


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A Comparison of Several Method of Moments
Wavelet Basis Sets for Electromagnetic Scattering

R. D. Nevels*, J. C. Goswami, A. K. Chan and C. K. Chui
Department of Electrical Engineering
Texas A&M University
College Station, Texas 77843

In electromagnetic scattering analysis method of moments (MoM) integral equation
formulations containing conventional subdomain basis sets result in an impedance matrix
that is dense. If the scattering object is large in terms of wavelengths the associated dense
matrix often becomes intractable due to excessively large computer memory requirements
and the computation time necessary to determine the current amplitudes. To overcome
these difficulties, wavelet-bases have been used recently which, primarily because of their
local support and vanishing moment properties, lead to a sparse matrix. Two types of
wavelet basis functions have been used to solve boundary integral equations. These are:
(1) orthogonal wavelets and (2) compactly supported semi-orthogonal spline wavelets.
The choice between these two wavelet types is an important issue not only in
electromagnetic scattering analysis but also in signal processing where the value of
wavelets has been firmly established.

In this paper we will present a comparison between several orthogonal bases, including
Daubechies and Battle-Lemarie wavelets, and semi-orthogonal spline wavelets applied to
solve for the current distribution on a two-dimensional perfectly conducting cylinder
illuminated by a transverse magnetic plane wave. The current distribution produced by a
conventional spline basis function will be included as a standard of comparison. The basis
for our comparison will be the error in the surface current for different values of the
threshold parameter 8, which determines the sparcity of the wavelet matrix, the
computation time for each method and a subjective estimate of the formulation and
numerical routine setup time. The following properties of these two types of wavelets will
be emphasized in our presentation:

eUnlike most of the continuous orthogonal wavelets, compactly supported semi-
orthogonal wavelets have closed-form expressions.

eSemi-orthogonal wavelets are symmetric and hence have generalized linear phase, an
important factor for reconstructing the function.

oThe greater the smoothness of a wavelet, the larger is its support in space. Spline
wavelets approach the optimal "uncertainty principle" value of 0.5 very rapidly with
increasing order of smoothness. For example a cubic spline wavelet has an uncertainty
product of 0.505. This product approaches o for orthogonal wavelets.

eBecause of the "total positivity" properties of splines, they have certain very desirable
properties from an approximation point of view.

oThe dual of a semi-orthogonal wavelet does not have compact support. To overcome
this problem the use of dual wavelets and scaling functions is avoided by introducing a
change-of-bases sequence.

354




A Computationally Efficient Method Using
Intervallic Waveles for the Solution of Surface
Integral Equations

Guangwen Pan
University of Wisconsin, Milwankee

Abstract

A new topic in electromagnetics (EM) is the use of wavelets as the basis and
testing functions in integral equation methods [1], [2]. Due to the orthogo-
nality, vanishing moments, localization property, etc. of the wavelets, sparse
matrices have been obtained. However, there have been concerns that the
computational cost required to generate the matrix outweighs the benefits
of having a sparse matrix. Generation of the matxix has generally been
considered more expensive when using Galerkin’s Method with wavelets, as
opposed to traditional Method of Moments (MoM) using piecewise sinu-
soidal basis and testing functions,

In contrast to this argument we present 2 technigue for generating a well
structured sparse matrix employing wavelet basis which has a computation
timne superior to that of traditional MoM with pulse expansion and point
matching. The zero value entries of the sparse matrix are directly identified
using the vanishing moment properties of the wavelets, thus aveiding nu-
merical evaluation of the double integrals, In addition, the computation of
many non-zero entries are reduced to a direct evaluation of the integrand at
# single point. The use of the intervallic wavelets provides a better treatment
of the edges of the interval, on which the unknown is defined. Numerical
examples for scattering of EM waves from 2D olive shaped objects and for
waveguide structures are presented. The computational efficiency is tabu-
lated and comparisons with the MoM is provided.

References

f1] G. Wang and G. Pan, "Full-Wave Analysis of Microstrip Floating
Line Structures by Wavelet Expansion Method,” IEEE Trans. Mi-
¢roweve Theory Tech., to appear in Jan, 1995.

[2] X. Zhu and G. Pan, "A Fast Adaptive Algorithm Using Lemarie-
Meyer Wavelet to Solve Boundary Integral Equations,” resubmitted
for publication, IEEE Trans. Microwave Theory Tech. Nov. 1994.
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ANALYSIS OF COPLANAR WAVEGUIDE USING

WAVELET-LIKE BASIS FUNCTIONS
SUBBA R. KUNASANI* AND CAM NGUYEN

Department of Electrical Engineering
Texas A&M University
College Station, Texas 77843-3128
(409) 845-7469
(409) 845-6259 (FAX)

ABSTRACT

Coplanar waveguide (CPW) appears extensively in microwave hybrid (MIC) and
monolithic (MMIC) integrated circuits due to many appealing properties. Its
characteristics have been investigated using various methods such as the spectral-
domain approach (SDA).

In this paper, we report an analysis for the CPW through solving coupled integral
equations in the space domain using wavelet-like basis functions. The use of
wavelets in analyzing electromagnetic problems has recently received significant
attention due to the resultant fast computations. The main advantage of our
approach is that it allows the integral equations to be solved entirely in the space
domain and still achieve extremely fast numerical results. This is due to the fact
that the resultant matrix of the coupled integral equations, transformed under a
two-dimensional wavelet transform, becomes sparse in the wavelet basis.

We begin the analysis by enforcing the boundary conditions along the CPW
interfaces to obtain coupled integral equations. We then transform the equations
using the wavelet basis. As the operator compresses under the two-dimensional
wavelet transform, with a large fraction of its wavelet coefficients being negligibly
small, the wavelet-transformed integral equation become a sparse system in the
wavelet basis, which can be efficiently solved. Now by setting the matrix
determinant to zero, we can solve for the propagation constant, and then the
effective dielectric constant and characteristic impedance. The calculated results
of the effective dielectric constant and characteristic impedance agree well with
those computed by the SDA, but with less computational time.
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Optical Beam Forming and Steering for Phased-Array Antenna

DILIP K. PAUL*, BRIAN J. MARKEY, and RAJENDER RAZDAN
COMSAT Laboratories, Clarksburg, Maryland, U.S.A. 20871

Abstract

Developing relevant photonics for insertion in communications satellites
and other commercial and military avionics is very attractive because optical
technology has the potential for a large bandwidth, complex functionality, and
EMI/EMP free operation in a compact light-weight payload, and thus savings in
prime power requirement and cost of service. These advantages can be further
enhanced by using integrated photonics which promises high reliability and
device yeld. Several industry and government programs are currently pursued
worldwide to develop on-board photonics technology (D. Paul, et. al., 15th ATAA
Conf. Proc., 3, 1332-41, 1994),

In this paper, several optical beam forming network (BFN) architectures
that are deemed viable for on-board satellite phased-array antenna applications are
assessed for functional capability and technology feasibility: Specifically
discussed are the implementation issues, reliability and long-term performance,
and maintainability of four major BFN architectures: (a) Microwave true-time
delay (TTD) using fixed length non-dispersive fibers to create fixed delays; (b)
Microwave TTD using dispersive optical fibers and tunable optical transmitter; (c)
BFNs using optical-to-microwave phase conversion with coherent detection at
either RF or optical frequencies (both baseband, frequency-shifted single-
sideband modulation and amplitude modulation); and (d) Coherent optical signal
processor using 2-D Fourier transform method. The mass, prime power, and
volume requirements of an optical BFN feeding an M-beam, N-element phased-
array antenna at Ka-band have been estimated and various trade-off in BFN
architecture and technology selection processes and critical long lead time
technical areas such as RF-optical-RF power conversion efficiency and
environmental qualifications that must be developed before its successful
deployment on-board communications satellite identified. Also included are the
results of recently demonstrated proof-of-concept BFNs which employ fiber optic
TTD elements and coherent optical processor (COP) based approaches to phased-
array antenna beam forming and steering. Amplitude and phase distributions
measured in the 2-dimensional Fourier Transform plane of a COP-based BEN
feeding a 462-element phased-array have adequate signal quality for frequency-
agile space-borne transmit phased-array. An injection-locked, tunable frequency-
offset dual-frequency optical transmitter consisting of a 5-mW and a 25-mW
lasers provided the frequency-agile RF carrier. The phase front is found planar
within 2° rms variation across the entire scanned aperture (1 cm x 1 cm) with ~
120 pixels within ~3-dB signal power contour which can be increased by using
tapered fiber bundles. The details of the trade-off study results and relevant POC
hardware developed will be presented in the conference to demonstrate the
advantage of light weight and large bandwidth capability of photonic
beamforming which are at premium in large antenna arrays. Coherent optical
processor using Fourier transform appears to be the best method.

D. Paul/ 1995 USNC/URSI Radio Science Meeting, Newport Beach , CA, June 18-23.
Category: Commision B (Fields and Waves); Sub-category - B8 Antennas or Commission D
(Electronics and Photonics); Sub-category - D1 or D3
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Time-Domain Numerical Analysis of
Passive and Active Optical Microstructures

Rose M. Joseph*, Susan C. Hagness, and Allen Taflove
EECS Department
McCormick School of Engineering
Northwestern University
Evanston, IL 60208

With the increasing availability of powerful workstations and supercom-
puters, it is now possible to numerically analyze a wide range of optical
microstructures using time-domain techniques, directly from the Maxwell’s
equations. Finite-difference time-domain (FD-TD) models can incorporate
the physics of dispersion, nonlinearity, and frequency-dependent loss and gain
for geometrically complex heterostructures. Reflection and transmission char-
acteristics, resonance frequencies, and coupling coefficients can be determined
in a straightforward manner. The method also allows designers to quantify
and minimize non-paraxial scattering losses.

Here, the FD-TD method is applied to selected linear and nonlinear peri-
odic structures including optical mirrors and filters, as well as resonant cavities.
FD-TD computed simulation results are compared to coupled mode theory and
perturbative analyses. For the case of high-Q cavities, where the time-domain
nature of the FD-TD method can lead to unacceptably long computer run
times, linear predictive post-processing steps can be applied to FD-TD gener-
ated time waveforms to obtain cavity characteristics.

In addition, results are presented for a recently-developed FD-TD model
for optical materials exhibiting frequency-dependent gain. To illustrate the
capabilities of this method, we report results for a generic heterostructure
laser. A lasing mode builds up from spontaneous emission, which is modeled
as a noise current inside the device. The operating characteristics of the laser,
including the gain threshold, turn-on delay, and L-I curve, are obtained from
the FD-TD model. )

359

T




PHOTONIC BANDGAP MATERIALS:
NEW FDTD ANALYSIS AND ANTENNA APPLICATIONS

James G. Maloney, Morris P. Kesler*, Brian L. Shirley, Denver J. York
Signature Technology Lab, Georgia Tech Research Institute
Atlanta, GA 30332-0800

Glenn S. Smith
School of Electrical and Computer Engineering
Georgia Institute of Technology, Atlanta, GA 30332-0250

Photonic bandgap structures have received much attention in recent years because
of their novel electromagnetic characteristics. Photonic bandgap materials are a
class of periodic dielectric structures exhibiting frequency regions in which elec-
tromagnetic propagation is prohibited (i.e. bandgaps). The existence and character-
istics.of the bandgaps are dependent on the lattice type (triangular, simple cubic,
face-centered cubic, etc.), element shape (spherical, cylindrical, etc.), and dielec-
tric contrast between the element and the host material. Most techniques used to
model these structures are only applicable to infinite structures; thus, they are not
capable of determining the effects of boundaries. Last year we presented results of
modeling a finite, two-dimensional photonic bandgap structure (circular dielectric
rods on a square lattice) using the finite-difference time-domain (FDTD) technique
(Kelly, et. al., Proc. IEEE AP-S Symp., June 1994). The calculated results were in
good agreement with laboratory measurements.

