






















































































































































































































































































































































































































































































































































Experience with ADI-FDTD Techniques on the Cray MTA Supercomputer 

M. ElHelbawy*, S. Staker, M. Piket-May, S. Bokhari, H. Jordan, and J. Sauer 
Department of the Electrical and Computer Engineering 

University of Colorado at Boulder 

In the FDTD (Finite Difference Time Domain) algorithm for Maxwell's curl equations 
established by Yee, the Courant-Friedrich-Levy (CFL) stability condition must be 
satisfied, thus limiting the time step for high spatial resolution. Recently, an application 
of the alternating direction implicit (ADI) method to FDTD has been investigated. The 
advantage of the ADI-FDTD technique over the conventional FDTD algorithm is that it 
is unconditionally stable, which means there exists no CFL bound on the time step. The 
ADI-FDTD technique'S ability to allow larger time steps is especially important for the 
3-D problems with fme spatial resolution that require supercomputer level computational 
performance. 

In this paper, we discuss our experience porting an ADI-FDTD FORTRAN code to the 
Cray MT A supercomputer. The MT A is well suited for this new technique because an 
ADI algorithm solves coupled equations over each of the cardinal directions one at a 
time, updating the fields after each sweep. This can be very inefficient on cache-based or 
distributed memory systems. The Cray MT A - a revolutionary commercial computer 
based on a multithreaded architecture - has no data caches; instead, all memory 
references processed through a 3-D toroidal network connecting processors and memory 
modules. The Cray MTA is supported by a state-of-the-art compiler, which generates 
efficient multithreaded programs from serial code. Only minor modifications of the serial 
code were required to achieve high performance. 

Results of our work have shown that the parallelized version of the modified code runs 
nearly three times faster on one processor of the Cray MTA when compared to the 
original serial code on a 500 MHz Alpha machine. The performance on the Cray MTA 
scaled almost linearly from one to eight processors, achieving a measured 2.06 Gflops 
when all eight processors were used. Additionally, the ADI-FDTD code has been tuned 
to run well on the Cray T90 supercomputer. A comparison between the performance of 
the ADI technique on the MTA and the Cray T90 will be presented. 

The FDTD method is often one of the few approaches available for solving Maxwell's 
equations in complex 3-D geometries. These complex problems are extremely demanding 
computationally and often require the power of a supercomputer to solve fast enough for 
a reasonable design/simulate iteration cycle. The ADI-FDTD algorithm is quite 
promising for this type of problem but has features that limit the type of parallel 
computer architecture that can be effectively used to execute it. This investigation is an 
initial step in exploiting the potential of ADI-FDTD. 

0-7803-7070-8/01/$10.00 ©2001 IEEE 256 



Advances Towards Next Generation FDTD Modeling Capabilities 

:i. Chavannes*. H.-l'. Gerber. A. Christ. J. Frohlich. H. Songoro and :--;. Kuster 
Swiss Federal Institute of Technology (ETH) 

8092 Zurich. Switzerland 
Phone:+41-1-632 2755. Fax:+41-1-632 1057, e.mail: chavanne@itis.ethz.ch 

Introd uction 
In recent years, numerical modeling and simulation in electromagnetics (EM) has gained 

increasing interest as an efficient design tool and complement to experimental methods. Moti­
vated by the rapid growth of computational power, the Finite-Difference Time-Domain (FDTD) 
method in particular has proven to be well suited for the simulation of antennas embedded 
within highly complex environments. However, major drawbacks with respect to graphic user 
interface (GUI) and FDTD modeling capabilities complicate an efficient progress within todays 
simulation platforms. Moreover, the common FDTD scheme implies fundamental restrictions 
due to the rectilinear mesh arrangement and limited grid resolution. Within this study, novel 
and robust local mesh refinement algorithms were developed and combined with a powerful 
TCAD and automeshing environment. 

Objectives 
The objective of this study was the provision of a greatly advanced, reliable and user friendly 

EM modeling and simulation platform targeted for the analysis of EM transmitters operating 
within highly complex non-homogeneous environments. 

Methods 
A novel subgrid algorithm proposes a highly efficient way of improving local grid resolu­

tion. It makes use of 3-D cubic smoothing splines for the information tansfer from the coarse 
to the fine grid and vice versa. A specific method of interpolation is applied for PEC material 
passing through this interface region. In addition, temporal interpolation has been significantly 
improved by taking EM field information from current, past and future time steps into ac­
count. An improved treatment of FDTD grid non-conform ally oriented PEC structures has 
been achieved by implementing a novel 3-D contour path (CP) algorithm and its combination 
with the subgridding. Integrated within an ACIS based solid modeling environment featured by 
an automated generation of graded mesh, the methods have been applied to simulate various 
configurations of transmitter structures interacting with homogeneous and non-homogeneous 
human head models. The simulations were validated by experimental data using the near-field 
scanning system DASY3. 

Results and Discussion 
The method of field interpolation and temporal updating used in the subgridding scheme 

causes very low reflections of about 120 dB (at Am in/10) in the mesh interface region, even for 
materials traversing the boundary. Furthermore, it shows high stability for a large number of 
time-steps (>50'000, main grid) by only slightly reducing the timestep to 0.95 CFL. A combina­
tion of graded mesh and a 1:4 subgrid transition allows a tremendous reduction of computational 
resources. For the simulation of a human head exposed to a mobile phone, the memory and 
runtime requirements were reduced from 1.2 GB to 100 MB and from 1 week to 6 hours, respec­
tively, while preserving the same level of accuracy. Particularly for the numerical assessment of 
absorption data, the necessity of refinement methods is obvious, since averaged and peak SAR 
values show strong variation with respect to grid resolution and modeling detail. 

By embedding FDTD local mesh refinement techniques into advanced TCAD and auto­
meshing environments, the performance of ENI simulations of real-world structures can be sub­
stantially improved. Especially the simulation of complex non-homogeneous structures, as can 
be found in mobile communications applications, reveal the essential need for such next gene­
ration modeling capabilities. 
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The Finite Difference Multi-Resolution Time Domain 
(MRTD) in view of the Multi-Resolution 

Homogenization Theory (MRH) 

Vitaliy Lomakin, Ben Zion Steinberg and Ehud Heyman 
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The multi-resolution time domain (MRTD) is an efficient numerical solver 
for electromagnetic modeling of complex configurations involving both mi­
cro and macro scales, such as microwave circuits and antennas, dielectric 
resonators and cavities, and rough interfaces. The multi-resolution homog­
enization (MRH) theory has been introduced recently as an effective tool 
for studying the macro-scale structure of the field solutions (field observ­
abies) in complex media, and for exploring the relations between the field 
observables and the medium details. 

In the present work a unified view point of the MRTD and MRH is sug­
gested. This study is performed on the canonical EM problems of excitation 
and propagation in complex laminates characterized by multiscale hetero­
geneities. The proposed merge of MRTD and homogenization theory can 
find applications in diverse areas such as composite material analysis, fault 
interrogation, geophysical exploration and circuits design. 

Specifically, in this paper we apply multi-resolution homogenization of di.f~ 
jerential operators to analyze propagation in complex multi-scale laminates, 
in order to study the smoothing properties of the MRTD formulation. For 
complex laminates considered the original Maxwell's equations are reduced 
to transmission line type equations with are then set in a hierarchy of mul­
tiresolution spaces. The MRH provides a systematic framework for deriving 
the effective medium (the homogenized medium, including the micro-scale 
effects), clarifies its properties, and provides analytic error bounds for the 
field in the observable space (the space of the smooth components of the 
field). 

These bounds are functions of the medium properties and of the excitation 
temporal spectrum, as well as of the homogenization scale (the resolution 
scale used for the medium) and the observable scale (the spatial resolution 
scale used for the field). We establish an asymptotic equivalence of the two 
approach in a certain resolution space, and evaluate the observable-space 
bounds on the computational errors in the MRTD. These bounds and the 
additional insight gained by the MRH are used to tune the parameters 
associated with the MRTD algorithm, such as lattice sizes and wavelet 
bases. 
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The multi-resolution time-domain (MRTD) method has been applied recently to a 
number of electromagnetic field problems, such as microwave cavities and structures, as 
well as scattering by various targets. It was demonstrated that the method produces 
significant savings in computational resources vis-a-vis the conventional finite-difference 
time-domain (FOTD) scheme, for a given accuracy in the solution. The essence of the 
MRTD algorithm is constituted by an expansion of the fields in a wavelet basis, followed 
by a Galerkin-type discretization of Maxwell's equations. Previous work on this method 
has concentrated on Haar, Battle-Lemarie or orthonormal Daubechies wavelet families. 
More recently, we introduced an expansion in terms of the Cohen-Daubechies-Feauveau 
(CDF) biorthogonal wavelets, trying to balance good numerical dispersion properties and 
algorithmic simplicity. The MRTD technique allows the treatment of large 
electromagnetic problems with reduced computer resources by addressing two basic 
issues present in the context of FOTD: the numerical dispersion is decreased by 
achieving higher-order approximation of the derivatives, and the multi-resolution 
approach allows for denser discretization only in selected regions of the computational 
domain, while keeping low sampling rates in the regions of slow field variation. In 
addition, the MRTD algorithm incorporates a sub-cell model for treating a non-conformal 
boundary between dielectric media, resulting in increased accuracy as compared to a 
staircase model of the same boundary. In this paper we apply the algorithm to several 
two-dimensional scattering problems and compare the results with the traditional FOTD 
scheme. We emphasize the advantages of the CDF-MRTD scheme in terms of 
computational resources involved. 
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Subsurface sensing is of interest for many applications, including detection of buried 
pipes, unexploded ordnance (UXO) and land mines. There has consequently been 
significant interest in the development of modeling tools for the analysis of 
electromagnetic-based subsurface sensing, with application to radar and electromagnetic 
induction. In particular, authors have considered both frequency- and time-domain 
models, the former including the method of moments (MoM), the extended-Born method, 
and fast-multipole methods. With regard to time-domain methods, the finite-difference 
time-domain (FDTD) has been applied widely. The FDTD can be viewed in terms of a 
pulse expansion of the electromagnetic fields, in both space and time. With this 
understanding, one can generalize the FDTD by considering an alternative expansion. For 
example, there has recently been interest in expanding the fields in terms of a wavelet 
basis, this realizing what has been termed a multi-resolution time-domain (MRTD) 
analysis. The multi-resolution property is a consequence of the wavelet expansion, with 
the lowest resolution manifested in terms of the scaling functions, with higher resolution 
(refinement) added by wavelets. Wavelets of successively higher resolution can be added 
to the scaling-function expansion, to realize a field representation of a desired resolution. 
There are an infinite number of possible orthogonal or biorthogonal wavelet classes, but 
one typically imposes requirements (e.g., differentiability and/or vanishing low-order 
moments) that restrict the wavelet form. In the work presented here we consider three­
dimensional modeling of a complete radar system for sensing of buried land mines, with 
inclusion of the transmitting and receiving antennas. The system includes a resistively 
tapered hom antenna, and it is demonstrated how this is well modeled via MRTD. The 
MRTD results are compared with those of FDTD, and to measured data. 
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Investigation of Electromagnetic Field Coupling to Wire 
Structures in Cavities 

S.Tkachenko*, J.Nitsch, F.Gronwald, H.G.Krauthauser, and T.Steinmetz 
University of Magdeburg 

P.O.Box 4120, D-39016 Magdeburg, GERMANY 
Tel. +49-391-6711088, Fax. +49-391-67-11236, 
e-mail: Sergey.Tkachenko@et.uni-rnagdeburg.de 

The problem of electromagnetic field coupling to different scatterers and antenna-like 
objects located inside cavities is of great interest in regard to many EMC applications. 
Examples for such applications are: I) the estimation of the currents and voltages 
induced in the wiring of electronic equipment located in enclosures by an external 
electromagnetic field penetrating through slots and apertures; 2) the evaluation of the 
mutual coupling between such wiring elements to achieve internal electromagnetic 
compatibility of facilities; 3) theoretical investigations of reverberation chambers. 

