniques utilized to achieve that is employing the 
open-ended rectangular waveguide as a direct-contact applicator (ORWDA). 

In this paper, we have considered three theoretical approaches, 1) plane wave, 2) single 
element ORWDA, and 3) linear and planar array of ORWDAs. The analysis is carried 
out in order to study the distribution of electromagnetic energy through the muscle tis­
sue, in the far field zone for the first approach and in the near field zone for the second 
and third ones. Two frequencies, 915 and 2450 MHz at the ISM band are considered. 
It has been concluded that main drawback of the plane wave approach is excessive 
surface heating. While in the second and third approach, a very compact applicator 
may be obtained, where the compactness is further increased when a surface cooling 
is directly integrated in the applicator body. Two drawbacks are observed in the case 
of single ORWDA: namely, the excessive surface heating and the reduced penetration 
depth. For this reason, such applicator can be used only for treating tumours located 
near the surface. The planar array of ORWDAs has better performance than the linear 
array of ORWDAs. The only drawback of this planar array applicator is increased size. 
In addition, the adopted array applicator models, requires only a single oscillator and 
one measurement network. These models are simple and cheap compared to the phased 
array applicators which are widely used for localized hyperthermia. 

The search for an ideal hyperthermic system is still on. Perhaps a combination of var­
ious approaches discussed in this study would lead to an approximate optimal system. 
We look forward to continued future research work in this regard. 
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THURSDAY PM URSI-B SESSION TH-U41 
Room: Savery 243 

ANTENNAS III 

M. Hamid, University of South Alabama; B. Houshmand, UCLA 

I :20 Equivalent Circuit Model of Dipole Antenna 484 
*M. Hamid, Univ. of South Alabama 

1 :40 A Full-Wave Model for the Transient Response of Linear Antennas in a Cylindrically 
Stratified Medium 485 
*J.J. Xia, T.M. Habashy, Schlumberger-Doll Research 

2:00 The Tapered Coplanar-Waveguide Antenna 486 
*M.A. Saed, State Univ. of New York, College at New Paltz 

2:20 Performance of the Generalized Multipole Technique (GMT/MMP) in Antenna Design and 
Optimization 487 
*R.Y.-S. Tay, Motorola, USA; N. Kuster, Swiss Federal Inst. of Technology (ETH) 

2:40 Decomposition of the Radiation Integral for Distorted Reflector Antennas 488 
*W.T. Smith, R.J. Bastian, Univ. of Kentucky 

3:00 Break 

3:20 Quasi-Focusing Radiating System with an Elliptic Reflector Above a Lossy Dielectric Half-
Space 489 
Y. Chen, *B. Beker, Univ. of South Carolina 

3:40 Loaded TEM Hom Antenna for Ultra-Wideband Signal Reception 490 
*M.A. Morgan, R.C. Robertson, Naval Postgraduate School 

4:00 Far Field Computation of Active Antennas 491 
*B. Houshmand, B. Toland, T.ltoh, Univ. of California, Los Angeles 

4:20 Parallel Algorithm for Near and Far Field Computations of Reflector Antennas 492 
*B. Houshmand, Univ. of California, Los Angeles 

4:40 Theoretical and Experimental Investigations on Corrugated Conical Hom 493 
CX. Zhang, W. Hong, *Y.Y. Chen, W.T. Wang, J.Q. Wang, Southeast Univ. 