We now extend these results to finite, three-dimensional photonic bandgap struc-
tures, such as the “woodpile” structure (Sozuer, J. of Modern Optics, vol. 41, pp.
231-239, Feb. 1994), the new Lincoln Lab fcc crystal (Brown, Microwave and
Opt. Tech. Lett., vol. 7, pp. 777-779, Dec. 1994) and others. These 3D structures
exhibit bandgaps in all directions, whereas the 2D structures only have bandgaps
for the component of the wavevector in the principal plane. The structures we have
investigated have bandgaps either in the 8-10 GHz or 17-19 GHz frequency
regions. We will present details of the FDTD modeling effort and will use experi-
mental measurements to validate the model.

The use of these materials with antennas has been proposed (Brown, J. Opt. Soc.
Am. B., vol. 10, pp. 404-407, Feb. 1993). However, there is little information
showing how they can be used to tailor antenna performance. We are actively
involved in applying our FDTD models to study the properties of antennas placed
on or near the surface of photonic bandgap materials. We will present model
results (plots and animations) that illustrate the interaction of the antenna and the
photonic material. We will also discuss some new configurations utilizing photo-
nic bandgap materials which show interesting antenna performance.
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Macromodeling of Circuit Components for High Frequency Applications

Kavita Goverdhanam*, Emmanouil Tentzeris and Linda P.B. Katehi

The Radiation Laboratory
Department of Electrical Engineering and Computer Science
The University of Michigan, AnnArbor, MI 48109, USA

With the advent of monolithic and millimeter-wave Integrated Circuits (M3ICs) and
application specific Integrated Circuit (ASIC) technology, multichip module (MCM)
applications in modern radar are broadening. Development of the transmit/receive (T/R)
module in the 1980s using advanced MMICs and ASICs enabled the use of active
elements within the antenna itself, reducing power loss levels typically associated with the
antenna front. In modern radar systems digital and mixed mode multichip modules are
extensively used, where microwave and millimeter-wave MCMs combine GaAs MMICs
and silicon control devices to perform a desjred function. In such a mixed mode
environment with analog and digital functions performing in close proximity, advanced
circuit design tools play a key role.

During the last twenty-year period, a number of full wave formulations were
developed and explored intensively to provide a variety of approaches. All these
techniques result in numerical treatments which are based on a direct or indirect solution
of Maxwell’s equations and involve an extensive discretization of part or whole volume of
interest. The development of these techniques has resulted in very sophisticated circuit
analysis tools which are capable of characterizing high-frequency effects very accurately.
The result of a high-frequency circuit analysis may be expressed in the form of scattering
parameters or equivalent circuits which represent the response of the circuit very
accurately. However in view of the highly mathematical methodologies involved in such
an analysis effort, computational times become prohibitively long even for medium size
circuits and issues of numerical convergence and stability overwhelm circuit designers.
While accurate high frequency circuit analysis has become possible at the expense of
time, high frequency circuit design has remained a challenge. The highly advanced high
frequency modeling techniques are not capable of providing means for design and, even
today high frequency circuit design relies on low-frequency approaches.

The disadvantages of high frequency modeling techniques which prevent their use
from real time analysis or design of circuits can be overcome by means of appropriate
macromodels. The concept of macromodeling has been used extensively in VLSI circuits
for design and signal integrity evaluation, but it is rather unknown to high- frequency
modeling. Macromodeling is based on the very simple concept of independent circuit
component partition and the use of design rules. Any circuit is divided into independent
components. These components are categorized by geometry and/or electrical function
into groups and constitute the basis for any high-frequency circuit topology. The circuit
components which belong to the previously identified groups are analyzed in advance
using appropriate high-frequency techniques and the information on their performance is
stored in the form of an equivalent circuit the complexity of which depends on the
frequency range of interest. For this given frequency range, the elements of the
equivalent circuit can be parametrized and can be put in the form of continuous functions
using dimensional analysis. The macromodel functions derived through this approach
are then used to compute accurate frequency-dependent equivalent circuits which can
then be incorporated in a SPICE-like environment to analyze the complex circuit
geometry under investigation. This presentation will discuss the details of
macromodeling as it applies to a variety of circuit components.
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An all Optical Millimeter-Microwave Generator

K. Daneshvar, Electrical Engineering Department,University of North Carolina, Charlotte, NC
28223 qnd L. Hales, Weapons Sciences Direclorate, Redstone Arsenal, AL 35898-5248

Recently an optical microwave generator based upon Stimulated Brillouin Scattering
(SBS) has bee described by (D. Culverhouse, Electronics Letters, Vol.25, pp.915 (1989)). In their
experiment, an Argon ion laser was used to launch optical power into two spools of fibers with
approximate length of 500m each, while the power level was maintained above the SBS
threshold. The combined back-scattered signals from two fibers resulted in a beat signal. It was
observed that the beat frequency is in the microwave region, relatively unstable, and temperature
dependent, therefore tunable.

We have design and constructed a highly stable millimeter-microwave generator using
SBS method. The basic configuration consists of a single mode laser which is -used to
simultaneously illuminate two single mode fiber ring resonators. These resonators are locked in a
way that stimulated Brillouin signals are generated in each ring resonator producing two highly
stable SBS lasers. The frequency of each ring laser depends upon the optical length of its
corresponding cavity. By selecting the order of fringe, and locking the cavity on a desired
position, the frequency of the laser ring can be tuned. The two SBS signals are then beat at the
output, fiber coupler generating waves with a highly stable frequency. The output frequency can
be tuned over a large range of millimeters to microwave region.

1  Optical Coupler

U
Ring
Laser 1

Beat Signal Single\
mode laser

at 1.3 micron

TF—1-

Photo-
Detectors

¥
1— 1

Beat Signal

Ring
Laser 2
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Schematic diagram of stable optical microwave generator

362




Band-Pass Filters Mounted wild Cube Dielectric Resonators in Cut-off Yaveguide

Sachihiro Toyoda and Takashi Murakami

Department of Electrical Engineering

Osaka Institute of Theenology

5-16-1 Asahiku, Omiya, Osaka 535 JAPAN

1. Introduction
In this paper, new band-pass [ilters mounled with cube dielectric resonalors in the

cul-off waveguide are proposed and tested. The height of the cul-off waveguide is 5 mm
The input and output sides of this cul-off waveguide are connecled to a waveguide which
lapers gradually [rom the rectangular waveguid of slandard dimensions. '

2. Experiment
Two types of filters are considered.  For the first filter, the width and length of the
cul off waveguide are Tmm and 8 mm, respectively. A resonant circuil mounted with a cube
diclectric resonator was constructed in the center of Lhis cut-of( waveguide. The oulpul
side of this resonant circuil was comnecled Lo a rectangular waveguide 4 mm in length, An
other similar resonant circuit was connecled on the other side of this rectangular  wave-
guide to make the first filter. When TEiomode is incident, the mode of the cube diclectric
resonator mounting in the cul off waveguide is TEies. The experiments
were carried out atthe [0 Gllz band. The center [requency of Lhis
filter was 9.95GHz. The band-width and insertion
loss were obtained 0.5 Gllz and | dB, respeclively.

The attenuation characteristics of (his [ilter
was obtained a sleep slope.

For the second filler, a brass plale is placed
al a posilion of a/2 of the reclangular waveguide
and Lhe reclangular waveguide consisls ol (wo
cut-off waveguides. The length and thickness of
the brass plate are 7 and 5 mm  respectlively.
Two resonant circuits  mounted with .a cube
diclectric resonator was placed in Lthe center of
cach cul-ofl -waveguide were construcled, and a Fig. 1. Construction of handpss fiter
rectangular  waveguide was  connecled behind these
resonanl  circuils, another  similar circuil was
connected on - the other side of Lhe reclangular
waveguide Lo make the sccond  band- pass filler. This [ilter
consists of lour resonant circuits. The construclion of Lhe
filter is shown inFig. 1. The frequency characleristics are
shown in Fig. 2. The center frequency is 9.7 GHz. The band-
width and insertion losswere obtained 0.96 Gllz and 0.4 dB,

Tl

“10 mule

:\tt‘enugtion in dB

respectively. \
3. Conclusion e
This paper describes new band-pass filters mounted with )
8 a 10 1l i2

cube dielectric resonatorsin the cul-off waveguid for 10 Gllz
band. The frequency characleristics of  these filters are
oblained comparatively good characleristics.

Frequency Gliz
Fig. 2 Frequency chiaracteristic of

- fitter show in Fig. 1
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A Novel Method for Suppressing Spurious Resonance Responses of
the Coaxial-Resonator Bandpass Filters
Kouji Wada, Yasumasa Noguchi, Hidcaki Fujimoto and Junya Ishii

KINKI UNIVERSITY
Departiment of Electronic Engincering, 3-4-1 Kowakace,
Higashi-Osaka City, Osaka 577, Japan , FAX: +81-6-727-2024

Abstract

Recently, mobile communication systems are changing from analog systems to digital systems.

Then, the microwave filters are required very severer specifications such as the lower insertion
losses, the suppressing spurious resonance responses over the wide frequency range and the getting
finite attenuation poles near by the passband. One of the recent trends in those apparatus is to adopt
the new materials which have the high dielectric constant and almost independent on the variation of
temperature. In these equipments, the dielectric coaxial-resonator filters are widely used.

We present a novel method for suppressing spurious resonance responses over the wide fre-
quency range for the bandpass filicrs (BPFs) that are constructed by the Ag/2 coaxial-resonators
with the tapped-line feed (Fig. 2). Furthermore, the transmission characteristics of the new type
coaxial-resonator BPFs have the finite attenuation poles at the lower and/or the upper sides of the
passband. In the simulation, the new type coaxial-resonator BPFs were suppressed more than
-60.0dB between 4.0 and 20.0 Gliz at the center frequency of the passband fy is cqual to 2.0 GHz,
because we take the tapped-line feed instead of the capacitor-feed and the coaxial-resonators were
attached to the lumped-capacitors in ground and adjusted the length shorter (around A,/10) than the
original length (Fig. 4). We found that the transmission characteristics of the new type coaxial-
resonator BPFs have the finite attcnuation poles at the lower and/or the higher sides of the passband
by conditions for the tapping positions on the coaxial-resonators and the spurious resonance
responses are suppressed over the wide frequency range.