In this paper some results of analytical, experimental, and numerical 
investigations of simple wire structures in cavities are presented. As a basic theoretical 
model we consider an electrically small wire antenna (a dipole or a monopole) located 
inside a rectangular cavity (S.Tkatchenko et a1., Proceedings ofEMC Zurich'99, p.379). 
Although the antenna under consideration is small it may have it's own resonances. This 
approximation gives the possibility to describe different electrically small scatterers 
(antennas, loops, printed circuit boards, microchips, etc.), which themselves may have a 
complex internal structure and natural resonances, and to understand the basic physical 
features of electromagnetic field interactions with such scatterers. This analytic 
approach is an electromagnetic analogue of the zero-range potential method in quantum 
mechanics (S.A1beverio et a1. Solvable models in quantum mechanics, Springer, 1988) 
and it allows to take into account the wire self-interaction due to reflections of the signal 
from the cavity walls. It is shown that the current in an electrically small antenna within 
a resonator, which is excited by an electromagnetic field, is equal to the current of the 
same antenna in free space, excited by the same field, but with a special kind of a 
primarily reactive resonance load which accounts for the resonator. This load 
parameters depend on both the resonator parameters and the antenna parameters. 
The excitation field in the cavity may be produced by several different mechanisms and, 
therefore, the analysis may be applied in various disciplines for the estimation of 
currents and voltages induced on internal conductors by the field penetrating into 
packages; the calculation of an input impedance of an active wire antenna located in a 
cavity or the calculation of the mutual coupling of antennas located in a cavity. 
Analytical formulae for the input impedance of the active antenna in the cavity and for 
the current transfer ratio of two wire antennas located in a cavity, taking into account 
the reverse influence of the reception antenna on the radiated antenna, have been 
obtained. A comparison of the calculated results with measurements in the Magdeburg 
Mode Stirred Chamber (MSC) and with results of the numerical simulation by the 
CONCEPT code has shown a good agreement between the theory, experiments, and 
numerical calculations. 
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An important factor which impacts the total computational cost of an iterative solver 
is the number of iterations required to achieve a specified residual error level. For 
boundary integral methods, the iteration count is in turn a function of the condi­
tion number of the matrix obtained by discretizing the original boundary integral 
equation (BIE). Thus, one method of reducing the computational complexity of a 
numerical simulation is to use well-conditioned BIEs. Unfortunately, the standard 
BIEs of electromagnetic theory do not provide the desired, well-conditioned problem 
formulations. The standard BIEs are often ill-conditioned with respect to a scatterer's 
;ize and shape and typically have condition numbers which increase as the mesh used 
to numerically discretize the equation is refined. 

An improvement in this situation has recently been obtained through the introduction 
of modified forms of the combined-field and combined-source integral equations (MC­
FIE and MCSIE, respectively). These formulations provide stable, well-conditioned 
formulations of smooth, convex geometries. They do not, however, provide well­
conditioned formulations of more general configurations due to their reliance on a 
Green function which incorporates strong nonphysical field interactions. 

This presentat.ion considers the feasibility of obtaining a boundary integral equation 
formulation exclusively in terms of physically-correspondent field interactions. It is 
shown for a specfic class of non-convex canonical geometries that the nonphysical 
field interactions included by the MCFIE and MCSIE can be re-summed in an effi­
cient manner in order to achieve a boundary integral formulation free of nonphysical 
interactions. The various computationally desirable properties of the resultant for­
mulation will be illustrated relative to t.he original MCFIE and MCSIE formulations, 
and issues that must be addressed in order to ext.end the resulting concepts to more 
general scattering configurat.ions will be outlined. 
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THE NATURE OF THE CURRENT EXCITED BY A SOURCE ON 
MICROSTRIP LINE 

F. Mesa* and D. R. lackson** 

*Microwave Group, Department of Applied Physics 1 
University of Seville, 41012 Seville, Spain 

* * Department of Electrical and Computer Engineering 
University of Houston, Houston, TX 77204-4793 

At low frequencies, the propagation on microstrip lines is described adequately by 
transmission line theory. A practical source placed on the line, such as a I-volt delta­
gap voltage source, will excite a quasi-TEM transmission line mode that propagates 
away from the source. This quasi-TEM mode is a bound mode, meaning that the 
modal fields decay exponentially away from the structure. Conventional transmission 
line theory describes the excitation amplitude of the bound mode accurately at low 
frequencies. For an infinite line, the current amplitude is simply 1/(2Zo), where Zo is 
the characteristic impedance of the bound mode. 

As the frequency increases, the phenomenology of wave excitation from a source 
becomes much more complicated. The bound mode is no longer quasi-TEM. In 
addition, one or more leaky modes may be excited by the source. The leaky modes 
decay exponentially along the line due to radiation loss, with radiation occurring into 
space and/or into the surface waves of the grounded substrate. Although there is 
exponential decay, the leaky modes may be sufficiently strong at high frequencies to 
cause significant spurious effects. 

By studying the complete spectrum of current excited by the source, it is found that 
there are three additional types of current waves that the source produces, which are 
denoted as "residual waves". One type of residual-wave current, called the surface­
wave type, propagates with a wavenumber equal to that of a surface wave on the 
grounded substrate, but decays along the line as Z·3/2 (where z is the distance from the 
source). A second type of residual-wave current, called the leaky-wave type, behaves 
similarly, except that the wavenumber corresponds to the (complex) wavenumber of a 
physical (fast-wave) leaky mode on the grounded substrate. The third type of 
residual-wave current is called the space-wave type. This current wave propagates 
with a wavenumber of free-space, but decays along the line away as z·2. 

In this presentation the nature of the current excited by a practical delta-gap source on 
microstrip line will be examined, and the above conclusions will be verified, both 
analytically and numerically. Examples will also be presented to show how both the 
leaky modes and the residual waves can be responsible for spurious effects on 
microstrip line at high frequencies. 
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David J. Infante' 
The Aerospace Corporation 
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Chantilly, VA 20151 

Dennis P. Nyquist 
Department of Electrical and Computer Engineering 

Michigan State University 
East Lansing, MI 48824 

Stripline waveguide structures are widely used for many applications. Here, a Hertz 
potential Green's function is established for a three-dimensional volume current 
source suspended in the space between two parallel, infinitely-wide, perfectly­
conducting plates, one of which is coated with a non-magnetic dielectric material. 
Previously, the authors have exploited a similar, more specific Green's function to 

develop a full-wave theory for stnpline structures having a homogeneous (air-filled) 
cross-section. An electric field integral equation (EFIE) for currents on the stripline 
was developed by enforcing boundary conditions for tangential fields at the perfectly 
conducting surface of the center conductor. The result of the more general case 
presented here, in which a dielectric layer is present within the waveguide, may be 
used to examine a variety of additional structures, such as covered micros trip, using 
a similar technique. 

Analysis begins by expressing the electric and magnetic fields present within the 
structure in terms of the electric Hertz potential maintained by a volume current 
source. Using these representations, a Helmholtz equation is established. Boundary 
conditions on the Hertz potential at the surface of the perfect conductors, and at the 
free space/dielectric interface are determined by examining the boundary conditions 
on the electric and magnetic fields. The uniformity of the generalized stripline cross­
sectional geometry prompts the use of Fourier transforms to solve the Helmholtz 
equation. Solution is fUlther facilitated by decomposing the resulting transform 
domain expression into scattered and principal components. Final results are 
expressed in terms of Sommerfeld integral Green's function representations. Pole 
and branch point singularities associated with this Green's function will be identified 
and examined. Parallel-plate and surface-wave modes will also be identified. 
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general representation of Longitudinal and Transversal Couplings. 
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***Philips Semiconductors 2 rue de la girafe 14079 CAEN France 

SUMMARY 

To represent by an equivalent circuit the behaviour of coupling phenomena is a practical way to obtain an electrical 
model from a full-wave analysis. For CAD purposes equivalent circuit enables an evaluation of couplings between 
conductors in a circuit simulator where a full-wave analysis tool would require important CPU time or memory 

storage. Although usual quasi-TEM extraction model supplies, for the representation of two coupled microstrip lines, a mutual 
inductance M and an inter-capacitance Cc, it does not distinguish the longitudinal coupling from the transversal one. In 
multilayer structures including buried diffusions layers inducing depleted layers, it would be of great interest to examine 
separately the longitudinal and transversal couplings in order to decide how the substrate, the resistive layers and the metallic 
losses have to be distributed between the serial parameter R (deftning the resistance per unit length) and the parallel one G 
(representing the conductance per unit length). 

In this paper a full-wave analysis of couplings in multilayer Silicon Ie's with buried diffusions taking into account as well 
metallic as substrate losses is presented A general equivalent circuit involving eight parameters (Fig. I-b) is introduced to 
circumvent the quasi-TEM model extraction difficulties. Such representation allows to avoid the usually used simplifying 
hypothesis assuming. in the case of symmetric structures the even and odd mode serial parameters (Reven and Rood) to be equal, 
with a possible extension to structures having floating ground plane. New parameters DL and Dr related to (ZL. Z'L) and (YL• Y'L) 
in Fig.1-b deftne respectively the longitudinal and transversal couplings parameters and are less dependent to the definition of 
the characteristic impedance unlike the mutual and coupling capacitance M and Cc parameters. Fig.2-a gives their evolutions 
against the substrate resistivity while the effect of a localised buried diffusion on the transmission parameter S12 is analysed in 
Fig.2-b in the slow-wave region (p = 0.1 n-cm) and in the lossy dielectric domain (p = 104 n-cm) at 2 GHz. 

(5) 

H{~':~:: 
~ ~ Yr'T (b) 

Yr'T: is for floating groWldplane 
Fig.l Schematic ofmicrostrip coupled lines on multilayer Si substrate with diffUsion layers (a) general equivalent circuit (b) 

hl= 400pm·h]= 1.5pm -h3= 0.8 pm -h, = 1.8 J111I "W = 10 pm- s = 20 J111I - t= 1pm" cr=3.31O' S/m -it "" 10 J111I 
(l):P· Si substrate, (2): Depleted layers. (3): BP·layer, (4): Epi layer, (5): Oxide layer. 