5:00 Using of Dual Polarization Radars for Studying Evolution Microphysic Characteristics of 
Clouds and Precipitation Durir.g Their Natural Development and Weather Modification 494 
A.B. Shupiatsky, B.V. Antipovsky, L.A. Dinevich, I.P. Kapitalchuk, V.R. Megalinsky, 
Central Aerological Observatory 
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EQUIVALENT CIRCUIT MODEL OF DIPOLE ANTENNA 

M. Hamid 
Department of Electrical Engineering 

University of South Alabama 
Mobile, Alabama 36688 

The input impedance Zin (or Rin +jX
in

) of a center-fed dipole 

as a function of frequency feor radian frequency w=21lf) or elect­
rical length 2h/A in wavelengths is an important property since it 
determines the efficiency of the antenna and facilitates the design 
of matching networks to the feedline. In a recent paper, Tang 
et al (IEEE Trans. on AP, 41, 100-103, 1993) presented a survey 
of previous attempts to synthesize Zin with two and three-element 

equivalent circuits and proposed a new and more accurate four­
element circuit. However, the values of their circuit elements are 
difficult to compute and their circuit is valid up to only 2h I A=. 5. 
The purpose of this paper is to present a similar but more 
accurate four-element equivalent circuit valid up to 2hl A =1 but 
which could be extended to longer dipoles. The proposed proced­
ure employs a given graph of Zin vs W or 2h/A and permits the 

optimization of element values with the aid of standard computer 
software packages such as MICROCAP and MATHCAD. 
The proposed circuit consists of a capacitor C in series with a 
parallel RLC network. To evaluate the four un 'known element 
values, four frequencies are identified as W,, W2, Ws and wp at 

which 2hl A = 0.25, Rin= Xin , Xin=O with 2h/A"'0.5 (Le. series 

resonance) and Xin=O with 2hl A"'l(Le. parallel resonance),respec­

tively. Co is determined from the condition -jl W, CO = Xin at w" 

while R is set equal to Rmax or Rin at w=wp' Furthermore, th~ 

parallel and series resonance conditions lead to the relations w = 
22 2 222 2 P 

1/LC and Ws R LCo (l-w
s 

LC) = R (l-w
s 

LC) + (w
s 

L) ,respec-

tively. An auxiliary relation is also employed to find alternative 
values of Land C and is based on the condition that R

in 
=X

in 
at 

the 3-dB frequency W=W2 which leads to R. (w=w2)=w2L/(1- wiLe). m 
Once these equations are solved simultaneously, Zin vs f is plott-

ed for the equivalent circuit and minor adjustments are made to 
ensure a best fit with the original graph. Examples are present­
ed with and without these modifications to illustrate the accuracy 
and simplicity of the proposed method relative to previous results 
while cascaded parallel RLC networks are used to illustrate how 
the proposed method can be extended to equivalent circuits of 
dipoles of arbitrary length. 
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A Full-Wave Model for the Transient Response of 
Linear Antennas in A Cylindrically Stratified Medium 

Jake J. Xia* and Tarek M. Habashy 
Schlumberger-Doll Rese.arch 

Old Quarry Road, Ridgefield, CT 06877 

In geophysical survey, borehole radar is used to detect locations of formation dis­
continuities. The borehole radar consists of a linear transmitting antenna which 
sends out a probing pulse and a linear receiving antenna which detects formation 
reflected pulses. In this paper we describe a rigorous model for computing borehole 
radar tool responses. Such a forward model will provide the framework for inversion 
of the radar response for mapping formation heterogeneities. 

The transmitting antenna is excited by a transient gap voltage. The currents on 
the transmitting and receiving antennas are then cast in terms of a surface integral 
equation with its kernel given by the Green function of a cylindrically stratified 
medium to account for a borehole. The surface integral equation is then solved 
using two approaches. The first approach is based on a moment method. The 
second approach is an approximation that explores the singular nature of the Green 
function. The advantage of the second approach is that it provides a fast way 
for computing the radar response that allows a rapid inversion. We present a 
comparison between the two approaches pointing out the limitations of the second 
approach. 

One important issue in the approach using the method of moments is the treatment 
of the singularity of the Green function. We have devised two ways for dealing 
with this singularity. One way is to use the asymptotic expansion of the elliptical 
integral resulting from the static part of the Green function. The other is to use 
the properties of the equation governing the Green function. 