INPUT OUTPUT INPUT OUTPUT

N s -
i __I C, _I_Cl, ""Cl%
éj“gu—{cl'_lg%gé tly

: inl- ; - : Fig. 2 Spurious Suppression Type
Fig. 1 Ag/2 Coaxial-Resonator BPF Coaxial-Resonator BPF
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Ago/2 Coaxial-Resonator BPF Suppression Type Coaxial-Resonator BPF
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A Power Amplifier Based on an Extended Resonance Technique
Adam Martin*, Amir Mortazawi and Bernard C. De Loach Ir.

Department of Electrical and Computer Engineering
University of Central Florida
Orlando, FL 32816-2450

A power combining oscillator based on an extended resonance method
was introduced (A. Mortazawi and B. C. De Loach Jr., IEEE Trans. Microwave
Theory Tech., vol. MTT-40, 2397-2402, December 1992). Here a new power
amplifier is presented which is based on an extended resonance technique. High
power amplification is achieved using this technique which essentially places
many transistors in parallel, and consequently multiplies the power handling
capability of a single device by the number of devices employed while
maintaining the gain of a single device amplifier. It does not require matching
circuits for individual devices, and based on simulations performed it is less
susceptible to transmission line losses than Wilkinson type combiners. This
technique can yield very compact circuits and biasing the circuits is very simple.

To demonstrate the extended resonance power combining amplifier, a 10
GHz four device power amplifier was designed and fabricated. The active
devices used were Alpha power GaAs MESFET chips AF035P1-00 having a gate

length of 0.25 pm and a total gate periphery of 400 um. Devices were biased at 5
volts with the drain current of 70 mA. The amplifiers were fabricated on a 31 mil
thick Duroid™ substrate with gr =2.3. The small signal gain was measured to be
11.5 dB and maximum of 480 mW was obtained at 9.57 GHz with a power added

efficiency of 30.8 %. When compared to a single device amplifier the results
indicate that a combining efficiency of better than 90% was achieved.
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An Active Ka-Band Antenna Element Amenable to Device Integration

D.J. Roscoe*, L. Shafai®, M. Cuhaci, and A. Iitipiboon

Communications Rescarch Centre
3701 Carling Ave., Otlawa, Ontario, K2H 852

~Antenna Laboratory
Department of Electrical and Computer Engineering
University of Manitoba, Winnipcg, Manitoba, R3T 5V6

Several antenna technologies and architectures have been proposed for the portable
communications terminal operating at 20/30 GHz for receive and transmit, respectively.
Microstrip technology is a prelerred candidate because the overall array architecture is well
suited o the portability aspect ol the terminal. However, 1o overcome the cffects of the losses
within a microstrip fced nctwork, and to improve the overall cfficiency, it is preferred to
distributc amplificrs throughout the array. Within a corporate type feed network, issucs such as
device integration and thermal propertics become critical. From a cost perspective, a preferred
array architecture would have modular active devices which can easily be removed for repair or
replacement il required. This implics that the devices should be on carriers which can be secured
to the ground plane without solder. The array architecture should also utilize aperture coupling as
the feed mechanism for the antenna elements. This reduces the amount of physical intervention
with the array (as compared with probe feeding).

This paper presents an element which addresses the issues identified above. To fasten the
carrier housing the amplifiers, a thick ground plane is required. However, as identified in (P.R.
Haddad and D.M. Pozar, Elect. Let., Vol. 30, No. 14, pp. 1106-1107, July 1994), efficient
coupling to a standard microstrip patch antenna through a thick ground plane has yet to be
resolved. Thus a novel element was developed. The resulling antenna structure is a cavity type
microstrip element. The cavity is formed from a thick ground plane where a microstrip clement is
used (o [eed the cavity. Hence, coupling [rom the feed line oceurs through a thin ground planc
within the cavity, while device integration can be done using the thick ground planc outside the
cavily. The passive antenna clement is designed Lo yicld gains of approximatcly 15 dBi. In
addition to the mechanical advantages, the high gain obtained from this clement is well suited for
l,hc application of an array for the personal communications terminal since fewer elements are
rbquired in comparison (0 an array using solcly microstrip patches. This in turn reduces the size
of the feed network and the required electronics. The measured results and mechanical aspects
will be presented.
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A Dynamical Analysis of
the CMOS Circuit

Jilin Tan* and Guangwen Pan
University of Wisconsin, Milwaukee

Abstract

Recently, extremely lossy dielectrics have found applications in electronic
systems. In CMOS circuits, the gate regions of the MOS transistors are
usually doped heavily. The metal interconnects are deposited above these
heavily doped substrates, resulting in a high capacitance from the metal
lines to the substrate. It is difficult, however, to compute the design param-
eters, including the characteristic impedance, propagation delay, and cross
talk, for the heavily lossy dielectrics, for which the loss tangents can be 105
or higher.

Beginning with the rederived dyadic Green’s function for multilayered me-
dia, the integral equation of the first kind for the unknown current is for-
mulated. This integral equation is then solved by the method of moments
using Galerkin’s procedure. The results of the field solutions are trans-
formed into the equivalent circuit parameters of R, L, C, G, so that they
can be directly utilized by digital electronic engineers in the design work.
The mutual capacitance of the buried microstrip lines above a lossy layered
substrate has been evaluated and compared with laboratory measurements
with good agreement. It is not surprising that the results of many other
software packages fail to predict correct mutual capacitances for the test
coupons, since the quasi-static and small perturbation assumptions are no
longer applicable to such lossy dielectrics.

References
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Optical Temperature Sensor Using Surface Plasmon Resonance Technique

Sahin Kaya Ozdemir * and Géniil Turhan-Sayan
Middie East Technical University
Department of Electrical and Electronic Engineering
06531 Ankara, Turkey

Various optical phenomena (absorption, fluorescence, reflection, etc.) have been used
for chemical, physical and biomedical sensing. Surface Plasmon Resonance (SPR), a
resonance condition in which surface plasmon waves (SPWs) propagate along the interface
between two media having diclectric constants of opposite sign -a metal and a non-metal - is
yet another optical phenomenon that can be used for sensor applications. As a surface wave
the characteristics of SPW are very sensilive to the changes in the refractive indices of bulk
and thin-film layers and to the thicknesses of thin films.

The objective of this paper is to briefly describe a novel application of SPR technique
in temperature sensing. The stimulated temperature sensor employs the excitation of SP in
Kretschmann's geometry with a sensing layer whose refractive index is strongly temperature
dependent. The changes in the refractive index of the sensing Tayer will cause a shift in the
resonance angle and it will also cause a change in full width at half maximum of the
resonance curve. By measuring the SPR curve parameters (resonance angle, fsp, full width at
half maximmm, A® and the intensity of the reflected light at resonance angle, Rmin) one can
compute the refractive index of the sensing layer using multilayer dispersion equation.
Consequently, the temperature of the environment can be calculated by using the relation
between temperature and the refractive index of the sensing layer. The sensor geometry is
composed of a prism, a metal layer and a sensing layer. As recent studies on temperature
sensors have shown that refractive indices of polymers show a strong dependence on
temperature, the sensing layer in this study is chosen 1o be a polymer thin film. In the
meantime, the effect of temperature variation on the refractive index of the metal film and the
the bulk will also be taken into consideration.

Optimization of the sensor geometry (metal and polymer type to be used and the
thicknesses of these films, wavelength of the incident light), sensitivity considerations and
the comparision of this sensor with the traditionally used optical temperature sensors will
also be discussed.
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A 3D High-Order Unstructured Finite-Volume Algorithm
for Solving Maxwell’s Equations

Yen Liu
NASA Ames Research Center
Moffett Field, CA 94035

A three-dimensional finite-volume algorithm based on arbitrary basis
functions for time-dependent problems on general unstructured grids is de-
veloped. The method is applied to the time-domain Maxwell equations.
Discrete unknowns are volume integrals or cell averages of the electric and
magnetic field variables. Spatial terms are converted to surface integrals
using the Gauss curl theorem. Polynomial basis functions are introduced
in constructing local representations of the fields and evaluating the volume
and surface integrals. Electric and magnetic fields are approximated by linear
combinations of these basis functions. Unlike other unstructured formula-
tions used in Computational Fluid Dynamics, the new formulation actually
does not reconstruct the field variables at each time step. Instead, the spa-
tial terms are calculated in terms of unknowns by precomputing weights at
the beginning of the computation as functions of cell geometry and basis
functions to retain efficiency. Since no assumption is made for cell geometry,
this new formulation is suitable for arbitrarily defined grids, either smooth
or unsmooth. However, to facilitate the volume and surface integrations, ar-
bitrary polyhedral cells with polygonal faces are used in constructing grids.
Both centered and upwind schemes are formulated. It is shown that conven-
tional schemes (second order in Cartesian grids) are equivalent to the new
schemes using first degree polynomials as the basis functions and the mid-
point quadrature for the integrations. In the new formulation, higher orders
of accuracy are achieved by using higher degree polynomial basis functions.
Furthermore, all the surface and volume integrations are carried out exactly.

Several model electromagnetic scattering problems are calculated and
compared with analytical solutions. Examples are given for cases based on
Oth to 3rd degree polynomial basis functions. In all calculations, a cen-
tered scheme is applied in the interior, while an upwind matching scheme
is employed at material interfaces and the Engquist-Majda non-reflecting
boundary condition is implemented at the numerical outer boundaries. The
staggered leapfrog scheme and the Runge-Kutta methods are utilized for the
time integration. Excellent agreements are found between the numerical and
analytical solutions.
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THREE-DIMENSIONAL CALCULATIONS USING
IMPEDANCE MATRIX LOCALIZATION

Francis X. Canning*
Rockwell Science Center
Thousand Oaks, CA 91360

Erik Rosen
SFA Inc.
Landover, MD

Luise Schuetz Couchman
Naval Research Laboratory
Washington, DC.

The Impedance Matrix Localization (IML) method is used
to solve the wave equation (i. e. the Helmholtz equation) in
three-dimensions. The problem considered is a scalar field
with specified derivative (Neuman condition) on a surface.
This corresponds, e.g., to acoustic scattering by a rigid body.