'0' 10' 10' 0 010.20.30.4 05 0.6 0.7 O.B 
plInQ·CnI) (a) (b) CQuplnglmgtl(nmm) 

Fig. 2 Evolution of Dr. and Dragainst the substrate resistivity at thefrequency (5 GHz with and without Depleted layers (aJ. 
Effect of the localised buried dijJUsion on the transmission parameter S12 in the slow·wave and the lossy dielectric regions (b) 
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The Electromagnetic Theory of Wave Propagation in Microstrip 
Structures 

T. A. Leskova and D. L. Mills 
Department of Physics and Astronomy Cni\'ersity of California 
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In this paper, we present the theory of electromagnetic wave propagation 
in micros trip structures, based on the application of the full Maxwell equa­
tions. \'v'e do not introduce a postulated current distribution within the mi­
crostrip, but instead its current is driven by the electromagnetic fields in the 
normal modes of the structure, via the electrical conductivity of the material 
used to form it. A consequence is that our theory incorporates the electro­
magnetic response characteristics of the material from which the microstrip 
is fabricated, a feature essential to calculations in the high frequency domain, 
where the skin depth is comparable to the thickness of the microstrip. By 
invoking an assumption that the microstrip is thin, and its skin depth is 
small in a sense described in the text, we obtain effective boundary condi­
tions applicable to the structure. These combined with Maxwell equations 
lead us to integral equations of the Wiener Hopf form, which admit analytic 
solution. \Ve present a series of numerical calculations of the frequency vari­
ation of the impedance of the microstrip, the dispersion relation of waves in 
the structure, and we compare the current distributions which emerge from 
our treatment with forms introduced in an ad hoc manner by earlier authors. 
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The use of extrapolation methods for the integration of infinite tails which com­
prise an oscillating term and a monotonic term is explored. Integrands of this type 
are frequently encountered when using the Spectral Domain method to analyze the 
electrical properties of transmission lines in layered media. These integrands occur 
when calculating the impedance (or admittance) matrix elements if the basis and 
testing functions overlap and when the calculating the power transmitted. 

Typically, the inverse Fourier integration is done either by assuming sidewalls and 
converting the integration into a summation or by applying extrapolation methods. 
Extrapolation methods convert the integration of the infinite tail into a summation of 
integrals over subintervals. Series acceleration techniques are then used to quickly sum 
the series. Unfortunately common extrapolation methods, e.g. method of averages 
and Shank's transformation, are not directly applicable if the integrand tail comprises 
a monotonically decreasing term and an oscillating term. The standard way to handle 
these cases is to subtract of the large argument approximation of the monotonic terms 
and integrate the remaining oscillating term using the method of averages. 

However, it is a simple matter to remove the oscillatory component of the tail by 
properly choosing the limits of integration of the subintervals. This results in a sum­
mation of a monotonically decreasing series, and there exist extrapolation methods to 
handle this case. Two techniques applicable to the acceleration of monotonic series 
are the Ii-algorithm and the p-algorithm. A comparison of these two algorithms and 
their efficacy is presented. The extension of this method to the summation associated 
with assumed sidewalls is also presented. 
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FIELD DISTRIBUTION IN METAL-INSVLATOR­
SEMICONDUCTOR (MIS) TRANSMISSION LINES 

N. Wongkasem* and T. C. K. Rao 
Department of Electrical and Computer Engineering 

University of Massachusetts Lowell, Lowell, Massachusetts 01854 

One-dimensional analysis of a metal-insulator-semiconductor (MIS) 
transmission line is useful in obtaining the equivalent circuit representation 
of wide microstrip lines fabricated on silicon substrates backed by thick 
metallic films of high conductivity. Such lines are used for modeling high­
speed very large-scale integration (VLSI) interconnects, tunable filters and 
phase shifting networks. Several investigations have been reported on it 
including quasi-TEM analysis (Y. R. Kwon et at, IEEE Trans. MTT, 35, 
p.545, June 1987), mode-matching methods (R. Sorrentino et at, IEEE 
Trans. MTT, 32, p.410, Apr. 1984), spectral-domain method and fmite­
element methods. Most of the previous investigations deal with the 
determination of the transmission-line parameters and calculations of the 
quantities like the characteristic impedance and the 10sses(H.Hasegawa et at, 
IEEE Trans. MTT, 19, p.869, Nov. 1971 and D. F. Williams, IEEE Trans. 
MTT, 47, p.176, Feb. 1999). While these circuit models are useful and have 
helped us to enhance understanding of more complicated MIS lines, the 
electric field distribution inside the insulating layer or the semiconductor 
layer is not known for any of the propagating transverse magnetic modes. 
The primary emphasis of this paper is on the variation of the field 
distribution. The electric field is determined by fmding the usually complex 
transverse propagation constants in the structure, which is done by solving 
the transcendental equation for the axial propagation constant. The regions 
of existence of different modes and the variation of the attenuation 
characteristics with frequency for these modes will be studied. In addition, 
the effect of the variation of the insulator thickness, substrate thickness and 
resistivity on the field distribution will also.be studied. 
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Dielectric Waveguides 
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The characterization of modal coupling and cutoff in dielectric 
waveguides is important for the design and analysis of passive waveguiding 
structures. Often, waveguides are constructed using anisotropic dielectrics, 
either unintentionally, e.g., processing-induced anisotropy in PTFE circuit 
boards, or intentionally, e.g., ferrites and solid-state plasmas. In any event, the 
material anisotropy can have a substantial affect on modal coupling and cutoff 
properties, and must be accounted for in electromagnetic simulations for 
design and analysis purposes. In particular, the presence of anisotropy can 
induce mode coupling in a waveguiding structure which would not admit such 
coupling when constructed using isotropic media. 

In this paper we discuss modal coupling and cutoff properties using 
the concept of critical points which occur in dispersion space. These critical 
points lead to the presence of complex frequency-plane branch points which 
completely explain observable modal behavior related to coupling and cutoff. 
The case of an isotropic waveguiding medium has been previously 
investigated, leading to various classes of frequency-plane branch points. In 
the anisotropic case, similar points occur, and new branch-points are identified 
which depend on the presence of anisotropy. 

In particular, mode coupling in the presence of anisotropy is associated 
with the occurrence of a non-degenerate Morse critical point in the mode­
coupling region. In addition, it is observed that there are two complex 
frequency-plane branch points which always accompany the Morse critical 
point in the region of mode coupling. These branch points, migrating across 
the real frequency axis as the material anisotropy varies, separate qualitatively 
different mode interaction regimes. Moreover, cutoff characteristics of proper 
and improper (leaky) modes are associated with the presence of real and 
complex-valued fold points in dispersion space, corresponding again to 
complex frequency-plane branch points. The occurrence of all complex-plane 
branch points, each of which directly relates to a physical coupling or cutoff 
process, will be discussed for several important cases. 
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STEEPEST DESCENTS EVALUATION OF ASYMMETRIC PLANAR 
DIELECTRIC WAVEGUIDE FIELD 

Jeong Lee and Dennis P. Nyquist 
Department of Electrical Engineering 

Michigan State University 
East Lansing, Michigan 48824 

U.S.A. 
Phone:(5l7)432-4l46, FAX:(517)353-1980, E-mail:jeonglee@egr.msu.edu 

Integrated waveguide structures consist of conducting or dielectric guiding regions immersed in a planar­
layered background environment. Integral representations for the complete electromagnetic field main­
tained by excitatory electric currents are obtained by subsequent inverse transfonnation of the spectral­
domain fields. Evaluation of the integral representations requires that singu- larities of the spectral-domain 
currents/fields be identified. Those singularities consist of simple poles associated with the integrated guid­
ing structure and branch points contributed by the layered background environment. The latter branch 
points arise from both the wavenumber parameters and the discrete surface/leaky-wave poles ofthe layered 
background. Numerical evaluation of the near fields proceeds through the integration along a steepest­
descents path of the axial transform plane and a saddle-point approximation of the axial inverse-transform 
integral representation is employed for the asymptotic radiation field. A simple canonical waveguiding 
structure which shares the presence of multiple non-removable branc points is investigated to obtain in­
sight into the more practical integrated structures. 

The asymmetric planar dielectric-slab waveguide is perhaps the simplest canonical waveguiding structure 
for which multiple non-removable branch points are present in its spectral-domain field. This structure 
consists of a dielectric guiding layer of finite thickness located between semi-infinite substrate and cover 
layers. Line-source excitation ofTE waves on the asymmetric slab is considered. Wavenumber parameters 
for each of the three planar layers lead to branch point singularities of the spectral field; although the 
branch point associated with the guiding layer is removable, those associated with the substrate and cover 
layers are not. Appropriate choice of branch cuts consequently leads to a four-sheeted Riemann surface in 
the axial transform plane. Steepest-descents numerical evaluation for the near (to the line source) total 
fields as well as asymptotic steepest-descents approximations to the distant ones are studied. For the cover 
field, the steepest-descents path in the axial transform plane replaces the cover branch cut while that of the 
substrate is retained. Similarly, in the substrate region, the substrate branch cut is replaced while that of the 
cover is retained. 

The steepest descents evaluation of both the near and the distant field for the asymmetric planar waveguide 
is complicated by the presence of multiple non-removable branch cuts in the spectral-domain fields, which 
leads to the inclusion of an additional new contribution in the field representation. If the observation aspect 
angle exceeds a minimal threshold value then the SDC crosses one of the branch cuts odd times such that 
its initial end lies on the top sheet while its terminal end resides on a lower sheet. To implement connection 
of the SDC into the ends of the real-axis contour on the top sheet, the terntinal end of the SDC must cross 
the cut even times and then be deformed about it to make the connectionon the top sheet. This results in 
the inclusion of a new continuous-spectrum branch cut contribution in the field representation. 