Pulse propagation of the linear antennas in the presence of a borehole is studied. 
Under certain conditions, borehole modes may be excited. Coupling of the transmit­
ting and receiving antennas result in a direct arrival pulse. Formation permittivity 
and conductivity in the near wellbore region can be inverted from certain attributes 
of these direct pulses. 

Numerical examples will be presented for various pulse shapes, different geometries 
and borehole parameters. 
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THE TAPERED COPLANAR- WAVEGUIDE ANTENNA 

Mohammad A. Saed 
Electrical Engineering Department 

State University of New York 
College at New Paltz 

New Paltz, New York 12561 

This paper presents the design, analysis, and testing results of the tapered 
coplanar - waveguide antenna. The center strip and ground plane on both 
sides of the strip in a coplanar waveguide are tapered to produce a radiating 
antenna. This tapered coplanar antenna is similar to the well known 
tapered slotline antenna (also known as the notch antenna or the Vivaldi 
antenna) which has seen considerable interest in the recent literature. The 
tapered coplanar and tapered slotline antennas are attractive because of 
their planar geometry which makes it easy to integrate other planar devices 
such as filters, transistors, Schottky diode mixers, ... etc. Also, since they 
are traveling wave antennas, they exhibit a relatively wide impedance 
bandwidth when compared to resonant antennas such as microstrip 
antennas. Because of these features, the slotline antenna has been used at 
microwave frequencies and, more recently, at millimeter and submillimeter 
wave frequencies with and without integrated active components. One 
disadvantage of the slotline antenna, however, is that it exhibits high cross 
polarization in the diagonal plane. 

To the best of the author's knowledge, the coplanar - waveguide antenna has 
not been proposed or treated in the literature. In this paper, various 
versions of this antenna are analyzed using the finite - difference 
time - domain method. Results for input impedance, antenna gain, as well 
as radiation patterns will be presented. Comparisons will be made to the 
slotline antenna. The various versions of the antenna are fabricated using 
photolithographic etching. The numerical results are verified experimentally 
in the microwave frequency range. 
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Performance of the Generalized Multipole Technique (G MT/MMP) 
in Antenna Design and Optimization 

Roger Yew-Siow Tay *1 and Niels Kuste,2 

1 Florida Electromagnetics Laboratory, MOTOROLA, USA 
2Swiss Federal Institute o/Technology (ETH), Zurich, Switzerland 

During the last decade, the Generalized Multipole Technique (GMT) has been extensively 
studied, improved and applied to many electromagnetics problems such as bioelectromag­
netics, optics, waveguides and Electromagnetic Compatibility (EMC), but little has been 
reported towards utilizing this method for antenna design and optimization. On the other 
hand, the few published examples of simple dipoles and helices in the close vicinity of 
lossy scatterers (e.g., N. Kuster, BME-40, 611-620,1993) were suggesting a significant 
potential of GMT for antenna design purposes. 

To study the advantages and limitations of the GMT based 3D Multiple Multipole (MMP) 

code, seven basic antenna configurations were simulated. These are Monopole, Loop, 
Axial Mode Helix, Normal Mode Helix, Inverted-L, Inverted-F and the Yagi-Uda array. 

The thin-wire expansion in combination with multipoles and roof top functions enable 
high flexibility in modeling. In addition, the most recently implemented expansion, 

"Curved Line Multipoles", extends the code's efficiency to non-thin-wire configurations 
(e.g., helix with small ratios of pitch to wire diameter). 

Critical issues of modeling are the feed point area, matching points location and segment 
length-to-diameter ratio. Symmetries are used where possible, to minimize computation 
time without loss of generality as any antenna element may easily be assembled in non­
symmetrical configurations with the block-iterative solver. These experiments revealed 
that the method's principally high accuracy on and in the extreme vicinity of the bound­
aries is a key advantage of this technique for antenna modeling. In order to achieve a con­
fident base for more complex configurations, extensive studies were performed to increase 

efficiency and stability of modeling and will be discussed. At the same time, the numerical 

validation techniques are extended to satisfy the special requirements of antenna simula­
tions. 