Directional expansion functions are used on a two-
dimensional surface. The calculation of matrix elements
must be done so that the cost of integrating over these
functions is small. The matrix A contains values of the
Green's function. W contains the products of weights of a
quadrature formula and values of the taper function part of
the expansion functions. The oscillating part of the
expansion functions will be contained in a matrix F. The
moment method matrix T' is then calculated as:

T'=F (WAW!) Ft

A further efficiency comes from giving F- many more rows
than columns and zeroing certain elements of T' giving T (F.
X. Canning, Radio Science, 29, 993-1008, 1994). Actually,
these matrix elements are not even calculated to reduce the
cost of the multiplication by F. The integral equation used in
A has currents which only radiate to the exterior so that T is
banded and sparse within that band. Sparse LU
decomposition then efficiently solves the matrix problem.
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Confirming The Invariance Of
The Measured Equation Of Invariance
By Kenneth K. Mei* and Yaowu Liu

Department of Electronic Engineering
City University of Hong Kong

Abstract

Since the first presentation of the concept of the Measured Equation of Invariance (MEI)
by Mei et al.(EEE AP-S International Symposium, Chicago, 1992) many researchers have
tested the concept and obtained good results, and a few have raised doubts about the validity of
the basic postulate that the linear relations of the neighboring nodal field values at the terminat-
ing surface are invariant to incident fields, (Jevtic and Lee, IEEE Trans. AP Vol42,
No.8,pp.1097-1105,Aug.1994). In this paper it is shown that Jevtic and Lee’s analysis is
incorrect and their computations showing the deterioration of the results using MEI at high fre-
quencies is actually caused by numerical errors in finding the MEI coefficients and not because
of the failure of the postulate of invariance. When the mesh terminating surface is brought
close to the object surface, typically two discretization steps away, the demand on the accuracy
of the MEI coefficient increases. Single precision arithmetics and quadratic finite difference are
only good for low frequencies. For high frequency problems it is necessary to use double preci-
sion and higher order finite difference. Although we assert that "Invariance to incident fields" is
not equal to "Invariance to the Metron sets", it is satisfying to show that if discretization errors
are minimized by using higher order approximation and double precision arithmetics, one can
actually make the solutions practically independent of the choice of Metron sets. So, the postu-

late of invariance is confirmed.
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Finite-Difference Analysis of Circular Dielectric-Loaded Waveguides
Jenn-Ming Guan™ and Da-Chiang Chang*

* Private China Junior College of Technology, Taipei, Taiwan
+ Department of Electrical Engineering, National Tsinghua University, Hsinchu, Taiwan

Dielectric-loaded waveguides of circular symmetry are commonly used in many microwave
systems. The general configurations which can be analyzed in present investigation are shown in
Fig. 1. with the piecewise-continuous dielectric constant distributions &(r). The whole structures
are assumed to be lossless. The matrix eigenvalue problems resulting from the finite-difference
method to the governing differential equations are solved by the modified simultaneous iteration
with the Chebyshev acceleration method (C. C. Su & J. M. Guan, [EEE MTT, to appear). This
algorithm for sparse matrix eigenproblems involves no operations corresponding to matrix
inversions. As a result, very fine discretizations associated with finite-difference method can be
done and hence accurate results can be obtained efficiently. The complex modes in this lossless
waveguide can also be treated by the present approach if they exist. Compared to the standard
approach by solving the complicated characteristic equations (H. Lin & K. A. Zaki, I[EEE MAG,
2950-2952, 1989), the present finite-difference method is more convenient especially when
multilayer structures are considered.

Using the two transverse magnetic fields (C. C. Su, IEEE MTT, 328-332, 1986), the
governing equations for the guided modes with the azimuthal dependence e are :

‘P'(r)+-rl-‘l"(r)+[e(r)k,‘ iy (“’” )}\P( y-2Z o) - E(")) [w n+X0) “'(’) +2og )]
(1a)

@ (r) +-1-<1>'(r) +[e(r)k,‘ + —(1+:nzl}b(r) -%W(r) =0, (1b)
r

where ¥ =H,, ®=jf,, and the propagation constant y= a+ jg. The associated boundary conditions
at the permittivity discontinuity are the continuity condition of the fields H, and E, by using the
divergent and curl equations of the magnetic field, respectively. For the azimuthally invariant
modes (m=0), ¥ and @ are uncoupled. Hence, (1a) and (1b) are the governing equations for the
TM and TE modes, respectively. A standard matrix eigenvalue problem can be obtained by
applying the finite-difference method to the equations (1). The numerical results for the
dispersion characteristics of the first ten modes with m=2 are shown in Fig. 2. with a=0,-b=0.4
in, ¢=0.6 in, s(a<r<b)=35.59, and s(b<r<c)=1. These results are in good agreement with those in
the literature (C. Chen & K. A. Zaki, IEEE MTT, 1455-1457, 1988).

- complex modes

4 ]
fraquency {GHz)

Fig. 1 Fig. 2
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Implementation of an Infinite Ground Plane in a 2-D TLM Network

John B. Erwin and Stuart M. Wentworth*
Department of Electrical Engineering
200 Broun Hall, Auburn University, Alabama 36849-5201

We investigate the scattering from a conducting cavity mounted in an infinite
ground plane using the two-dimensional TLM method. To obtain the echowidth,
the scattered fields along a virtual boundary surrounding the scatterer are
determined. These scattered fields can be represented by the electric and magnetic
currents that are integrated over a closed surface to determine the far field pattern.
However, the equivalence principle shows that only the currents present in the
aperture are needed to calculate the far field. Therefore, the closed loop integration
simplifies to an integral over the aperture because the currents are zero elsewhere.
In implementing TLM to solve this problem, the challenge lies in simulation of an
infinite-appearing ground plane with a finite size mesh. We address how the
incident plane wave can be simulated, and how the boundaries can be manipulated
to make the ground plane appear infinite.

In order to model an incident plane wave, we employ an injection technique
which involves running two concurrent TLM networks. One network determines
the incident fields with the scatterer omitted and magnetic walls to guide the incident
wave. The other network includes the scatterer and truncates the mesh with
absorbing boundaries. The total fields may be determined in this second network
by injecting pulses from the incident fields case. Each time step, the pulse values at
each port along the magnetic walls in the incident fields case are injected into the
corresponding ports along the absorbing walls in the total fields case. These
injections allow the plane wave to appear non-attenuating. In the present work we
employ wide-band absorbing boundaries (R. L. Higdon, “Numerical Absorbing
Boundary Conditions for the Wave Equation,” Math. Computation, Vol. 49, No.
179, pp. 65-90, July 1987) based on perfect absorption of waves at two incident
angles.

Our approach to modeling an infinite ground plane in a finite TLM mesh is to
employ a similar pulse injection technique to maintain the integrity of the plane
wave reflected from the ground plane. For a normally incident plane wave, the
incident fields and the fields scattered from the ground plane may be maintained
along the boundary by using magnetic boundaries. However, if an element is
mounted in the ground plane, then the magnetic walls would interfere with waves
scattered from this element. An absorbing boundary is required to prevent re-
scattering.

Our problem therefore requires simulation of both an incident plane wave and a
plane wave reflected from an infinite ground plane while simultaneously absorbing
the fields scattered from the cavity. To solve this problem, pulses are injected along
the mesh borders which maintains the integrity of both plane waves. These pulses
are determined directly from a one-dimensional string of nodes which represents a
ground plane in free space, due to symmetry. These pulses inherently give the
effects of an infinite ground plane, while the TLM mesh may be truncated with a
finite ground plane consisting of only a few nodes. Echowidth results are
presented which verify this approach.
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HIGH-FREQUENCY ASYMPTOTIC REDUCTION OF
THE FAST MULTIPOLE METHOD

Robert J. Burkholder* and Do-Hoon Kwon
The Ohio State University ElectroScience Laboratory
Department of Electrical Engineering
1320 Kinnear Road, Columbus, Ohio 43212

The fast multipole method (FMM) has been demonstrated to be very useful
for increasing the efficiency of iterative solutions for large-scale electromag-
netic integral equation problems (R. Coifman, V. Rokhlin, & S. Wandzura,
IEEE AP Magazine, 35(3), 7-12, 1993). A straight-forward implementation
of the method reduces the operational count of a matrix-vector multiplication
from O(N?) to O(N®/2) for latge N (where N is the number of unknowns).
Multistage recursive nesting of the FMM algorithm further reduces the count
to O(N*/3), O(N®/4),...; however, nesting algorithms greatly increase the com-
plexity of the implementation for realistic problems. Wagner and Chew (IEEE
APS Symposium Digest, 427-430, 1994) showed that an operational count of
O(N*/3) could be achieved without nesting by making use of the directional
property of the FMM translation operator 7". In the FMM, subsectional basis
functions are divided locally into groups and the interactions between groups
are found using a multipole expansion with a translation theorem. It was
shown that T' can be evaluated in closed form for groups which are separated
by far-field distances, resulting in a sinc function centered around the line con-
necting the two groups. This allows the plane waves in the multipole expansion
to be filtered out by a windowing function if they propagate in directions away
from the main beam of the sinc function. The operational count is reduced
because the number of plane wave interactions between groups is reduced for
far-field spacings. '

In this paper, T is evaluated asymptotically for electrically large geometries
yielding a uniform expression which is valid for all spacings between groups
and is not limited to only far-field spacings. The expression may be used to
efficiently compute T', which would otherwise require computing a finite sum
of Hankel functions, but it is more valuable for giving physical insight into
the directive properties of the translation operator. It clearly indicates the
plane wave interactions which must be included between two given groups,
and defines the width of the windowing function for excluding plane waves
which propagate away from the line connecting the groups. As one would ex-
pect, more plane waves need to be included for closer spacings between groups.
The derivation will be for the 2-D case, but the same approach may applied
to 3-D. Numerical results will be presented to demonstrate the accuracy and
operational count of the asymptotically reduced FMM.
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Resource Management in Time-Domain Maxwell Solvers
A. H. Mohammadian{, W. F. Hall, and V. Shankar

Rockwell International Science Center
1049 Camino Dos Rios
Thousand Oaks, CA 91360

This paper proposes some techniques for explicit time-domain Maxwell
solvers (FVTD, FDTD, TLM, etc.) to reduce memory requirement for com-
puting radar cross section (RCS) of large objects such as aircraft. Also,
convergence criteria for both time-harmonic and pulse excitations are dis-
cussed to ensure the convergence of the numerical solution to a level desired
by the user without having to guess the number of time marching steps be-
fore hand. These techniques have been implemented in our FVTD vector
code (RCS3D) and parallel code (RCSMPP). Variations of these techniques

might be appropriate for other explicit time-domain solvers.

Real life objects often have a plane of symmetry. Exploiting this feature
reduces the size of the problem by a factor of two, which for an electrically
large object results in huge memory savings. This way the frequency limit
for RCS computation on a given platform can be doubled. This has already
been worked out for method of moment codes. However, in the time-domain
solvers these authors have not come across such a technique. We will present
this technique by introducing the concept of “diffracted field” formulation
for Maxwell’s equations, when an object is over an “electric” ground plane
(A x E = 0) and a “magnetic” ground plane ( # x H = 0). Then, we will
show how the computation for half of the object can lead to the RCS for the
whole object for any arbitrary angle of incidence. We will also show how our
technique can easily be generalized to more than one plane of symmetry.

Another technique to save memory is concurrent RCS computation.
This involves evalution of the RCS concurrent with the main solver for every
time step instead of leaving RCS computation to the postprocessing stage.
For example, for an object with one million surface cells, storage of 7 x E,
A x H, and the surface coordinates requires close to 10 MW of additional
memory. The proposed concurrent RCS computation eliminates this huge
memory usage. All that is needed is the space to store the RCS at the desired
directions and frequencies (if the excitation is a pulse).