The steepest-descents integration path must be deformed about the remaining branch cut to end on the top 
Riemann sheet. The substrate branch cut contribution to the cover layer field is annulled in the far zone 
due to wavenumber parameter for the cover layer. but the cover branch cut contribution to the substrate 
field remains significant. In the near zone, both the branch cut contributions exist. The lateral wave arising 
from deformation of the integration contour about the cover layer branch cut is negligible near the thres­
hold aspect angle, the field discontinuity due to the branch cut contribution is resolved. The field disconti­
nuity due to deformation of the integration contour about the substrate branch cut is considerable near the 
threshold aspect angle but the field phase compensates for the discontinuity so that the total radiation field 
is still continuous over that region. 
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Ultra Low Loss Ceramic Ribbon Waveguides 
for Millimeter/Submillimeter Wave 
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Ever since the discovery by Kao and Hockman that ultra-low-loss optical 
fiber can be made from pure silica through the elimination of impurities, the 
ability to guid~ signals in the optical spectrum with very low attenuation loss is 
assured. There remains a spectrum from 30 GHz to 3000 GHz (called the 
millimeter/submillimeter (rnrnlsubmm) wave band), where low loss waveguides 
are still unknown. Because of the presence of inherent vibrational absorption 
bands in solids, the elimination of impurities is no longer the solution for finding 
low loss solids in this spectrum. High skin-depth loss in this spectrum also 
eliminates the use of highly conducting material. It appears that since the 
material loss factor and the dielectric constant of a solid are fixed, the only way 
to reduce the attenuation constant of a pure dielectric waveguide is to find the 
proper cross-sectional geometry of that waveguide. Here we shall report the 
new way to design a waveguide structure which is capable of providing an 
attenuation coefficient of less than 0.01 dB/m for the guided dominant mode. 
This structure is a ceramic (Coors' 998 Alumina) ribbon with an aspect ratio of 
10: 1. At operating frequency band around 100 GHz, this attenuation figure is 
more than one hundred times smaller than that for a typical ceramic or other 
dielectric circular rod waveguide, that for the traditional metallic rectangular 
waveguide, and that for the microstripline. Both theoretical and experimentally 
measured results will be shown. A new way to measure ultra-low attenuation 
constant for the guided wave will be described. Practical considerations, such 
as, low interference supports for the ceramic ribbon structure, highly efficient 
launching device, low-loss ceramic ribbon connections, non-radiating cornering 
device, etc., will also be discussed and demonstrated. 
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Fig 1 Cross-section of shielded microstrip on ferrite -dielectric substrate 

In this paper, the characteristic impedance of shielded microstrip line on a magnetized 
ferrite/dielectric substrate is derived using the method of lines. The characteristic impedance 
is an important factor, e.g. for low-reflection phase shifter design. The calculation of 
characteristic impedance is based on the power flow in the three regions of the structure and 
the total current on the strip. With the method of lines, the wave -equation is discretized in 
one direction and the resulting differential - difference-equation is solved analytically for each 
homogenious region to obtain the transverse field components at interfaces 'A' and 'B' as 
shown in Fig.1. First, we obtain expressions for the transverse electric and magnetic field 
components E,.,. , H.",. at each region as a function of transverse field components at the 

interfaces, then we compute the average power at each region by integrating the poyntng 
vector. The total power is given by adding the power at the three regions. The total current on 
the strip is given by the summation of the current components in the direction of propagation. 
FORTRAN-77 programs were developed to compute the dispersion curves of the 
characteristic impedance of shielded microstrip line on a magnetized ferrite/dielectric 
substrate. In order to check the correctness of the analysis and programs, single microstrip 
line on dielectric substrate structure has been computed numerically and the results were 
found to be in good agreement with the available published data. The effect of the geometric 
dimensions and physical properties of the structure are studied and dispersion design curves 
are obtained.. The method of lines has been proved to be very efficient for calculating the 
characteristic properties of planar microwave structures, e.g microstrip, it can give high 
accuracy with little numerical effort, no spurious solutions occurred, it avoids the choice of 
basis functions, also it does not have the problem of relative convergence. 
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AN ANALYTIC APPROACH FOR THE LINVILL METHOD 

W. N. Amaral Pereira and M. Silveira 
INA TEL - National Institute of Telecommunication, Brazil (www.inatel.br) 

MEMS devices need electronic circuits able to processing high speed data signals. 
Sometimes they work up to RF or VHF band and design amplifiers and others active 
circuits means to deal with high frequency technology. The earliest work that presents a 
consistent theoretical approach to design small signal RF amplifiers had been introduced 
by Linvill and Gibbons (Transistor and active circuits, McGraw-Hill, 1961). Working in 
the Stanford Electronic Laboratories they have improved a power flow analysis applied to 
the active two ports performed in Y parameters. The target is to stablish if the active 
element has unconditional stability or if there exist some loads which lead the amplifier 
to oscillate (potential instability). The optimal RF design needs to take into account the 
load which optimize the power gain for a convenient sensitivity (3). In this sense Linvill 
(G.Johnson, Solid State Comms, McGraw-Hill, 1966) derived a graphical procedure in 
the Smith Chart to calculate an optimal YL (load admittance) in the operating and in the 
cutoff frequencies (lower and upper). However, many actual designs the real part of the 
optimal normalized load admittance gL presents normalized values greater than 50. This 
order of magnitude do not permit to obtain a good resolution in the Smith Chart. 
Nowdays, the modem semiconductor active devices leed to gL values over 100. The main 
purpose of this paper is to present a complementary numerical way to calculate the output 
parameters done by Linvill method. Applying some geometrical relations concerned with 
that graphical approach, one can derive the following expressions: 

GL 4g,(l-Ceose) 
gL =g;=g [1+ g,O-Ceose)]' -C' 

where: Y __ ~I,.Y,d C--2 IY12I' I_Yl,1 go = Re[y,,], 
IYll~8 ' '4g11g,,-2 Re[Y'IY12l' Iy,d' 

9=180'-LYl' -LYzI 
Thus, the optimal load YL and the susceptance changing in the desired bandwith 

M3 can be calculated by: YL = GL + j.B" and I!JJ = go fbi - b,l , where: 

l+cos<p 
uo=l----, 

l+g, 

sen<p 
vo=-­

l+g, 

F-H+(G-D)u. h . f . , 
Vj= E '.i=1,2,w ere u i are soiutlOns 0 theequatton: Ru +S.u+T=O; 

R =E' +(G-D)', s= G.E'+2(F-H)(G-D), T=(F-H)'-HE2 ; 

D=-(g.C I 2) eose, E = -(g.CI2)sene, F = 1-(g/2), G = 2·g2 , 
l+g 2 

q>=Arcsen{ (g.C/2)sen9 } 
[1/ g, +1)+[(I_g+(g.C/2)2]112 

H = (l-g2) ; and 
l+g2 

For illustration purpose, using the transistor MRF-904 in 100 MHz and taking 0 = 0.3, 
one can obtain g = 405.13; C = 2.2; 'P = _34.02°; M3 = 83.71 (mS) and YL = 37.93 -
j.12.61 (mS). 
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DIFFUSE INTENSITIES OF ELECTROMAGNETIC 
WAVES IN A LAYER OF RANDOMLY 

INHOMOGENEOUS MEDIUM BOUNDED BY 
RANDOMLY ROUGH SURFACES 

S Mudaliar 
ARCON Corporation 
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Waltham MA 02154 USA 

Although enormous work has been reported on scattering from random media and 
randomly rough surfaces the problem, which involves both random media and rough 
boundaries, poses many questions and difficulties. One approach, a numerical one based 
on direct simulations of the underlying wave equations, can be potentially accurate and 
hence useful in our understanding of the problem; but it is computationally intensive and is 
feasible only in some special situations. An alternate approach is based on radiative 
transfer theory (RTT). Here the medium scattering is described by the volumetric 
transport equations, whereas boundary scattering is described by the surface transport 
equations. These equations are usually formulated phenomenologically and 
independently. Within the radiative transfer regime these equations adequately describe 
multiple scattering within the medium and from the boundaries but do not appear to 
capture the basic multiple scattering interactions. Furthermore if the basic statistical 
elements are correlated then the problem is beyond the scope of RTT. This is the 
motivation for our work. 

The geometry of the problem consists of a random medium layer bounded by 
rough boundaries which are parallel planes on the average. The permittivity of the random 
medium has a deterministic part and a randomly fluctuating part. All basic statistical 
fluctuations are small and smooth; they are stationary Gaussian independent of each other. 
The bottom surface is assumed to be perfectly conducting. 

We use transferred boundary conditions and unperturbed Green's functions to 
represent the problem as an integral equation in which all the fluctuations of the problem 
are represented by a zero mean random operator. Equations for the .first two moments of 
the electric fields are obtained from this integral equation. The paper is devoted to the 
analysis of the equation for the second moment known as the Bethe-Salpeter equation 
(under ladder approximation). We use spectral representation for the diffuse fields and 
assume that the waves travelling in different directions are uncorrelated. We also use 
spectral representation for the correlation functions and the coherent Green's functions 
and derive an equation for the diffuse intensities in phase-space. This is a vector valued 
integral equation describing the various scattering processes of the problem. We then 
derive transport equations and compare them with those in the literature. On examining 
several special cases we found that our system is in agreement with R TT when the 
problem contains a single basic statistical parameter, but in problems where more than one 
parameter is involved our system differs from RTT. This is because of multiple scattering 
interactions which are not properly accounted for by RTT. 

0-7803-7070-8/01/$IO.OO©20011EEE 278 
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Beniguel@club-internet.fr 

The field scattered by a rough surface is calculated by the Non Local Small Slope 
Approximation (NLSSA) technique (A.G. Voronovitch, Waves in random media, April 1996). 
As compared to the SSA technique (A. G. Voronovitch, Waves in random media, July 1994), 
it allows to consider multiple interactions on the surface. One point of special interest is the 
case of double interactions which creates the backscattering enhancement. This contribution 
mainly occurs for large slopes and high values of the RMS height on the surface. 

Such a calculation, involving double interactions on a surface, is difficult to perform with 
other techniques which usually allows to consider multiple interactions only for a ID profile. 
In this paper we will present the technique developed in both cases of TE and TM 
polarisations for dielectric and perfectly conducting surfaces. The ID and 2D algorithms have 
been developed. Comparisons have been made with respect to ID results obtained both by 
second order Kirchhoff technique and Monte Carlo simulations using an integral equations 
approach (A. Ishimaru, J. Chen, JOSA, 1990 ) for cases exhibiting backscattering 
enhancement. 

The NLSSA solution leads to expressions containing singularities for both cases of TE and 
TM polarisations, the TM case singularity being one order higher than the one corresponding 
to the TE case. This singularity can easily be removed for the TE case. For the TM case, far 
from grazing angles a similar solution may be derived. For grazing angles the solution must 
be modified introducing statistical properties of the slope of the irregularities in order to deal 
with the singularity. The solutions obtained will be presented: 

Far from grazing angles: the TE and TM cases 
At grazing angles: the modified solution for the TM case. 
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Backscattering Enhancement study with the Non Local 
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Analytical theory of vector waves scattering by rough surfaces was 
mainly studied with the Small Perturbation method (SPM) or the Kirchoff 
approach (KA). However the domain of validity of these two methods are too 
restrictive in order to apply it in most cases. The Small Slope Approximation 
(SSA) developed by Voronovich (Sov.-Phys.-JETP 62 65-70, 1985) is one of 
the method which makes a synthesis between the (SPM) and the (KA). The 
(SSA) is valid provided the slope of roughness is smaller than the angles of 
incidence and scattering. The slope which is treated as a small parameter has the 
advantage to be wave-length independent contrary to (SPM) and (KA). A further 
improvement of the (SSA) has to be considered when multiple scattering effects 
become important, namely the Non Local Small Slope (NLSSA) developped also 
by Voronovich (Waves in Random Media 6,151-167,1996). 

In this work, we consider an electromagnetic plane wave of arbitrary 
polarization incident upon a two-dimensional conducting rough surface or upon 
a 3D dielectric slab with an upper rough surface deposited on a conducting plane. 
We assume that the rough surface is a Gaussian random process and the 
autocorrelation function is chosen to be Gaussian too.We propose to calculate the 
incident cross section with the (NLSSA) using a new approximation which 
selects enhanced backscattering contributions in such a way that the number of 
integrations required for the cross-section computation is reduced. Ilustrative 
examples are presented with different incident angles and polarizations. Possible 
extensions of (NLSSA) to me case of a slab with two rough surfaces or with one 
rough surface and a volume disorder will be discussed. 