For all configurations, radiation pattern, impedance, efficiency, radiated power, gain and 

directivity are computed and compared, if available, with results from experiment and/or 
published results by others using different techniques. The agreement is good to excellent 

but always within the uncertainties of the compared configurations. 

These principal studies exhibit excellent potential of GMT/MMP for'use in analysis, syn­

thesis and design of antennas. 
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DECOMPOSITION OF THE RADIATION INTEGRAL 
FOR DISTORTED REFLECTOR ANTENNAS 

W. T. Smith*, R. J. Bastian 
Department of Electrical Engineering 

University of Kentucky 
Lexington, Kentucky 40506-0046 

This paper investigates the decomposition of the radiation integral for distorted 
paraboloidal reflector antennas. The physical optics I aperture integration (POI AI) 
method is employed in this study. The distorted surface function is expanded into 
series of orthogonal basis functions which are used in the radiation integral 
decomposition. 

This work was motivated by an earlier study on the use of neural network computing 
for electromagnetic reflector surface error compensation [Smith & Bastian, 1993 
APS Digest]. In that study, the radiation integral of a distorted infinite parabolic 
cylinder reflector was decomposed into an approximate finite series of radiation 
integrals. Each series term corresponded to one of the orthogonal basis functions. 
In the expansion of the one-dimensional series, only the dc and linear terms were 
required. This decomposition was a necessary step in the implementation of a 
computationally efficient electromagnetic surface error compensation algorithm. 

In this study, the radiation integrals for distorted paraboloidal reflector antennas are 
decomposed using series approximations. It is desired to achieve second-order 
accuracy by including the quadratic terms in the series. Including the second-order 
terms increases the complexity ofthe expansion as cross-terms that involve two basis 
functions must now be evaluated. In addition, the expansion functions are now 
bivariate. 

In general, any series could be used for the decomposition. Several sets of orthogonal 
basis functions were evaluated for use in decomposing the radiation integral for a 
distorted reflector surface. Using orthogonal basis functions facilitates studying the 
sensitivity of the expansion to increasing the number of terms in the series without 
having to recompute the amplitudes of previously determined series terms. 
Candidate orthogonal basis functions were Bessel functions, modified Jacobi 
polynomials (reference [Galindo-Israel & Mittra, APS, vol. AP-25, Sept. 1977]) 
and a set of orthogonal basis functions developed for this study. 

In this presentation, the decomposition of the radiation integral into a series 
approximation is outlined. The choice of basis functions for the decomposition is 
discussed. 
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Quasi-Focusing Radiating System with an Elliptic 
Reflector Above a Lossy Dielectric Half-Space 

Yinchao Chen and Benjamin Beker* 
Department of Electrical and Computer Engineering, University of South Carolina 

Columbia, SC 29208 

A quasi-focusing radiating system, which employs an elliptic reflector antenna 
above a lossy or lossless dielectric half-space, is presented (see Fig. I). The equivalence 
principle is used to formulate the radiation boundary value problem in terms of the 
combined-field surface integral equations (CFSIEs) for the electric current on the 
reflector as well as for electric and magnetic currents on the air-to-half-space interface, 
which for TMZ polarization are given by: 

E;" = jro[A,l (J,R) + A,l (J,G)]+B,.~ VXp;(MG) 
eo 

0= jro[A'l (J:)+ A,1(J:)+A,2(J,G)]+Q, .~[v Xp;(MG)+~ V x it(MG)] 
eo 10, 

0= jroQn x[ P;(MG)+ F2(MG)] + lin xV['I', (MG)+'I'2(MG)]-lln x[:o VXA,(Jz
R)] 

The moment method is employed to solve CSFIEs and to determine the electric field 
within the lossy half-space that will be produced by this quasi-focusing system. 