Finally, an easy mechanism to check the convergence of the computation
in terms of the final RCS results will be discussed. This convergence criterion
will help save computation time, especially for problems where an apriori
guess for the number of time steps based on the object size may not be good
enough and may result in either under converged results or too much cpu
usage.
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Et - Ht FEM Modal Analysis of
Transversely Periodic Waveguides

Eric W. Lucas* and Thomas P. Fontana
Antenna/Apertures and Integrated Sensors Department
Westinghouse Electric Corporation
P.O. Box 746
Baltimore, Maryland 21203

This presentation discusses the application of the variational
vector finite element method to the eigenmode analysis of general
uniform waveguides or transmission lines which are transversely
arrayed in a singly or doubly infinite periodic lattice. The Et - Hy
variational formulation follows that previously presented by the
authors (E. W. Lucas and T. P. Fontana, IEEE AP/S Digest, 1994, T. P.
Fontana and E. W. Lucas, IEEE AP/S Digest, 1994), however, with the
additional inclusion of the generalized periodic boundary conditions
(PBC's) over the unit-cell cross-section. The generalized PBC's include
not only a constraint on the geometric periodicity of the structure but
also the related "Floquet” or complex "phase-wall" constraint as well.
For isotropic media (or in general reflection-symmetric media), one
expects the modal spectrum to be bi-directional and the linear system
self-adjoint with respect to the reaction (unconjugated) inner-product.
The orthogonality properties of such modes follow from these concepts
as is well known. However, the introduction of the generalized PBC's
to the same bi-directional reflection symmetric system produces a
(reaction) non-self-adjoint linear system whose adjoint corresponds to
the appropriate dual waveguide. The generalized biorthogonality
properties for such modes follow from these concepts. Other non-self-
adjoint systems can arise for waveguides which include some types of
non-reflection-symmetric media or general non-reciprocal media. The
present formulation may be applied to periodic arrangements of such
structures directly.

The authors have found use for such numerically generated
periodic modes for the application of the modal BEM or "port"
procedure in a 3D vector FEM periodic array formulation for phased-
array antenna applications. (E. W. Lucas and T. P. Fontana, IEEE Trans.
Antennas Propagat. [to appear Feb. 1995]).
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DEGENERATION OF RECTANGULAR AND TRIANGULAR ROOFTOP
FUNCTIONS IN THE DISCRETISATION OF PLANAR STRUCTURES

Jeannick Sercu* (IWT), Niels Faché** and Paul Lagasse*
*Department of Information Technology (INTEC), University of Ghent
Sint-Pietersnieuwstraat 41, 9000 Ghent, Belgium
** HP-Belgium, Lammerstraat 20, 9000 Ghent, Belgium

Abstract.

Over the past decade, the application of numerical field simulation techniques for
the time-harmonic characterisation of planar scatterers and antennas in open media has
broadened considerably. In many of these simulation techniques, the electromagnetic
behaviour of the planar structure is governed by an integral equation in the unknown
surface currents flowing on the planar metallization patterns. This integral equation is
solved numerically by applying the method of moments. The planar structure is hereby
subdivided or discretized into a mesh of rectangular and/or triangular cells. Subsectional
basis functions defined over the cells of the mesh are used in the modelling of the surface
current distribution. Due to the current continuity condition, the normal component of the
discretised current need to be continuous across the boundaries of adjacent cells in the
mesh. This follows from the observation that unphysical Dirac line charges have to be
avoided, in order to have a physical acceptable numerical solution. The tangential
component of the turrent however is allowed to jump across the intercell boundaries.

A set of basisfunctions for which these requirements are fulfiled are the vector-
valued rooftop functions defined over a rectangular or triangular cell. Several researchers
have reported the successfull application of rectangular and triangular rooftop functions in
the simulation of microstrip and slotline discontinuities and antennas. With each side of the
cell, one rooftop function is associated, which models the normal component of the current
flowing across the cell side. This function is constant along the corresponding side, and
varies linearly to zero along the adjacent sides of the cell. Rooftop functions with
rectangular support have only one component in the direction normal to the corresponding
cell side. Rooftop functions with triangular support however also have a component
tangential with the cell side. This component is necesarry to obtain the continuity of the
normal current component across the adjacent cell sides in the triangular cell.

In this paper, we consider the situation in which one of the cells in het mesh
becomes very narrow or “degenerates”. It follows that the contribution of the normal
component decreases to zero. The tangential component however continues to contribute
even in the limit of a triangular cell completely degenarated into a line segment. In this
case, the tangential component is degenerated into a Dirac line current along ‘the line
segment. We have investigated the effect of degenerated triangular cells in the method of
moment solution of microstrip discontinuities. It is well known in finite element analysis that
almost degenerated triangular cells must be avoided, since they introduce mathematical
instabilities in the solution process. The main conclusion of our study is that degenerated
triangular cells in the method of moments do not affect the numerical results as long as the
contributions of the tangential components of the vector-valued rooftop functions are taken
into acount accurately in the numerical solution process.
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An Unstaggered, Colocated Scheme For Solving

Maxwell’s Equations in Curvilinear Coordinates

Ramakrishna Janaswamy!+* Yen Liu?
1Code EC/Js, Naval Postgraduate School, Monterey, CA 93943
2NASA Ames Research Center, Moffet Field, CA 94035

Over the years, the Finite Difference Time Domain (FDTD) method has
emerged as a powerful technique for modeling many electromagnetic prob-
lems. The basic FDTD algorithm was first described by Yee (IEEE Trans.
Antennas Propagat., (14), 302-307, 1966) and later refined by many authors.
The method is based on a staggered central differencing in space and stag-
gered leapfrog integration in time. This results in second order accuracy
in both space and time. To be able to accurately model physical geome-
tries, formulation in curvilinear coordinates is necessary. Generalization and
practical implementation of Yee’s algorithm to curvilinear coordinates was
carried out by Fusco (JEEE Trans. Antennas Propegat., (38), 76-88, 1990).
However, because of the fact that the various field components are not de-
fined at the same location, certain ambiguities and inaccuracies will result
when Yee’s algorithm is formulated in a curvilinear coordinate system. Fur-
thermore, the advantages of a staggered grid over an unstaggered one would
be lost as the size of the stencil is increased. To preserve the accuracy, the
complete vector field must be defined at any spatial location.

In the present approach, we present an unstaggered, colocated scheme
which removes the aforementioned difficulties of the FDTD method. The
scheme was first described by Liu (AJAA Paper 93-0368, 1993) and is based
on one-sided, antisymmetric differencing for the electric and magnetic field
components for the spatial derivatives. The electric and magnetic field vec-
tors are both defined at the same location. Because of these the scheme can
be easily generalized to a curvilinear coordinate system with no ambiguities.
We will consider both first and higher order differencing. Surprisingly, the
results with first-order, antisymmetric differencing have the same order of
accuracy as the Yee scheme. We will consider a two-dimensional version of
the scheme and formulate the problem in a curvilinear coordinate system.
Results will be presented for various test geometries to establish the power
and convenience of the scheme.
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Fast-Multipole-Method Solution of
Two-Dimensional Conductor Geometries

Levent Girel
Dept. of Electrical and Electronics Engineering
Bilkent University
Bilkent, Ankara, Turkey

Electromagnetic radiation and scattering problems involving two-dimen-
sional arbitrary conductor geometries are formulated using integral-equation
techniques and solved using a number of methods including the fast multipole
method (FMM). The excitation can be either an incident field or a finite
source. Both TE and TM polarizations are considered. The current induced
on the conductor geometry is discretized to convert the integral equation
into a matrix equation. Equivalently, the discretized current elements can be
thought of as two-dimensional subscatterers (strips) put together to construct
the desired geometry.

In order to compare the accuracy and the efficiency of the FMM solution,
two reference solutions are obtained. First, a direct solution technique (e.g.,
Gaussian elimination) is employed to solve the resulting matrix equation.
Then, the same matrix equation is solved by using an iterative scheme (e.g.,
CG or GMRES), in which every iteration involved a matrix-vector multipli-
cation. Finally, in a third solution, the ordinary matrix-vector multiplication
is replaced by FMM in the same iterative scheme. The FMM employed here
uses diagonalized translation operators for the two-dimensional Helmholtz
equation. [V. Rokhlin, “Rapid solution of integral equations of scattering
theory in two dimensions,” J. Comput. Phys., vol. 86, no. 2, pp. 414-439,
Feb. 1990.] '

It will be shown that the FMM requires O(N'*®) operations per iteration
as opposed to the matrix-vector multiplication being an O(N?) operation per
iteration and the direct solution having O(N®) computational complexity. In
addition to the estimates of computational complexities and memory require-
ments of these methods, their actual performances will also be compared and
discussed. Examples of several two-dimensional arbitrary conductor geome-
tries will be used in these comparisons.
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NUMERICAL ABSORBING BOUNDARY CONDITIONS
FOR THE SCALAR AND VECTOR WAVE EQUATIONS

Bruno StupfelJr and Raj Mittra$ ,
1 Centre d’Etudes de Limeil-Valenton, Commissariat 3 ’'Energie Atomique.
94195 Villeneuve St Georges cedex, France.
§ Electromagnetic Communication Laboratory, University of Illinois.
Urbana, IL 61801-2991

For the 2D Helmholbz equation, it has been shown (Stupfel and Mittra, URSI
Symposium, 1994) that the following numerical absorbing boundary conditions

(NABCs) for terminating a {inite difference or a finite element mesh
N=-1
Onu(My) = > cju(M;) (1)
=0

become analytically equivalent to many existing absorbing boundary conditions in the
limit the mesh size h tends to zero. In (1), the coefficients ¢; are computed by solving
a linear system of equations derived by using test waves that may be either plane
waves or those radiated by line sources. In addition, the numerical efficiency of these
NABCs can be evaluated by using the reflection coefficient for plane and cylindrical
waves incident upon an arbitrary boundary as an indicator. In this paper; we extend
this procedure to the study of NABCs, that are derived herein for the 3D scalar and
vector wave equations from the point of view of their numerical implementation ‘in
node- and edge-based FEM formulations, respectively.

First, we consider the 3D scalar wave equation for which we demonstrate, analyt-
ically, the following important results. For the particular cases where the boundary
is cither locally planar or spherical, and the ¢;’s are determined by using plane waves
or spherical waves, we show that the NABC given in (1) tends in the limif to the
analytical ABCs as the distance h between the points M; tends to 0. The nunerical
efliciencies of these NABCs are evaluated by computing the reflection cocfficient for
plane or spherical waves incident upon a planar outer boundary.

The same procedure is repeated for the vector wave equation

VXVYXE-KE=0, VE=0

for which we define the NABC as

N-1
ZxVxE=Y" [67-1& £y (M;) + 32z to(Mj) + Uy £,(M;) + 2y tz(Mj)] E(M;)

Jj=0
with the following definitions: At a point My situated on the boundary S, the or-
thonorimnal vectors z = £,(My), y = £,(My), 2 = n(My) counstitute a local reference
frame. The vectors t;(M), t,(M) are the tangents to S along the principal lines of
curvature defined at M, and n(M) is the outward normal to S at M.

Numerical results illustrating the use of the above NABCs are included.

382




RELATIONSHIP BETWEEN GENERALIZED IMPEDANCE BOUNDARY
CONDITIONS AND ABSORBING BOUNDARY CONDITIONS

J.L. Volakis*, T.B.A. Senior and S. Legault

Radiation Laboratory

Electrical Engineering and Computer Science Dept.
University of Michigan

Ann Arbor, MI 48109-2122
volakis@engin.umich.edu senior@eecs.umich.edu

The generalized impedance boundary conditions (GIBCs) are
improvements to the standard impedance or Leontovich boundary
conditions and have recently received much attention (Senior and
Volakis, IEE Press, 1995) because of their higher accuracy in
simulating material layers and coatings. Mathematically, this is
achieved by including higher order derivatives of the fields and the
order of the GIBC is equal to the highest order field derivative
included in the boundary condition.