This analysis is relevant to problems of laser cross-section, remote 
sensing of irregular layered structures, remote detection of chemical coatings and 
for interpretation of ellipsometric data from irregular layered media. 
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Abstract: We aim at comparing the results of the Moment Method and the 
Small Slope Approximation for the scattering of electromagnetic waves from 
two-dimensional perfectly conducting surfaces with gaussian and ocean 
roughness spectra. 

Since the first simulation of the scattering of electromagnetic waves from two­
dimensional rough surfaces in 1994, several fast numerical approaches have 
been developed. Significant improvements have been made to overcome the 
limitations of the conventional Moment Method. We have developed a method 
strongly inspired by the Sparse Matrix Flat Surface Iterative Approach. It 
involves two nested iterative methods, the Generalized Minimum Residual 
algorithm and the BiConjugate Gradient Stabilized method. Moreover, the 
multilevel expansion of the canonical grid method is used in order to speed up 
the computation. This technique consists, for interactions between remote 
points, in expanding the Green's function around a 3-D regularly spaced grid. 
At this point, the incident beam width is still limited by the numerical 
resources. This limitation can be overcome by using the Beam Decomposition 
method generalized to two-dimensional surfaces. And finally we have been able 
to consider in a single diffraction problem a surface realization including the 
full ocean roughness spectrum. 

However, such a method still requires a large amount of memory and is time­
consuming. Therefore, a need for fast and accurate methods remains for 
operational applications such as Earth observation by satellites. In the field of 
the scattering by the ocean surface, the Small Slope Approximation of 
Voronovich is one of the most popular methods. We have considered the first­
and the second-order Small Slope Approximation. 

We have started our comparative study on two-dimensional perfectly electric 
conducting gaussian surfaces. We then have employed the ocean unified 
directional spectrum (T. Elfouhaily et al., J. Geophys. Res., 102, 15781-15796, 
1997) at frequency bands commonly used by satellites and for various wind 
speeds and directions. 
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Iterative PE techniques for rough surface scattering 
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Computation of scattering from the sea surface at low grazing 
angles is already an extremely difficult problem if one neglects 
atmospheric refraction effects, although much progress has been 
made recently with forward-backward methods. Difficulties get far 
worse still if ducting effects are taken into account. Techniques 
merging high fidelity forward parabolic wave equation models with 
empirical clutter models have been proposed (J.P. Reilly and G.D. 
Dockery, lEE Proc. F, 137, SO-SS, 1990). More recently, the 
method of ordered multiple interactions (R.S. Awadallah and G.S. 
Brown, IEEE Trans. AP, to appear) was used to model clutter in an 
infinite linear duct: this method makes no approximations but is 
difficult to generalize to more complex refractivity environments. 

Here we use a form of the rotated parabolic equation method (M.P. 
Levy and A.A. Zaporozhets, JASA, 103, 735-741, 1995) to solve the 
clutter problem in anomalous propagation environments, by splitting 
boundary conditions on the scattering surface between forward and 
backward propagating fields (M.F. Levy, RTO-MP, 60, lS.1-lS.7, 
2000). At each forward step, two computations are made: the first 
pass assumes that the sea surface is not present at the next range and 
is used to define the incident field at the surface for the 
backscattering calculation, while the second pass includes the sea 
surface. The backward computation of the scattered field enforces a 
non-homogeneous boundary condition at the surface, given in terms 
of the previously calculated incident field. The iterative PE method 
deals accurately with multiple scatter and shadowing in ducting 
environments, and is computationally cheap. Comparisons with 
boundary integral equation results are given for the homogeneous 
case, and the method is applied to realistic ducting environments. 
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The forward-backward method with a novel spectral acceleration algo­
rithm (FB/NSA) has been shown to be a very efficient O(Ntot ) iterative 
method of moments, where N tot is the total number of unknowns to be solved, 
for the computation of electromagnetic wave scattering from two-dimensional 
(2-D) rough surfaces (3-D scattering problems). The algorithm is based on 
the spectral domain representation of the Green's function in the x- direction, 
and it is specifically designed for 2-D finite rectangular surfaces. However, it 
is found that as the size of the strong region increases its efficiency decreases 
due to the increase of the direct computation of the mutual coupling in the 
strong region. 

In this paper, an additional NSA formulation based on the spectral do­
main representation of the Green's function in the y- direction is incorporated 
into the original NSA algorithm to improve its computational efficiency. In 
addition, for the case of extremely large-scale rough surfaces, a "multilevel" 
algorithm (i.e. decomposing 2-D extremely large-scale surfaces into more 
than one weak region and appropriately choosing the NSA parameters for 
each weak region) is incorporated into the original FB/NSA algorithm to 
improve its accuracy. It is found that only a few weak regions are sufficient 
to obtain accurate results for most practical 2-D extremely large-scale surface 
problems However, the improved FB/NSA algorithm remains o (Ntotl. Nu­
merical results show that the efficiency and accuracy of the original FB/NSA 
algorithm for the computation of scattering from 2-D extremely large-scale 
surfaces with relatively large surface cross-range sizes are indeed improved by 
incorporating the y- expansion and the "multilevel" algorithm at the cost of 
increasing algorithmic complexity and memory requirements. 
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Michael Brandfass 
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Inverse scattering algorithms have generally fallen into two broad categories: 
fast, approximate linear algorithms or slow, accurate nonlinear algorithms. 
The linear algorithms often amount to simply inverting a Fourier transform. 
By contrast, nonlinear algorithms, such as the distorted Born iterative method, 
usually require an expensive Newton-like search. Historically, there have been 
few options available between these two extremes. Recently, the so-called "reg­
ularized linear sampling" method was developed by D. Colton and A. Kirsch. 
On one hand, it does not employ any linearizing approximations, but on the 
other hand, it also does not have to use expensive search techniques to iter­
atively approach a solution. This new method represents an alternative to 
the usual extremes in inverse scattering. We present numerical comparisons 
of the linear sampling method with linearized tomographic inverse scattering 
algorithms based on either holographic filtered backpropagation principles or 
a matrix inversion scheme. Both methods, unlike linear sampling, make use 
of linearizing approximations, so that multiple scattering effects are neglected. 
The most striking feature of the comparison between reconstructions is that 
linear sampling is not noticeably better than linearized methods, for the cases 
we tried, even though it takes multiple scattering into account. 

In general, reconstructions for TM polarization are superior to the TE po­
larization. We give some possible explanations for this observation. The theory 
on which linear sampling is based assumes full aperture data, so we compare 
methods for the case of limited aperture data as well. 

We also study the behavior of linear sampling near internal resonance of 
closed scatterers. The theorem on which the method is based fails at these 
frequencies. For the case of the cylinder, the main qualititative feature of 
linear sampling near resonances is that the scatterer reconstruction becomes 
an outline rather than a solid image. As electrically large scatters have many 
closely spaced internal resonances, resonance effects may be unavoidable at 
high frequencies. 
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Shape Reconstruction of Metallic Objects with Strong Multiple 
Scattering Using Genetic Algorithm 

Yong Zhou* and Hao Ling 

Dept. of Electrical and Computer Engineering 
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Inverse synthetic aperture radar (ISAR) imaging is a linearized form of 
electromagnetic inverse scattering. While the algorithm is fast and robust in obtaining the 
shape of an object, it suffers from resolution limitation and image artifacts due to 
multiple scattering phenomena. Rigorously solving the electromagnetic inverse scattering 
problem, on the other hand, remains much more challenging. Recently, some researchers 
have explored the use of genetic algorithm (GA) together with computational 
electromagnetic solvers to attack the inverse scattering problem. In this paper, we 
investigate the solution of inverse scattering of metallic objects using genetic algorithm. 
In particular, we address the resolution issue and attempt objects with strong multiple 
scattering effects such as cavity structures. 

In our GA procedure, we encode the object shape into an NxN binary array with 
ones representing the metal and zeros representing free space. A geometrical median 
filter is utilized on each member of the population to avoid unrealistic shapes. A method 
of moment solution is applied to obtain the rigorous scattered field to each shape. To 
evaluate the performance of each shape, a cost function is defined as the difference 
between the scattered field from the GA member and the real object. The inverse 
problem is then cast into a minimization problem and GA is applied to minimize the cost 
function. The selection, crossover, mutation and geometrical filtering operators are 
applied in order on each member to produce the next generation. This process is iterated 
until the cost function reaches a sufficiently small threshold. 

Several test objects are studied based on the GA scheme and simulated field data. 
For multiple cylinders, good shape reconstruction to the real object is obtained, even 
when the spacing between the cylinders is on the order of half a wavelength. In the 
cavity problem, the cavity shape can be reconstructed correctly without any artifacts. In 
addition, we study the effects of different sensor scenarios including monostatic versus 
bistatic collection, single frequency versus multi-frequency data, and amplitude-and­
phase versus amplitude-only data. High-frequency ray tracing is also attempted in place 
of the moment method solver to study electrically large objects. 
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We address the problem of the reconstruction of the shape of 3D perfectly conducting 
objects, embedded in a lossy homogeneous medium and illuminated by electric dipoles 
located in two parallel boreholes. This work is a generalization to 3D objects of a method 
developed in our laboratory for cylinders. In this case, the inverse scattering problem is 
classically transformed into the minimization of a cost function, achieved through an iterative 
process with the help of a conjugate gradient method. At each step, a rigorous boundary 
integral formalism is used to solve the direct problem. (Inverse Problems, 14,1998,521-534). 

Previous studies have shown that the method may present local minima and requires an 
accurate initial guess for convergence to be ensured. As a regularization, the shape of the 
object has been expanded onto a Fourier basis, and, step by step, a growing number of Fourier 
coefficients is optimized. The process is thus as follows: first, a backpropagation allows 
detection and localization of the scatterer, and a low frequency approximation provides a 
circular cylinder as initial guess. Then the coordinates of the center and the radius of the circle 
are optimized, leading to an " optimal circle". Finally, higher Fourier coefficients are 
introduced to fit the real shape. 

From the reconstruction of both synthetic and real data, it clearly appeared that once the 
"optimal circle" is accurately localized and once its cross section area is of same order of 
magnitude as that of the scatterer, the reconstruction process succeeds. Of course, the 
accuracy of the solution depends on the frequency, on the noise and on the number of 
measurements, but the true minimum of the cost function is reached. 

Therefore, with the aim of applying the same strategy to 3D problems, we focus here on 
the determination of an optimal sphere. First, this requires the detection and the localization of 
the object. Unfortunately, our backpropagation method does not give any estimation of the 
coordinate in the direction perpendicular to the plane of the two boreholes, and also requires 
very deep boreholes to be accurate. In the present case, it only permits one to detect scatterers 
and to determine their depth. To circumvent this problem, we have developed a new method, 
based on the polarization properties of the backscattered field in the low frequency range. 
When the incident electric dipolar moment pine is parallel to the direction joining the emitter 
to the scatterer, the backscattered electric field Eb is also directed along this direction. 
Therefore, maximizing the (normalized) scalar product Ipine.Ebl tells one in which direction 
the scatterer is located. Using the two boreholes allows one to locate the scatterer at the 
intersection point of the two lines. 