Elliptic Reflector 

Region 1 

Focusing Region 

Fig. 1: Graphical illustration of the quasi-focusing principle. 
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LOADED TEM HORN ANTENNA 
FOR ULTRA-WIDEBAND SIGNAL RECEPTION 

Michael A. Morgan' and R. Clark Robertson 
ECE Department, Naval Postgraduate School 

833 Dyer Road, Room 437, Monterey, CA 93943-5121 

Requirements for low distortion short-pulse receiving antennas are compared 
with the those of conventional wide-band antennas. Central to this characteriza­
tion is the behavior ~f the frequency-domain transfer function of the receiving 
~antenna, known as the "sensitivity." An optimal sensitivity for high-fidelity 
impulse reception will have constant amplitude and linear phase shift over the 
passband of the incident signal. The sensitivity is dependent upon the behavior 
of the antenna's effective length as well as the impedance~characteristics of both 
the antenna and the receiver. A special type of loaded TEM horn structure, 
developed at the National Institute for Science and Technology (NIST), provides 
a near-optimal senSitivity behavior for receiving impulsive waveforms. 

Applying the NIST approach to our specific requirements, two identical resis­
tively loaded, prototype TEM horns were designed, constructed and evaluated. 
The magnitude of the complex sensitivity function of the prototype antenna is 
theoretically flat to within 3dB (and with nearly linear phase) over a nominal 
passband of 70 MHz to 8 GHz. A new test procedure is described for 
measuring the transient response characteristics and the frequency domain 
complex sensitivity of the prototype antennas. Measured prototype antenna 
performance shows minimal distortion in receiving impulsive fields having a 
time duration of less than 100 ps. A current effort is described to extend the 
response of this class of antenna to cover both lower and higher frequencies, as 
well as to increase its sensitivity, while retaining similar physical dimensions. 
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Far Field Computation of Active Antennas 

B. Houshmand*, B. Toland and T. Itoh 

Department of Electrical Engineering 
University of California, Los Angeles 

Los Angeles, CA 90024-1594 
U. s. A. 

ABSTRACT 

The FDTD algorithm is used for full wave simulation of active antennas. This 

analysis is capable of predicting the stable steady state behavior of the active devices and 

field distribution in the microwave structure. The field distribution is used to perform the 

far field pattern computation. The far field computation from the near field information is 

performed by the use a spatial Fourier Transformation. By virtue of the Huygens' 

principle, the far field is computed from the equivalent current distributions which enclose 

the radiating structure. One issue of importance is the choice of the E-Field, H-Field or a 

combination of both in order to compll;te the far field. While analytically the above three 

choices are equivalent, the computed results are different due to numerical inaccuracies. In 

this talk the issue of far field pattern computation is presented. By comparison to 

measurements, the relative accuracy of various equivalent current choices are presented. 
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Parallel Algorithm for Near and Far Field Computations 
of Reflector Antennas 

B. Houshmand 

Department of Electrical Engineering 
University of California, Los Angeles 

Los Angeles, CA 90024-1594 
U.S.A. 

ABSTRACT 

Fast computation of the radiated fields from reflector antennas is of interest for a 

number of applications such as antenna optimization and reflector shaping where a number 

of iterations on the field computation are required in the process of solution. In general the 

near field as well as the far field information is of importance in the optimization process. 

The far field pattern is computed for evaluation of reflector performance parameters such as 

side-lobe levels and beam shape. The near field of reflectors is computed for 

configurations such as multiple reflector systems and beam waveguides where the 

reflecting surfaces are situated in close proximity. In addition, the near field information is 

useful for antenna diagnostics. In this paper an algorithm is presented which computes 

both near and far radiated fields. In addition, the algorithm is formulated to be amiable to 

parallel computation. The field computation is performed by dividing the reflector surface 

into rectangular or triangular patches. The triangular patch representation is particularly 

useful for representing shaped reflector surfaces. The field computation is performed by 

coherent addition of the fields radiated by each patch element in its local coordinate system. 