So far, the GIBCs have been exclusively used for simulating material
surfaces, and were thought to be independent of the absorbing
boundary conditions(ABCs). The latter are, of course, of particular
importance in finite element and finite difference simulations, where
they are used for truncating the computational domain. In this paper,
it will be shown (for the first time) that the GIBC formalism can
incorporate the ABCs as a special case. Specifically, it will be shown
that GIBCs derived for simulating dielectric surfaces can recover the
usual two- and three-dimensional ABCs (Bayliss-Turkel, 1980; Webb
and Kanellopoulos, 1989; Chatterjee and Volakis, 1993). This is
achieved by letting the relative material parameters approach unity
and by making the appropriate changes in surface curvature. Rytov’s
method (Rytov, 1940) is used for the derivation of the GIBCs and the
advantage of this method is the inclusion of terms relating to the
curvature of the simulated surface. The resulting ABCs include the
same curvature terms and are therefore more general than those
presently in the literature. Moreover, Rytov’s method allows for a
systematic procedure in deriving higher order ABCs which can be
applied conformal to the scattering or radiating body.
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COMPARISON OF SOME ABSORBING BOUNDARY CONDITIONS
FOR THE FDTD-METHOD

J. De Moerloose* and M. A. Stuchly - Electrical and Computer Engineering
Department, University of Victoria, Victoria, B.C., VEW 3P6, Canada.

The general purpose of our study is to point out the strengths and
weaknesses of the different ABC’s in specific frequency ranges and to set up
a rule of thumb for the distance between the boundary and the structure under
consideration.

A number of recently proposed ABC’s, such as Berenger’s Perfectly
Matched Layer (J.P. Berenger, EUROEM symposium, Bordeaux France,
1994 ) and a so-called Semi-Global RBC (J. De Moerloose and D. De Zutter,
APS Symposium, Seattle, 1994 ), have been claimed to outperform standard
Mur 2nd order conditions. To proof these assessments, some of the
following canonical problems have been evaluated :

1) reflection of a plane wave from an infinite boundary (PML)
2) pulse study /point source (PML, SGRBC)
3) scattering from a PEC square cylinder (PML, SGRBC)

Due to the superposition principle, the basic properties of a given ABC can
be derived from its behaviour under plane wave incidence (type 1). This
however assumes that the influence of corners and 2nd order reflections can
be neglected (which ought to be the case if the ABC is truly efficient). In the
plane wave experiment, the evanescent or inhomogeneous plane waves are
often ignored despite their importance, especially for low frequency
interaction problems. This has been already pointed out in [2], where use has
been made of a special operator to absorb the evanescent wave part.

In this paper a thorough comparison between PML,SGRBC and Mur 2nd
order ABC will be presented. Numerical experiments of type 1,2 and 3 will
be performed over a wide frequency range, i.e. a few Hz to tens of GHz.
The reflective behaviour in experiments of type 2 and 3 will be related to the
basic results obtained from plane wave reflection (type 1).

The SGRBC and Mur 2nd order ABC explicitly assume a homogeneous
surrounding space and as such are not suited to absorb dispersive wave-
types. In the absence of such assumption, a fourth experiment is necessary to
enable comparison of the dispersive behaviour of different ABC’s. A parallel
plate waveguide can be considered the simplest dispersive structure. This
structure will be used as the basic experiment of type 4.
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A Numerical Absorbing Boundary Condition for 3D Edge-Based
Finite Element Analysis of Very Low Frequency EM Fields

Amir Boag* Raj Mittrai
Israel Aircraft Industries, Dept. 2464 EM Communication Lab
Ben-Gurion Airport 70100, Israel University of Illinois, Urbana, IL

For open region problems, it is necessary to couple, explicitly, the FEM
computational domain to the unbounded free space external to the mesh region. To
satisfy the radiation condition in the numerically rigorous sense, the FEM solution
can either be matched to a modal expansion, or be combined with the Boundary
Element Method. These non-local boundary conditions satisfy the truncation
conditions exactly, albeit at the expense of spoiling the sparsity of the matrices
generated in these formulations. This has prompted many workers to search for
local boundary conditions, e.g., those developed by Bayliss-Turkel and Engquist-
Majda, that have relatively little effect on the sparsity of the FEM matrix. Both, of
these absorbing boundary conditions (ABCs) work well for the propagating waves;
however, their performance is usually less than satisfactory when treating the
evanescent waves. Consequently, these ABCs require that the truncation boundary
be removed far away from the outer boundary of the scatterer/antenna in order to
diminish the evanescent content in the outgoing field impinging upon the boundary.
At very low frequencies (ELF/VLF), receding the boundary to a distances which is
a significant fraction of the wavelength leads to unrealistically large meshes. And
yet, numerical experiments show that, when the solution domain is only a small
fraction of the wavelength in size, the conventional ABCs make the boundaries
behave almost as though they were prefect magnetic conductors.

The objectives of this paper are to explore ways that circumvent the afore-
mentioned problems with the conventional ABCs at very low frequencies, and to
carry out a systematic development of accurate, reliable and local type of absorbing
boundary conditions for the three-dimensional edge-based formulations of the
FEM. The method followed herein is based upon the Numerical Absorbing
Boundary Condition (NABC) concept introduced earlier by the authors (Amir
Boag, Alona Boag, Raj Mittra and Yehuda Leviatan, “A numerical absorbing
boundary condition for finite difference and finite element analysis of open
structures,” Microwave and Optical Technology Letters, vol. 7, no. 9, pp. 395-
398, June 20, 1994). It begins by posing the problem of deriving the NABC as
that of determining a numerical relationship that links the value of the field along a
boundary edge to those at a selected number of neighboring edges. The numerical
relationship is derived by imposing the conditions that the equations must be
satisfied to within a certain tolerance, by all of the outgoing wave components
impinging upon the boundary from its interior. The number of adjacent boundary
edges linked by the NABC is kept constant over the boundary, while the NABC
coefficients are determined via a procedure based on the Singular Value
Decomposition (SVD) algorithm. The number of edges involved in the NABC is
first determined by using the criterion that the satisfaction of the outgoing field
condition be at least as accurate as the satisfaction of the FEM equations at the
internal edges (edges away from the boundary). The normalized error in the FEM
equations for the interior edges is also used as a threshold in the SVD regularization
of the equations for the NABC coefficients. Numerical examples that illustrate the
derivation and application of the NABC are included in the paper.
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Complementary Operators: A Method to Annihilate Artificial
Reflections Arising from the Truncation of the Computational
Domain in the Solution of Partial Differential Equations

Omar M. Ramahi
Digital Equipment Corporation
PKO3-1/R11
129 Parker St.
Maynard, MA 01754

An absorbing boundary operation is developed to minimize the artificial re-
flections that arise when truncating the computational domain of an open-region
scattering or radiation problems. Referred to as the Complementary Operators
Method (COM), this technique is based on the use of two boundary operators that
are complementary in their action. By solving the problem with each of the two
operators independently, and then averaging the two solutions, the first order re-
flections that arise from the radiated (scattered) field as it impinges on the outer
boundary can be effectively annihilated.

In this work, the COM technique is applied in conjunction with the Finite
Difference Time Domain method to solve general scattering problems. While
significantly reducing the magnitude of artificial reflections arising from purely
traveling waves, the major distinguishing feature of this new technique, however,
is its effectiveness in dealing with evanescent modes which traditionally have
been a major challenge for Absorbing Boundary Conditions (ABCs) in general.
To demonstrate this feature, a numerical experiment is conducted in which the ra-
diated field consists of a single evanescent mode. Results will be presented
showing in detail how the first artificial reflection of the mode can be eliminated
without any advanced knowledge or estimate of the decay rate of the wave.. Nu-
merical results will also be presented for a host of two-dimensional and three-
dimensional representative geometries to demonstrate that the COM technique
provides highly accurate solutions even when the outer mesh-terminating bound-
ary is brought very close to the radiation or scattering structure, thus resulting in
significant savings in both computer memory and time.

In addition to the enhanced accuracy over previously derived ABCs, the
COM technique offers an additional computational advantage. Since the applica-
tion of COM requires two independent calculations, the solution procedure can
be made to run on two separate processors making this technique well-suited for
multiple-processor machines.
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SOLUTION ACCURACY LIMITATIONS DUE TO MESH FEATURES AND
BOUNDARY CONDITIONS USING EDGE-BASED FINITE ELEMENTS.

Jay W. Parker* and Cinzia Zuffada,
Jet Propulsion Laboratory, California Institute of Technology
Pasadena, California, USA 91109

Full-wave finite element solutions to electromagnetic scattering problems have
accuracy limitations due to properties of the mesh and boundary conditions. While this is
well known, users frequently encounter poor solutions without the ability to track down the
source of error. This is due to the diversity of error sources, and the limited options available
for mesh generation, diagnostics, and display. In particular, edge-element mesh accuracy
issues are largely neglected in popular commercial mesh generator products.

Recognized pathologies include condition number limits when elements are too
large, too small, or too distorted; problems with wave dispersion in large meshes; special
field solution regions near singularity-producing geometry; and hypersensitive
geometry/excitation, where the true solution is near a resonance. These are briefly reviewed
with examples. Diagnostic and display techniques are used to identify accuracy-limiting
features of meshes formed with various strategies in test cases of interest, including scattering
from a conducting cube and a half-metal, half-permeable sphere. Because accuracy is also
limited by wave-absorbing boundary condition approximation, we compare solution for an
approximate condition with an integral equation coupled condition at the truncation surface.
The object of this continuing work is identification of robust mesh requirements for initial
generation and adaptation with appropriate diagnostics. Initial results and recommendations
are presented.
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FUNCTIONAL BOUNDARY CONDITIONS for
VARIATIONAL PRINCIPLES in
ELECTROSTATICS

W. A. Davis
The Bradley Department of Electrical Engineering
Virginia Polytechnic Institute and State University
Blacksburg, VA 24061-0111

In electrostatics and other variational forms, it is common
to minimize the magnitude square of V¢ or other energy related
forms over the volume. However, such a minimum neither takes
into account the boundary conditions or the forcing function f.
The forcing function problem is typically accounted for by adding
twice the weighted forcing function to the functional [Boundary
Value Problems of Mathematical Physics, Vol. 1, I. Stakgold,
Macmillan, 1967] (this can also be developed in a Lagrangian
sense). The problem of accounting for the boundary conditions
still remains. In the finite-element method, it is common to use
either fixed Dirichlet boundary conditions or to leave the
boundary free, obtaining what are commonly called natural-
boundary conditions. The solution implications of these natural-
boundary conditions are not always clear, though they are
typically found to be reasonable in a numerical sense. For a
more fundamental understanding of these boundary effects and the
proper relationship to the true problem, it is desirable to
determine the impact of natural-boundary conditions (and what
they are) on an analytical form of solution.