As in two dimensions, the refinement of the initial guess leading to the "optimal sphere" is 
performed by minimizing the cost function with respect to the four real parameters 
characterizing a sphere, through a conjugate gradient method. The gradient of the cost 
function is analytically calculated in the frame of Mie's theory. Numerical results will be 
presented for various scatterers, like spheres, oblate and prolate spheroids. 
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The formation of three-dimensional (3-0) radar images of a target requires 
the collection of range-compressed radar data over a two-dimensional (2-D) 
angular aperture. If a Fourier -based imaging algorithm is to be used, the data 
sampling must satisfy the Nyquist criterion over the 2-D aperture. However, for 
real-world data collection scenarios such as SAR (synthetic aperture radar) and 
ISAR (inverse SAR), the collection of densely sampled data in a 2-D angular 
aperture can rarely be accomplished. In this paper, we investigate the use of the 
adaptive feature extraction (AFE) algorithm for the formation of 3-D radar images 
from undersampled radar data over a 2-D angular aperture. 

The AFE algorithm used here is a generalization of our previous work on 
2-D radar image construction from undersampled data along one angular 
dimension (Y. Wang and H. Ling, IEEE Trans. Antennas Propagat., 48, 329-331, 
2000). First, a 3-D point scatterer model is used as the basis function in the AFE 
procedure. The algorithm begins by exhaustively projecting the radar data onto 
the basis set and selecting the point scatterer with the maximum projection value. 
The response of the selected point scatterer is then subtracted from the radar data 
and the process is repeated for subsequent, weaker point scatterers. The iteration 
is terminated when the residual signal energy reaches a preset threshold. Since the 
point features are selected and removed one at a time starting from the strongest, 
the sidelobe interference from the strong point scatterers on the weaker ones is 
greatly reduced. This is accomplished at the expense of computational burden. 

The algorithm is applied to simulated radar data under various sensor 
collection scenarios such as ISAR collection of air targets with multiple fly-bys or 
ISAR collection of ships on a rough sea. The resulting images are compared to 
those from Fourier-based algorithms. It is found that focused target images can be 
achieved with the AFE algorithm while Fourier-based methods fail to produce 
meaningful results. The effects of data noise and inaccuracy in aspect information 
are investigated to determine the limitation of the algorithm. Work on using 
genetic algorithm to accelerate the AFE search is also discussed. 
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The Equivalence Theorem is used to demonstrate null space 
properties for equivalent current based field generation. Referring to 
the figure below, fields on S2 due to sources enclosed within S] can be 
computed by integration of the physical currents or by integration of 
equivalent currents J] and M] generated from tangential fields on S]. 
The resultant Green's function integration from inner surface J] and 
M] to obtain the outer surface J 2 and M2 forms an exact surface-to­
surface transfer function. This transfer function can be approximated 
as an N x M array operator by using basis expansions for the 
equivalent currents. Inversion of this operator was investigated as a 
means to back-propagate measured near-fields between surfaces to 
obtain high-resolution images of physical source distributions. 
Attempted inversions indicated strong ill-conditioning of the inverse 
operator, irrespective of surface separations. A resultant theoretical 
investigation led to the discovery of null spaces of equivalent currents 
on S] that generate no fields exterior to the surface. 

J 2 
~ 

J 1 

---"!.-L----.:JI!" ........ 

Physical Sources 
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In this work we investigate the inverse problem of three-dimensional lossy media by 
using microwaves. In the past two decades tremendous efforts have been made in two­
and three-dimenRional scaler inverse methods to reconstruct the complex permittivity. 
These developments represent significant progress from the previous capability. However, 
for accurate microwave imaging, further improvements are needed in order to remove the 
artifacts due to the two-dimensional assumptions and due to the 3-D scalar approximation. 
For examples, using the 2-D inversion, the depth of the object perpendicular to the 2-D 
plane cannot be accurately determined; using the 3-D scalar approximation, the cross 
polarization of vector electromagnetic fields is not accounted for. 

The main contribution of this work is to apply the contrast-source inversion (CSI) 
method to the full three-dimensional inversion of complex permittivity. Instead of scalar 
approximation, we use vector field directly to invert the three-dimensional permittivity. 
The cost functional is composed of two parts in the reconstruction procedure: One is 
from the state equation which describes the vector scattering field; the other is from mea­
sured data which defines the measured scattering field. By using Polak-Ribiere conjugate­
gradient procedure, we can minimize the total cost functional to an acceptable value to 
invert for the three-dimensional complex permittivity. These procedures are essentially the 
same as our previous 2-D implementation. This inverse algorithm requires O(N) memory, 

and O(N log N) CPU time, where N is the number of pixels to be reconstructed. This rep­
resents a substantial reduction in computational costs compared to other inverse scattering 

algorithms. 
We apply thiR CST algorit.hm to simulate a prototype microwave imaging system in our 

laboratory. Tn our numerical results, the measured data is obtained from synt.hetic simu­
lation using our fast forward solution method based on a weak-form biconjugate gradient 
FFT method. This BCG-FFT method solves the full three-dimensional vector electromag­
netic fields. In the inversion, the initial solution is obtained through the back propagation. 
Since this inverse problem is highly ill-posed, we adopt a recently propoRed minimal total 
variation constraint to enhance the resolution of the three-dimensional complex permittiv­

ity. 

This work was supported by U.S. EPA through a PECASE grant CR-825-225-010, 

and by the NSF t.hrough a CAREER grant. ECS-9702195. 
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Abstract 

Induction logging is a technique that is used to evaluate the production potential of the 
preponderance of petroleum and gas wells drilled in the world. In this technique, an oscillating 
magnetic source (a wire loop) is lowered into a borehole to induce an electric current in the 
geological material surrounding the well. The magnitude and geometry of the electric current is 
dependent on the electrical conductivity distribution in the geological material. In particular, 
since geological formations saturated with hydrocarbons are electrically resistive and those 
saturated with water tend to be conductive, the two have different electric current distributions. 
These differing electric current distributions lead to differing magnetic fields, which are 
measurable using induction coils in the same borehole or a different borehole nearby. A great 
deal of work has been done to quantify the relationship between the amount and distribution of 
hydrocarbons in the formation and the measured magnetic field in vertical wells that intersect 
electrically isotropic geological beds. 

There are compelling reasons, however, to deviate boreholes away from the vertical direction. 
First, since hydrocarbon bearing formations tend to be stratified, production from the formation is 
enhanced if the borehole, and hence the recovery surface, can be aligned along the formation. 
Another reason for using deviated wells is that multiple wells can be drilled from a single well 
drilling platform. This reason is very significant if the platform is very expensive, such as for 
ocean drilling platforms. When wells deviate from vertical, the effect of electrical anisotropy 
must be considered. Electrical anisotropy occurs when the resistivity is different in different 
directions. Even veltical wells in Utah's overthrust belt are anisotropic formations, because the 
rock bedding layers have been tilted by tectonic movement. 

The results of our simulations indicate that for z-directed sources (sources propagating in the 
vertical direction), magnetic fields were strongest in the x.<Jirection, followed by y- and z­
directed fields, respectively. As the source's propagation direction changed, the magnetic fields 
parallel to the source remained consistently weaker. Another detail that we observed was that 
though electrical anisotropy can strongly affect field magnitudes (in our results, on the order of 
1,000), some fields seem to be more sensitive than others to the changes in dielectric properties. 
The fields that showed greatest sensitivity related to the direction of the source and the dominant 
direction of the anisotropic irregularities. Findings indicate that there may be significant benefits 
for employment of trixial sources as well as receivers in the geophysical realm. 
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Synthetic aperture radar (SAR) imaging of ground vehicles through 
foliage is still an unsolved problem. The difficulty in finding a satisfying solution 
is partly due to the reduced image resolution which results from the low radar 
frequencies required for penetrating typical tree canopies. Additional problems 
arise when one wants to distinguish between man-made objects and natural 
features in the target area, which both can cause backscattered signals of similar 
strength. 

We describe a measurement system for collecting inverse SAR (ISAR) 
data for FOPEN frequencies (230 - 350 MHz) by measuring the X-band (8.2 -
12.4 GHz) radar signature of 1135th scaled vehicles and terrain scenes. A compact 
radar range has been constructed to acquire data from scaled ground vehicles as 
well as ground terrain, trees, and a vegetation canopy. While the entire geometry 
is scaled by a factor of 1135, the electromagnetic properties of the target and 
terrain are tailored to be equal to the full-scale scene as required by scale 
modeling laws. Due to the small size of the target as compared to the wavelength 
it is necessary to use additional target information to obtain an ISAR image of 
acceptable quality. 

In our contribution we discuss the radar system we have used for our 
experiment. This includes details about the scattering geometry and beam profile 
as well as the evaluation of the radar beam quality. As a further point we will 
discuss the method used to fabricate high quality 1135th scale models as well as 
the techniques used to scale a material's complex dielectric constant 
dielectrically. 

To image the target we used a linear spectral estimation technique, which can 
incorporate a wide variety of available prior information. This method has 
previously proved successful for imaging targets in a homogeneous background, 
but this is the first time it has been applied to objects embedded in a potentially 
cluttered background. We will show reconstructions based on the collected real 
data including an assessment of the merits of the method. 
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Non-invasive techniques using the measured MEG data have been used to determine the 
location, orientation, and magnitude of two to three equivalent current dipoles that are 
excited in the cerebral cortex in response to various stimuli e.g. visual, auditory, and 
neuromuscular stimuli. However, a homogeneous sphere model of the head is often used 
for such inversion algorithms [I]. An important aspect of inversion problems is to have 
good forward models such as those that have previously been developed for dosimetry of 
EM fields. For the present paper, we have used a shaped model of the head represented by 
6 mm voxels in the first instance, and the quasi-static impedance method [2] to calculate the 
forward magnetic fields at 74 locations of the MEG sensors. To obviate the need for 
anatomic details, we show that the external magnetic field distributions are affected little by 
using a shaped but homogeneous model rather than the detailed heterogeneous model. It is 
recognized that the measured MEG signals may be corrupted by white noise. Noise levels 
with standard deviation up to 25% for the signal intensity are, therefore, included with the 
signals for each of the 74 sensors. Adding up to 50 independent recordings for the evoked 
MEG signals helps to improve the signal-to-noise ratio. To locate two possible current 
dipoles in two subvolumes in the auditory cortex of the brain, each one represented by 
58 voxels, we need to find the solution of the matrix equation Ax = b, where b is the MEG 
data vector (signal + noise), A is the lead field matrix, and x is the vector representing the 
current distribution in the subvolumes. To solve the system, we have used Tikhonov 
method 

as the regularization method but we implement an iterative procedure that modifies the A 
matrix using the estimate of the solution obtained at the previous step, to lower the effect of 
spurious solution and obtain a more focused solution. Up to seven iterations are generally 
needed to pinpoint the location, orientation, and magnitude of the source dipoles for each of 
the time steps of the measured MEG signals. 

The authors have greatly benefited from many helpful discussions with Professors 
Mathews and Nagarajan of the University of Utah. 

[I] J. C. Mosher, R. M. Leahy, and P. S. Lewis, "EEG and MEG: Forward Solutions 
for Inverse Methods," IEEE Trans. Biomed. Eng., Vol. 46(3), 245-259. 1999. 