The patch orientation is taken into account from the knowledge of the patch normal vector 

with respect to the global coordinate system. As such, the computation of the radiated 

field from a reflector surface is transformed into a summation of the contributions from 

each patch. In this talk the implementation of this algorithm on a cluster of computer nodes 

is presented. Representative results for computation of both near and far fields are 

illustrated which show excellent agreement with the physical optics formulation for the far 

fields and the spectral domain formulation for the near fields. 
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THEORETICAL AND EXPERIMENTAL INVESTIGATIONS 
ON CORRUGATED CONICAL HORN 

C.X. Zhang, W. Hong, Y.Y. Chen', W.T. Wang and J.Q. Wang' 
Dept. of Radio Eng., SoutheaBt University, Nanjing 210018, P.R. China 

SUMMARY: In this paper, the corrugated conical horns aB shown in Fig.l are in­

vestigated. Inside of the conical horn, we first calculated the generalized scattering 

matrices of each corrugation element, then the total generalized scattering matrix 

of the corrugated conical horn is determined in terms of the cascade property. Out­

side of the horn, the fields are expanded with dual Fourier transformation. At the 

aperture, tangential fields continnity conditions are applied to match the inside and 

outside fields. After solving the matrix equation, the fields at the neck of the horn 

and at the aperture are then obtained. Based on the calculated fields, the input 

VSWR and the far field pattern are finally determined. Fig.2 shows a set of typical 

patterns of the horn as shown in Fig.l(b). It can be seen that the calculated results 

are in good agreement with the experimental data, where the number of slots is 53, 

frequency is 5.925G H z, and the structure parameters of each slot are different. The 

VSWRs are also in good agreement with the experimental data. 

Fig.l (a) Axial slot conical horn, (b) T-type ring slot conical horn 

Fig.2 (a) E-plane pattern, (b) H-plane pattern 
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Using of Dual Polarization Radars for Studying Evolution Microphysic 
Characteristics of Clouds and Precipitation During Their Natural Development 

and Weather Modification 

A.B. Shupiatsky, S.V. Antipovsky, L.A. Dinovich, I.P. Kapita1chuk, V.R. Megalinsky 
Central Aerological Observatory 
Dolgoprudny, Moscow Region 

141700 Russia 

Abstract 

The special advanced ground-sited and air-borne polarization weather radars posses the 

capability to change sequentially the polarization mode of transmitted pulse and the reception of the 

radars echoes. 

The differential reflectivity, depolarization measurements on one channel and a digital signal 

processing permit to obtain the polarimetric parameter set during the period of hydrometeors quasi­

stationary state with great accuracy. 

The air-bourne and ground-place dual polarization radars are presented. 

Changing in a space and a time polarimetric set of the radar returns and the use of 

computerized data collecting and processing permit to calculate two-parameter size distribution of the 

cloud and precipitation microphysical characteristics in an operational time mode. These values are 

calculated by the equation system which is set the relation between the phase state of cloud and 

precipitation particles, ellypticallity, spatial orientation, size and concentration on the one hand and 

measured radar reflectivity, depolarization, differential reflectivity and temporal and special 

correlations of orthogonal components of signal on the other hand. 

The results of our study have shown that the above mentioned polarimetric characteristics of 

the radarsignal give the possibility to distinguish the cumulonimbus clouds on their phase compound 

and development stages and to make the supershort-range forecast (about 10 min before the 

phenomenon) of the cloud transition to the hail state. 

The depolarization, reflectivity and differential reflectivity quantities a hailfall region can be 

determined with sufficient degree of accuracy. Furthermore, on the differential reflectivity quantity 

zones of big supercolled drops concentrations in the cloud can be detected. 

The location of these zones in the supercooled part of the cloud is connected with the updrafts 

regions and is an additional information for determining the seeding region in the hailsuppression and 

artificial precipitation enhancement works. Using the correlation values permit to neutralize the signals 

from interfering objects and carry out polarization selection clouds and precipitation of different 

structure. 

The typical vertical and horizontal sections of polarimetric and calculated microphysic 

parameters are presented for clouds during their natural development and weather modification. 
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