The application of the concepts of variational principles
are extended in this paper to include the variation of
appropriate boundary terms. This extension is accomplished in a
Lagrangian form similar to the incorporation of the forcing term.
This allows us to directly incorporate the boundary effects into
the variational problem. The procedures for the Dirichlet and
Neumann boundaries are considered for Laplace’s and Poisson’s
equations with the classic results obtained for Dirichlet
(forcing the functional values at the boundaries) and the natural
boundary conditions resulting for the Neumann boundaries. More
importantly, the paper provides a basis for extending variational
methods to include boundary effects directly, thus providing a
mechanism for other problems of interest where the use of fixed
or natural boundaries may not be clear.
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Optimization of the Berenger PML for FD-TD Simulations

Christopher E. Reuter*1, Rose M. Joseph2, Daniel S. Katz3, Eric T. Thiele?,
Allen Taflove?

1Rome Laboratory/ERST, 525 Brooks Road, Griffiss AFB, NY 13441-4505
2Northwestern University, EECS Department, Evanston, IL 60208
3Cray Research, Inc., 222 N. Sepulveda Blvd, Ste. 1406, El Segundo, CA 90245
4University of Colorado, ECE Department, Boulder, CO 80309

Berenger (J.P. Berenger, J. Comp. Phys., 114, pp. 185-200, 1994) recently.
introduced a novel absorbing boundary condition (ABC) for the FD-TD

electromagnetic simulation technique. This ABC called the perfectly matched .

layer (PML) has shown dramatic improvement over the traditional analytical ABCs
similar to that presented by Mur (G. Mur, IEEE EMC, pp. 377-382, 1981). In
fact, we have shown a reduction in the local error caused by the PML of more than
40 dB as compared to standard second-order Mur ABCs (D.S. Katz, et al., JEEE
MGWL, pp. 268-270, 1994).

It is desirable obtain the minimum reflection possible from the PML. Three
parameters control the magnitude of the numerical reflections at grid-PML
interfaces; 1) the PML thickness, 2) the theoretical reflection at normal incidence,
R(0), as defined by Berenger, and 3) the spatial profile of the conductivity within
the PML. Berenger reported limited results for conductivity profiles having
constant, linear, and parabolic distributions. Furthermore, since computer
resources are limited, the above three parameters must be optimized to meet the
required model fidelity and to enable solution of the problem within limits of the
available computer system. A thicker PML generally reduces reflections but
requires larger memory and longer cpu run time. Modification of the remaining
two parameters has insignificant effect on the required memory and run time.
However, the relationship between these two parameters and the magnitude of the
reflection is not obvious and warrants investigation.

We have performed numerical experiments to determine the optimal values for
these parameters while limiting computational requirements. This paper will
discuss the results of these experiments for both 2-D and 3-D FD-TD simulations. -
All computations were performed on either a Cray Research Y-MP or C-90.
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Wideband Absorbing Boundary Condition for FD-TD Simulations
of Waveguiding Structures in 3-D

Christopher E. Reuter*!, Rose M. Joseph?, Daniel S. Katz?,
Eric T. Thiele?, and Allen Taflove®
1Rome Laboratory/ERST, 525 Brooks Road, Griffiss AFB, NY 13441-4505
2Northwestern University, EECS Department, Evanston, IL 60208
3Cray Research, Inc., 222 N. Sepulveda Blvd, #1406, El Segundo, CA 90245
4University of Colorado, ECE Department, Boulder, CO 80309

The finite-difference time-domain (FD-TD) method is increasingly being used
to model propagation of waves in microwave and optical circuits. Accurate
termination of guided wave structures which extend beyond the FD-TD grid
boundaries has been one outstanding problem for these models. Since propa-
gation can be both dispersive and multi-modal, the grid termination chosen,
typically an absorbing boundary condition, must be able to absorb field energy
having arbitrary direction of propagation and group velocity. The termination
algorithm must also be computationally efficient.

Previous approaches to this problem have included one-way wave equations,
error-canceling super-absorbers, outgoing wave annihilators, and the Liao the-
ory. Such terminations require a priori knowledge of the group velocity, and
also may place restrictions on the bandwidth of the incident wave.

Here we examine the fermination of waveguiding structures in three dimen-
sions using the Perfectly Matched Layer (PML) boundary treatment (J.P.
Berenger, J. Comp. Phys., 114, pp. 185-200, 1994). Previously, we have
demonstrated the usefulness of this approach for waveguides in two dimen-
sions. (C. E. Reuter, et al., Microwave and Guided Wave Letters, 4, pp.
344-346, 1994). Using PML absorbing material as a waveguide termination
is straightforward, and does not require the propagating field energy to be
characterized in advance. The approach is general, local in time and space,
and extremely accurate over a wide range of group velocities. Results are
presented for metal waveguides, microstrips, and dielectric optical guides in
full three dimensions. Effects of varying the material properties of the guiding
structures and the PML termination materials are also studied.
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FDTD with Linear Dispersion: Simulations of the Interaction of
Optical Pulses with Realistic Metallic Gratings

Justin B. Judkins and Richard W. Ziolkowski *

Electromagnetics Laboratory
Department of Electrical and Computer Engineering
The University of Arizona
Tucson, AZ 85721

In order to follow the anticipated migration path for rewritable optical disks,
prcformat featurcs on thc disks (pits and grooves) will- continue (o decrcase in size
with respect Lo the wavclength of the read bcam. To design and cvaluate tracking
formats for these future generation disks, accurate simulation of the head-media
interface is necessary. It has been shown that scalar modcls and models that treat
only perfcctly conducting  material arc not adcquatec to describe the experimentally
observed polarization dependence of push-pull  tracking error signals for general
design studies of optical storage disks. Other more detailed approaches have been
attempted, but only for perfectly conducting and diclectric materials.  However, an
exact trcatment of the problem that incorporates realistic grating geometries and
real (absorbing) materials has not been presented.

In this paper, we present a finite-difference time-domain (FDTD) solution to the
vector Maxwell's _equations which includes linear, dispersive materials for the
interaction of a two dimensional focused beam with a realistic model of a rewritable
optical disk. This solution allows for arbitrary groove profiles and multi-layer
coatings of complex rcfractive index media.

To cast this problem into an FDTD simulation, a small rcgion of the disk where the
beam interacts wilh the surface is discretized. Within this region, the media are
characterized by complex refractive indices. For the casc where the imaginary
component of the refractive index is larger than the rcal component, which is the
casc for oplical signals and realistic metals such as gold or silver, a dispersive
polarization modcl must be utilized. We have incorporated a time domain Lorentz
model into our FDTD solver to give the correct complex refractive index for the metal
at a desired optical frequency. For the sake of efficiency, the numecrical mesh is
truncated within onc wavelength of the surface of the disk. Both TE (perpendicular)
polarization and thc TM (parallel) polarizations arc considered. The scaltered ficld is
sampled along an apcriure parallel to the surface and a suitable free space transform
is used to produce the final, far field distribution of the scattered intensity at the
objective lens. The desired signals gencratcd by the split detectors in a conventional
push-pull tracking schcme are then generatced from this data. A scan of one period
of the disk profile is generated by incrementing the placement of the focused beam
across the surface and recording the signals at each step. Simulated simulaled track
crossing signal (TCS), track error signal (TES), and differential track error signal
(dTES) are calculated and compared with experimental results.

ur presentation will provide a bricf review of this approach 10 modcling the
propagation of pulses in linear dispersive media. It will be demonstrated that our 2D-
FDTD/Lorentz-Dispersion simulator accurately describes the push-pull tracking
crror signals for TE and TM polarizations for a rcalistic groove gcomectrics and thin-
film stacks cncountered with regritable optical disks.
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DISPERSIVE MEDIA
IN
FDTD CALCULATIONS

Raymond Luebbers* and David Kelley
Department of Electrical Engineering
The Pennsylvania State University
University Park, PA 16802

The Finite Difference Time Domain (FDTD) method has seen increasing application
in the calculation of transient electromagnetic wave propagation. An extensive
literature has emerged, which provides the FDTD practitioner with a wide variety of
capabilities. These include improved absorbing boundaries, various methods for far
zone transformation, inclusion of anisotropic materials, body-fitted non-Cartesian
meshes, higher order accuracy, inclusion of non-linear materials, time domain
predictors (to reduce the number of time steps needed), and many other tools. These
allow application of FDTD to an extremely wide range electromagnetic calculations.
One fast growing area of application is to materials with frequency-dependent
constitutive parameters.

Within the past several years a number of approaches for including these dispersive
materials in FDTD calculations of transient propagation in dispersive media have been
developed. These include methods based on recursive convolution, auxiliary
difference equations, auxiliary polarization equations, and Z transformation. In this
presentation several of these will be discussed and compared. The comparisons will
include ease of use, application to multiple poles, and accuracy.

Emphasis will be given to a new recursive convolution approach which provides
second order accuracy by approximating the change of the electric and/or magnetic
field with time as piecewise-linear, rather than piecewise-constant as in the original
recursive convolution formulation. This increase in accuracy requires only a very
modest increase in computation time and memory. Extens1on of this method to
scattered field formulation will also be discussed.

Example applications to various media and geometries will be presented. These

applications will include propagation through dispersive media, reflection from
dispersive media, and interactions with dispersive media in three dimensions.
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Radar-Type Transient EM Signals Scattered by Spherical Anomalies in
Dispersive Media and Performance Tests for the Extended Born
Approximation

Evert C. Slob*
Section of Applied Geophysics, Faculty of Mining and Petroleum Engineering
Centre for Technical Geoscience, Delft University of Technology
P.O. Box 5028, 2600 GA Delft, The Netherlands

Tarek M. Habashy and Carlos Torres-Verdin
Schlumberger-Doll Research, Old Quarry Road, Ridgefield, CT 06877-4108, USA

Extensive research effort has been directed toward the numerical modeling of electro-
magnetic wavefields in both the frequency and time domains. For three-dimensional
scattering configurations little is available on exact transients. The analytical
frequency-domain solution exists for the fields scattered by a homogeneous spherical
anomaly generated by point dipoles embedded in a dissipative whole space but results
have not been widely published. We have implemented the exact frequency-domain
solution for this configuration for different frequencies and contrasts in the electric
conductivity and permittivity as well as in the magnetic permeability. Transients are
obtained by performing the inverse Fourier transform with a simple FFT. We study
the effects on the scattered fields due to the different contrasts and frequency content
of the source pulse. Such a solution provides a useful benchmark in the application
of both the ground penetrating radar and the borehole radar. It also provides the
framework for inversion of the radar response for mapping formation heterogeneities.