[2] N. Orcutt and O. P. Gandhi, "A 3-D Impedance Method to Calculate Power 
Deposition in Biological Bodies Subjected to Time-Varying Magnetic Fields," IEEE 
Trans. BME, Vol. 35, 577-583, 1988. 
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Background: 

Microwave imaging is useful for detecting invisible enclosed objects and for evaluating 

electromagnetic absorbers. In such applications, imaging on an arbitrary tilted plane is 

desired to reduce computational cost and to improve the reconstructed images. 

Reconstruction method: 

A scalar inverse scattering has been formulated in an integral form. Using this equation and 

a multi-frequency processing, we can reconstruct a three-dimensional image from 

measured scattering fields. However, the full three-dimensional imaging requires a lot of 

computation time. 
In order to reconstruct a two-dimensional object tilted against the measurement plane, 

we present the following technique. First, two-dimensional images are reconstructed on 

several planes parallel to the measurement plane. Then, a part of the object will appear in 

each reconstructed image. Next, the tilt angle is estimated from these images, and the final 

image is reconstructed in the observation plane on the object. The formulated scalar inverse 

scattering makes this reconstruction possible because of its integral form. This method has 
an advantage of computational cost over the three-dimensional imaging. 

Experiment: 

An experiment was made to validate the proposed imaging method. The frequency range is 
from 8 GHz to 13 GHz at an interval of 0.1 GHz. Archimedean spiral antennas were 

scanned for emitting and detecting. The total area of scanning plane is 1.0 m x 1.0 m with 

the scanning resolution of 0.02 m. A "T" shaped metal object(lOcm x 10cm) was placed on 
0.485 m distance from scanning plane as shown in Fig.l. The images of Fig. 2 show that 

the proposed method is useful for reconstructing a tilted object two-dimensionally. 

Fig. I : Schematic diagram of 
reconstruction method 
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Fig.2: reconstructed image at 0.465m (left), 
0.485m (center) and 0.485m tilted 20deg.(right). 
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The standard configuration to image permittivity distributions from scattered 
electromagnetic field data assumes sources and detectors are located in the far zone of the 
target. One consequence of this arrangement is the fact the only non-evanescent wave 
modes are detected and from scattering experiments only spatial frequencies with a 
modulus smaller or equal to twice the wave number can be determined. The Rayleigh 
limit then predicts a target resolution of not better than half the wavelength. Particularly 
for subsurface and foliage penetration radar imaging, however, the Rayleigh limit is a 
serious limitation, if subwavelength features are required to identify the target. To resolve 
this problem numerous schemes have been proposed to overcome Rayleigh limit. This 
can be achieved by including prior information about the target. 

The concept of analyticity applied to scalar diffraction seems to support the idea that 
superresolution can be achieved for all objects of compact support, at least in principle 
and depending on the noise background. However, there are at least two examples, which 
seem to contradict this assumption. Firstly, the design of subwavelength diffractive 
optical elements represents an example where the response of subwavelength features is 
intentionally made equivalent to that of an element with macroscopic features. Since the 
information about microscopic features is not present in the diffracted field there should 
be no way to employ superresolution methods to resolve the ambiguity. 

A second example is the interpretation of images obtained from strongly scattering 
targets by using a inverse Fourier transform algorithm applied to far field data. 
Considerable intensity can be found outside the target area due to multiple reflections 
between different parts of the target. The scattering integral interprets these images as the 
result of multiplying the target permittivity with the total field and a subsequent low pass 
filter step. Due to the Fourier relation between the far field and the product of field and 
permittivity the intensity hot spots outside the target should disappear for the case of 
perfect spectral extrapolation. However, an interpretation of these intensity hot spots as 
the result of multiple scattering indicates that all superresolution methods are able to do is 
enhance these undesired features. 

From examples we show that superresolution methods are limited to particular classes of 
objects. This has particular implications to methods, which have been proposed to 
address the problem strong scattering. In particular, we demonstrate the non-uniqueness 
can be partially removed by including appropriate prior information, or by increasing the 
number of scattering experiments. 
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Fractal Patch Antennas: 
Miniaturizing Resonant Patches 

John Gianvittorio and Yahya Rahmat-Samii 
Department of Electrical Engineering 
University of California, Los Angeles 
Los Angeles, California 90095-1594 

rahmat@ee.ucla.edu 

Fractals are space filling geometries that can efficiently incorporate large 
electrical lengths. The dimension of the geometry can be interpreted as a 
quantification of the space filling ability of the geometry. While Euclidean 
geometries have integer dimensions, I for a line and 2 for a plane, fractals have 
fractional dimensions. By exploring the correlation between the dimension of the 
geometry and its radiating characteristics, efficient radiating geometries may be 
discovered beyond the simple linear dipoles and rectangular patches that are 
common today. 

Simple fractals are structures that are generated using an iterative technique. The 
starting structure, called the initiator, defines the general shape of the structure. 
For the 2nd order example shown inset in Fig.! the initiator is a square. Slots are 
added at each iteration decreasing in size each time. The fractal dimension of the 
structure can be modified 
by adjusting the size of 
the slots. 

It has been shown 
previously that fractals 
can be used to miniaturize 
wire antennas. Patch 
antennas are investigated 
here as a logical 
extension of a study of 
fractal dimension on 
radiating structures. The 
fractal described above 
has been simulated as a 
patch antenna on a 0.7874 
mm thick substrate with 
6,=2.2. The calculated 
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Figure 1: Computed input match for a square patch and 
the first two [ractal iterations with the same width. The 2nd 
iteration/ractal patch shows a miniaturization of 44%. 

input match, plotted in Fig. I, shows the 2nd iteration is resonant at a frequency 
which is 56% of the resonant frequency of the square patch with the same width. 

This patch and other fractal geometries will be investigated to derive further 
conclusions about the correlation between radiators and fractal dimension. 
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Micromachined Waveguides and Horns for Submillimeter­
Wave Components 

Thomas W. Crowe 

Department of Electrical Engineering 
University of Virginia 
351 McCormick Road 

PO Box 400743 
Charlottesville, VA 22904-4743 

Corresponding Author: Thomas W. Crowe (rwc8u@virginia.edu) 

Abstract 

Micromachining technology makes possible the cost-efficient production of large numbers of 
identical components with extremely fine control of critical features. This paper discusses the 
fabrication of micromachined waveguide components based on the use of standard 
semiconductor processing technologies. A micromachined hom antenna with easy to control 
flare angle and good Gaussian coupling efficiency has been integrated with precisely defined 
rectangular waveguides and microstrip channels. A 585 GHz fundamentally pumped Schottky 
mixer with record performance demonstrates this technology. It consists of an etched silicon 
horn, a diced waveguide and a lithographically formed microstrip channel for the diode circuit. 
The block dimensions are precisely controlled and extremely sharp. The measured mixer noise 
temperature is 1,200 K (DSB), which is equivalent to the best result obtained with standard 
metal machining. A similar assembly scaled to 1.6 THz has also been successfully fabricated. 

Index Terms - Micromachining, Submillimeter-wave Circuits. 
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MEMS Microswitches for Reconfigurable Microwave Circuitry! 

Sean Duffy, Carl Bozler, Steven Rabe, Jeffrey Knecht, Lauren Travis, 
Peter Wyatt, Mark Gouker and Craig Keast 

MIT Lincoln Laboratory 
244 Wood St. 

Lexington, MA 02420-9108 

Abstract 

The performance is reported for a new micro-electro-mechanical-structure (MEMS) cantilever 
microswitch. We report on both DC- and capacitively-contacted microswitches. The DC-contacted 
microswitches have contact resistance of less than 1 fl, and the RF loss of the switch up to 40 GHz in the 
closed position is 0.1 - 0.2 dB. Capacitively-contacted switches have an impedance ratio of 141: I from 
the open to closed state and in the closed position have a series capacitance of 1.2 pF. The capacitively­
contacted switches have been measured up to 40 GHz with S21 less than -0.7 dB across the 5 - 40 GHz 
band and under hot and cold switching conditions with 2 watts of RF power. In addition, preliminary 
reliability data on both DC and capacitive switch designs will be presented. 

A reconfigurable microstrip antenna containing 2080 gang-addressable DC-contacted switches has been 
designed, fabricated and characterized at 14 and 21 GHz. In addition, a tunable notch filter containing 8 
capacitively-contacted switches has been characterized. The measured results of the fabricated two-state 
filter closely match the simulation predictions with -40 dB deep troughs at 8.2 and 10.4 GHz. 

I This work was sponsored by the Defense Advanced Research Projects Agency under Air Force Contract #FI9628-
00-C-0002. Opinions, interpretations, recommendations, and conclusions are those of the authors and are not 
necessarily endorsed by the United States Government. 
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Development of Very Low Loss 2-Bit and 4-Bit Monolithic 
X-Band MEMS Phase Shifters 

Guan-Leng Tan and Gabriel M Rebeiz 
University of Michigan, Ann Arbor, MI 

J B. Hacker, R. E. Mihailovich, JF. DeNatale 
Rockwell Science Center, Thousand Oaks, CA 

N. Karabudak, W Taft, T. Karras 
Lockheed Martin Space Systems, Newtown, P A 

W Kornrumpf 
GE Corporate R&D, Schenectady, NY 

The talk will present the design, fabrication and measurement of very low-loss phase shifters for 
X-band applications. The design is based on the unique low capacitance characteristics ofthe 
Rockwell Science Center MEMS series switch, and result in DC-IS GHz performance. The phase 
shifters exhibit an average insertion loss of 0.7 dB for the 2-bit design and 1.0 dB for the 4-bit 
design (modeled). The modeled reflection coefficient is less than -20 dB up to 16 GHz in all 4-
states (or 16 states). The MEMS phase shifters are monolithically integrated on a 200 um-thick 
GaAs substrate, and result in a much lower cost than the hybrid-type X-band phase shifters of 
Raytheon and Hughes Research Labs. Furthermore, the new designs are quite small, with a size 
of Ilmm"2 for the 2-bit design and 14mm"2 for the 4-bit design. Since the Rockwell Science 
Center MEMS switch is compatible with GaAs post-processing, the phase shifters can be 
integrated with low-noise GaAs amplifiers (or medium power amplifiers) to form a complete X­
band front-end module. The talk will also discuss a novel packaging technique, developed at GE 
Corporate R&D, which allows wafer-scale packaging of MEMS switches and phase shifters. 

This work is done under the DARPNMEM-Tenna Program. Program Manager: J.K. Smith 
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NEW TOOLS FOR ANALYSIS OF SPACE-BORNE SOUNDING DATA 

Ivan Galkin, Grigori Khmyrov, Alexander Kozlov, Bodo Reinisch, 
Xueqin Huang, Gary Sales 

Center for Atmospheric Research 
University of Massachusetts Lowell 

In an effort to maximize the efficiency of the space exploration, research agencies are 
beginning to open public access to the complete, high-resolution datasets from their 
missions. This paper discusses a new generation of software tools designed to support the 
full range of data manipulation services for the high-resolution dataset from the Radio 
Plasma Imager (RPI) aboard NASA's IMAGE spacecraft. 