We also have investigated the performance of the recently developed extended Born
approximation for integral equations, known as the Localized Non-linear (LN) approx-
imation. Taking advantage of the localized behavior of the dyadic Green’s function,
the LN-approximation is obtained upon replacing the internal field at the scattering
position by its value at the point of observation. In so doing, we obtain a closed-
form expression for the internal field that allows a rapid computation of the external
fields. The gradient-divergence term occurring in the integral equation is dominant
in the LN-approximation and it accounts for the jump in the normal field compo-
nent across interfaces of discontinuities. However, in axially symmetric problems the
normal field component is zero in which case symmetry should be applied before the
LN-approximation is made since the approximation does not preserve the symmetry.
We show that these modifications to the extended Born approximation are reasonably
accurate over a sufficiently wide range of frequencies. The approximation can in those
situations be used to obtain transients over a wide window in time. Moreover, the
extended Born approximation provides a straightforward methodology to account for
multiple scattering among a collection of spheres, otherwise computationally labori-
ous with integral equation techniques.
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EXACT, CLOSED-FORM FIELD EXPRESSIONS
FOR TRANSIENT PLANE WAVES
INCIDENT ON CONDUCTIVE MEDIA (TM CASE)

Hsueh-yuan Pao

Hughes Missile Systems Company
P. O. Box 11337

Tucson, AZ 85734

Steven L. Dvorak and Donald G. Dudley
Department of Electrical and Computer Engineering
University of Arizona

Tucson, AZ 85721

There has recently been renewed interest in the interaction of transient
electromagnetic pulses with lossy media because of applications in stealth
technologies, remote sensing, measurement of the electrical properties of di-
electric substrates, geophysical probing, and subsurface communications. The
problem of transient plane wave incidence on a lossy half-space is a classic
electromagnetics problem that has been investigated by a number of authors,
e. g. D. G. Dudley et al., J. Appl. Phys., 45, pp. 1171-1175, 1974, and T. M.
Papazoglou, J. Appl. Phys., 46, pp. 3333-3341, 1975. But exact, closed-form
expressions for this problem are absent from the literature. :

In this presentation, we discuss a novel closed-form solution for the canoni-
cal problem involving the transmission and reflection of a transient transverse
magnetic (TM) plane wave obliquely incident on a lossy half space. In our
model, we assume that a causal transient TM plane wave is incident at an ar-
bitrary angle on a planar air/conductive interface. Starting with the equations
for the reflected and transmitted waves in the Laplace domain, the correspond-
ing time-domain expressions are represented as inverse Laplace transforms.
We then demonstrate a method which allows for the analytical evaluation of
the inverse Laplace transforms. We show that the inverse Laplace transforms
satisfy second-order, non-homogeneous ordinary differential equations. The
differential equatjons are solved analytically, yielding a closed-form canonical
solutions involving incomplete Lipschitz-Hankel integral (ILHIs). The ILHIs
are computed numerically using efficient convergent and asymptotic expansion
in the same manner as one computes Bessel functions. The exact, closed-form
expressions are verified by comparing with results obtained by standard nu-
merical integration.
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ASYMPTOTIC DESCRIPTION OF TRANSIENT
ELECTROMAGNETIC WAVE PROPAGATION
IN LOSSY DISPERSIVE MEDIA

Kurt E. Oughstun
College of Engineering & Mathematics
University of Vermont
Burlington, Vermont 05405-0156

ABSTRACT

The asymptotic description of ultrashort-ultrawideband
electromagnetic plane wave pulse propagation in a lossy dispersive
medium is presented for the important cases of a single resonance
Lorentz model dielectric (describing resonance polarization
phenomena from the far infrared through optical region of the
spectrum) and the Rocard-Powles extension of a Debye model
dielectric (describing orientational polarization phenomena from the
static through microwave region of the electromagnetic spectrum).
This well-defined mathematical approach correctly describes the
interplay between absorption and dispersion in the mature dispersion
regime where the field becomes locally quasimonochromatic with fixed
frequency, wavelength, and attenuation in small regions of space
that move with their own characteristic constant velocity. The
resultant pulse distortion in the mature dispersion regime is shown
to be primarily due to the precursor fields that are a
characteristic of the dispersive medium. Observation of the
temporal field evolution at a fixed propagation distance in the
dispersive medium shows the transient character of the precursor
fields associated with the propagated field due to an input unit
step function modulated signal. However, these precursor fields
penetrate the deepest into the lossy medium as they suffer the least
attenuation in the dispersive medium, and so, in this sense, are the
longest lived field in the medium. This then has a profound
influence on the dynamical field evolution in a lossy dispersive
medium. For a rectangular pulse envelope modulated signal, the
propagated envelope degradation is due to interference between the
leading and trailing edge precursors with the main signal
contribution at the input carrier frequency. In addition, these
precursor fields contain a significant proportion of the propagated
electromagnetic field energy and so are critical to the problem of
radiation dosimetry.
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Slot Antenna on Perfectly Conducting Spheroid Coated with
Homogeneous Materials

A. A. Scbak* and M. Zhang
Department of Electrical and Computer Engineering,University of Manitoba

Winnipeg, Manitoba, Canada R3T 5V6

Slot antennas on conducting dielectric— coated objects have been under investigation over a
long period of time. The main interests of this problem include the ability to provide a useful model
for antennas mounted on an aircraft or a space shuttle, the need to understand the effect of the geo-
metrical parameters on the behavior of an antenna, and verification of new developed numerical
techniques.

In this paper we present an analytical solution to the radiation problem of asymmetrically ex-
cited narrow slot on a conducting spheroid coated with a homogeneous layer. ~ The radiated and
transmitted fields are first expanded in terms of spheroidal vector wave functions with unknown ex-
pansion coelficients. These unknown cocfficients arc determined by enforcing boundary conditions
at the interface between the coaling and free space regions and at the slotted spheroid.

The first application of the solution is to analyze the radiation characteristics of arotational sym-
metric slot antenna. Further application is carried out for a rotational asymmetric slot antenna. Nu-
merical results are obtained for the radiation patterns and conductance. The effect of some physical
parameters on.the radiation power has been also investigated. The accuracy of the solution has been
attested by checking the boundary conditions and considering some special cases . When the spher-
oid approaches the spherical shape excited by either an asymmetric or a symmetric slot, the calcula-
tions agree well with the known results for a sphere(L . Shafai, Canadian J. Phys., vol. 50, no.
23,1972.). Ourcalculated results also show that, for certain coating thickness, some modes become
resonant. This greatly enhances the radiated power and affects the radiation field.

— 2h
Fig.1 Geometry of the slotted ¥ 7
coated prolate spheroid
excited by a rotationally
asymmetric slot.
(€0 o)
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SIMPLE SCATTERING ANALYSIS OF
FINITE PERIODIC STRUCTURE BOUNDARIES

Jacob J. Kim and Oren B. Kesler*
Texas Instruments Incorporated
2501 W. University, M/S 8019
McKinney, Texas 75070

The problem of three dimensional(3-D) EM scattering by an arbitrary shaped
finite conformal array or frequency selective surface has been investigated, with the
primary objective of investigating the effect of edge shape of the finite periodic
surface on its scattering characteristics. In the past, periodic structures such as
phased arrays or frequency selective surfaces have been designed assuming that
they were planar and infinite in extent due to the simplicity of the analysis, ie., a
single cell of the periodic structure needs to be considered via the use of Floguet’s
theorem. However, this assumption is not valid in practical applications, especially
for finite conformal arrays in a curved surface. In recent years, the finite periodic
array scattering problems have been addressed in the literature and the edge effects
of truncated periodic arrays were analyzed by modeling each element individually.
Although they are numerically rigorous solutions, their applications are limited to
electrically small arrays or singly truncated periodic arrays due to limited
computational resources.

This paper describes a practical EM analysis technique to predict 3-D
scattering from a finite periodic structure on a planar/curved surface. First, an
array aperture area is simulated with a surface impedance for every incident
direction using the Periodic Moment Method(PMM) or other numerical solutions.
Next the two dimensional(2-D) scattered field is computed from the impedance
discontinuity between the array aperture area and the surrounding surface using
2-D Uniform Geometrical Theory of Diffraction(UTD) solutions. Alternately, the
2-D scattered field can be obtained by simple measurements of a planar test array
model whose truncation is perpendicular to the incident plane wave direction.
Then an efficient 2-D to 3-D conversion process, which is referred to as Uniform
Field Integration Method(UFIM), is used to predict the 3-D scattering from an
arbitrary shaped contour on a curved surface utilizing the 2-D scattered field. The
UFIM is a similar approach as Equivalent Current Method(ECM), but is more
versatile in that it can be used to evaluate 3-D EM scattering from many complex
discontinuities whose solutions are not normally available in other analytical or
numerical approaches. :

A few test models with a finite surface impedance or conformal arrays on a

planar surface were constructed and their scattering predictions were compared
with actual 3-D measurements. All comparisons showed very good agreement.
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Off-Bragg Blazing with Rectangular Gratings: New Results

Wei Chen, D.G. Michelson and E.V. Jull*
University of British Columbia
Department of Electrical Engineering
Vancouver, B.C., Canada V6T 174

Perfect blazing to the m=-1 spectral order was once assumed to be possible
only for Bragg angle incidence; i.e. for an angle ¥; = sin~!(A\/2d) from the
normal to the grating surface, where d/X is the grating period in wavelengths.
The diffracted beam is then back in the direction of incidence, an inconvenience
in most applications such as reflection grating multiplexers or demultiplexers and
frequency scanned antennas. Off-Bragg blazing is preferable and now can be
done with high efficiency. It has now been thoroughly and rigorously investigated
numerically for TM polarization (magnetic field parallel to the grooves).

As a consequence of reciprocity off-Bragg blaze angles occur in pairs 61, 0,
related by

sinf; + sinfy = \/d,

a generalization of the Bragg condition (8; = §3). In most applications maximum
deviation (|6 — 61|) is desirable and this is

cos™! (% - 1>; 0.5 < ; < 1.0

3 1 ——— —_— 1 1 — — M —
sin ( d 1) sin (1 d), 1.0< b\ <1.5

For TM polarization off-Bragg blazing has been found for every groove width
to period ratio 0 < § < 1.0 investigated, but the largest deviations and hence the
most potentially useful designs were found for 0.5 < § < 0.6. For these groove
depths 0.1 < b < 0.24 gave off-Bragg blazing with maximum deviations for
periods 0.9 < § < 1.0. Off-Bragg blazing occurs for wider and deeper grooves as
well as narrower and shallower grooves but there is little suppression of specular
reflection between the blaze angles, which limits the useful range of angles of
incidence or the frequency bandwidth in applications of this technique.

Off-Bragg blazing of rectangular groove gratings was found here only for
TM polarization. It has also been reported for sinusoidal and triangular gratings
(M. Breidne and D. Maystre, Optica Acta 28, 1321-1327) but again only for TM
polarization.
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Quasi-addition expression for thin spheroids

T. Do-Nhat and R. H. MacPhie

Department of Electrical and Computer Engineering
University of Waterloo, Waterloo, Ontario, Canada N2L 3G1.

The addition expressions applied to incoming and outgoing waves
for prolate spheroids developed by Sinha and MacPhie (Quart. Appl.
Math. 38, 143-158, 1980) fail to converge rapidly near the surface of the
convergent sphere of radius d, where d is center distance between two
spheroids. Because of the slowly convergent problem, these addition
theorems may not be used for the study of closely packed spheroids. In
this paper, by using the coordinates transformation, the outgoing
spheroidal wave of the first spheroidal coordinates system is transformed
into a Fourier series of the second spheroidal one via the following rela-
tion (J. Dalmas & R. Deleuil, Opt. Acta 29, 1117-1131, 1982):

Y = Sp(hmBEQ(AY e = 3 pamn (h)PR(cosd)hB(hr)em?. (1)
s=m | n 1
For two prolate spheroids whose centers are on the same z axis, by using
the geometrical transformation, the functions inside the summation can
be expanded as Fourier series of the second spheroidal coordinates sys-
tem as follows:

Pcosf) = i § Yy P, (77 )ed