The software tools, known collectively as the "RPI BinBrowser", target a wide user 
community ranging from college students to the domain experts, and from the casual 
visitors to the RPI science team members. The BinBrowser therefore admits a wide 
variety of computing platforms and data access scenarios. To accommodate for the 
platform inhomogeneity, the core of BinBrowser is written in Java, and its installation 
can be done seamlessly over the Web (refer to http://ulcar.uml.edu for more details). The 
BinBrowser workstations can communicate over the Internet with the central database at 
UML where RPI telemetry, derived, orbital and predicted geophysical data are archived. 
Where connection bandwidth permits, the UML database provides the complete raster of 
data products to the BinBrowser user. Binary telemetry data files can be acquired 
independently on CD-ROMs, DVD-ROMs, or over Internet from NSSDC and other RPI 
data dissemination institutions, so that the traffic between BinBrowser workstations and 
the UML database can be significantly reduced to the data catalog queries and requests of 
auxiliary data. An important part of the auxiliary data stored in the UML database is the 
expert ratings. The expert ratings allow a novice user to subset the whole archive to the 
measurements considered worthy of attention by the experts registered with UML and to 
set the suggested BinBrowser visualization options to create the optimal data 
presentation. 

The BinBrowser visualization and analysis tools are specific to the RPI instrument. As a 
radio sounder, RPI takes images of the surrounding plasma in the range-frequency 
domain, "plasmagrams". Echoes from the plasma features within the radar range form 
traces on the plasmagrams. The BinBrowser provides means for interactive highlighting 
of the traces and calculation of the electron density along the echo paths. The echo arrival 
angles can be calculated as well, so that the trace data are presented as an "echomap" 
indicating locations of the plasma features responsible for the trace formation. Further 
technical details of the BinBrowser implementation are briefly discussed. 

The RPI BinBrowser tool brings a new potential for analysis of high-resolution datasets 
by combining powerful platform-independent softWare solutions with the ease of data 
access, search and referencing to the expert knowledge. 
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Radio Sounding of the Plasmapause 

M. Salvati, D.L. Carpenter, U.S. Inan, T.F Bell 
Space, Telecommunications and Radioscience Laboratory 

Stanford University 

B.W. Reinisch 
Center for Atmospheric Research 

Univerisity of Massachusetts, Lowell 

The Radio Plasma Imager (RPI) on the IMAGE mission is a low-power radar 
which operates in the radio frequency bands which contain the plasma resonance 
frequencies characteristic of the Earth's magnetosphere (3 kHz to 3 MHz). RPI 
can locate regions of various plasma densities by observing radar echoes from the 
plasma that are reflected where the radio frequency is equal to the plasma 
frequency. For sounding densities in the region of the plasmapause, the 
appropriate frequency range is approximately 10-300 kHz. The original 
expectations of the RPI team were that echoes from the plasmapause region 
would be discrete, consisting of a single return echo received at each frequency. 
However, the typical echo patterns received as IMAGE approaches the 
plasmasphere at low magnetic latitudes include diffuse echoes, involving 
returning signals which reflected at ranges of up to two Earth radii, and highly 
efficient field aligned ducting within or adjacent to the region of steep 
plasmapause gradients. These initial results suggest that irregular structure is 
regularly present in the plasmapause boundary region. Such structure has been 
identified in in-situ radio data from a number of satellites. We will present 
examples of diffuse plasma pause echoes and interpret them in terms of overall 
characteristics of plasmapause structure. We will also present results of initial 
attempts to quantitatively model the reflections from the irregular plasmapause 
density structures in terms of normal incidence of ordinary and extraordinary 
electromagnetic plasma waves on a horizontally stratified multi-layered interface. 
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Observations of Ducts in the Plasmasphere by RPI 

G.S. Sales, X. Huang, B.W. Reinisch, P. Song 
Center for Atmospheric Research 

University of Massachusetts Lowell 

D. L. Carpenter 
Stanford University 

S. Fung, R. Benson, 1. Green 
NASA Goddard Space Flight Center 

The IMAGE satellite is in an eccentric orbit that allows the satellite to move from 
the magnetospheric cavity into the plasmasphere on each orbit. RPJ radio 
sounding observations made from the IMAGE satellite, as it approaches and 
recedes from the plasmasphere, suggests that the predominant echoes correspond 
to signals ducted along magnetic field-aligned electron-density structures. These 
echoes are frequently observed on successive plasmagrams covering a period of 8 
to 10 minutes while the spacecraft moves a few thousand kilometers across the 
geomagnetic field lines. Multiple ducted mode echoes are often observed with 
time delays corresponding to guided paths in both directions along the magnetic 
field near L ~ 4. They appear to be a somewhat consistent feature of the 
plasmasphere/plasmapause region. The RPI three orthogonal-axis antenna system 
makes it possible to determine the arrival angles of reflected signals. These 
arrival angle calculations are made at each frequency for each echo within a 
plasmagram using the received signal amplitude and phase on the three 
orthogonal antennas. The measured angle-of-arrival is compared with the 
geomagnetic field direction at the satellite using a model of the earth's field. The 
result of this comparison indicates that the echoes arrive from a direction that is 
close to the model magnetic field direction at the satellite and are thus consistent 
with the ducting interpretation. From the available RPI data for approximately 
200 orbits acquired over a four-month period, statistics on the frequency of 
occurrence, duration, the physical location of these ducts and spatial dimensions 
are presented. 
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Electron Density Distribntions along Magnetic Field Lines in the Magnetosphere Deduced 
from RPI Plasma grams 

Xueqin Huang, Bodo W. Reinisch, and Paul Song 
Environmental, Earth, and Atm05pheric Sciences Department 

Center for Atmospheric Research, University of Massachusetts Lowell 

Robert F. Benson, James L. Green, and Shing F. Fung 
NASA Goddard Space Flight Center 

Don L. Carpenter 
Stanford University 

The Radio Plasma Imager (RPI) on the IMAGE satellite (launched on March 25, 2000) transmits 
short pulses into all directions and signals are reflected back to the satellite from the locations 
where the electron plasma frequency is equal to the radio frequency (for the ordinary mode). 
RPI data are displayed in the form of plasmagrams showing echo amplitude as a function of 
range and frequency. The echo arrival direction can be calculated from measurements of the 
three orthogonal dipole antennas. An algorithm has been developed that inverts the observed 
echo traces into electron density profiles. Using a model magnetic field, the inversion algorithm 
takes into account the variations of the magnitude and direction of the field along the ray path. 
In a first iteration the inversion program assumes straight-line propagation from the spacecraft to 
the reflecting plasma contour in the direction given by the arrival angle measurement. This 
procedure produces plausible Ne profiles if the echoes propagate in a straight line from the polar 
cap or plasmapause. If, however, there are field-aligned ducts in the magnetosphere linking the 
hemispheres, echoes can be trapped inside a duct and propagate along the magnetic field, 
resulting in the so-called ducted echoes. In this case the measured delay times must be expressed 
as an integral along the magnetic field line. Inversion of ducted echo traces along model 
magnetic field lines has recently been developed. It provides the density profile along the 
magnetic field. By analyzing a series of plasmagrams the spatial and temporal plasma 
distributions can be determined. This paper will show RPI observations of ducted waves and 
describe the inversion procedures for obtaining field-aligned density profiles. 
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Ionospheric occultation measurement 
with single frequency GPS onboard receiver 

lian-shan Guo' She-ping Shang Man-lian Zhang Hong Zheng 
Xi-gui Luo liankui Shi and Qing-yi Zhang 

LaboratDlY of Space Weather Study, Center for Space Science and Applied Research, 
Chinese Academy of Sciences, guo's Email:guojs@center.cssm:ac.cn 

The possibility of ionospheric profile sounding by making use of single frequency GPS 

occultation measurement is discussed in this paper. The GPS program is a part of Multiple 

Small Satellite Mission (MSSM) project conducted by the Center for Space Science and 

Applied Research (CSSAR), so the design of GPS experiment is subject to a finalized 

spacecraft and the availability of GPS receiver by CSSAR. The GPS occultation measurement 

system consists of three subsystems: onboard GPS receiver, ground fiducial network and data 

processing center. The GPS receiver payload planed to be put on the MSSM satellite orbiting 

at about 500km height with 97.40 inclination, therefore the electron density profile below 

500km is anticipated to be obtained. The specifications of the GPS receiver that required by 

the single frequency measurement were discussed together with the method of electron 

density profile retrieval. The errors for the measurement imposed by wave propagation and 

the GPS system itself were analyzed quantitatively. The data procession technique that could 

effectively avoid SA interference was suggested, and coordinated measurement and analysis 

with ground based digital ionospheric sounder and other probes carried on the MSSM 

spacecraft was considered. 
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"On the Average Properties of Doppler Spectra at Moderate to Grazing 
Incidence Angles" 

Bruce L. Gotwols* 
Mary Ruth Keller 

Rick Chapman 

all at: The John Hopkins University/Applied Physics Laboratory 
11100 Johns Hopkins Road, Laurel, Maryland 20723 

The average properties of X-band HH and VV polarization Doppler spectra 
obtained under a variety of environmental conditions on the open ocean are 
presented. Spectra conditioned on the mean Doppler frequency show strong 
correlation between the strength of the backscatter and Doppler frequency 
excursions. A technique was devised, which we name wave-following processing, 
which removes the effects of variations in mean Doppler frequency due to wave 
orbital motion. When this processing is combined with conditional averaging it is 
found that the resulting Doppler spectra looking into the wind are all remarkably 
similar in shape and do not vary as a function of long wave phase. 

The shape of the wave-following spectrum is nearly triangular, resembling a 
Greek upper case Lambda. This shape is neither Gaussian nor Voigtian and will 
be the subject of further investigation since it has a direct bearing on the rrns 
velocity and lifetime of the scatterers in the footprint. Thus, these properties have 
a direct influence on SAR imaging of the moving ocean surface. 

At a given incidence angle, the Doppler center frequencies and bandwidths 
increase with increasing wind speed. On average for a given wind speed, the 
Doppler center frequency and bandwidth increase with increasing incidence angle 
at HH polarization, and decrease with increasing incidence for VV polarization. 
However, between incidence angles of 50 and 60 degrees, the VV polarization 
bandwidth increase to a maximum, then decline with a further increase of 
incidence angle. Since this behavior has not been observed in other spectral 
studies, this result requires further verification and examination. 

For the wave-following spectra, the Doppler center frequency and Doppler 
bandwidth also both increase with increasing incidence angle. The VV 
polarization center frequency reaches a maximum between 50 and 60 degrees 
incidence, then drops back to a lower value before increasing again. The Doppler 
bandwidth for VV polarization in this same incidence angle range is actually 
wider than the HH polarization bandwidth, a surprising result that must be 
examined in greater depth. 
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Sea Spikes and Doppler Spectra at Moderate to Grazing Incidence Angles 

Mary Ruth Keller* 
Bruce L. Gotwols 

Rick Chapman 

all at: The John Hopkins University/Applied Physics Laboratory 
11100 Johns Hopkins Road, Laurel, Maryland 20723 

Sea spikes, distinguishable as high cross section, short time-duration excursions 
from mean cross section levels, are ubiquitous in radar backscattered returns from 
the ocean surface. In the early 1990's, these spikes were shown, at moderate 
incidence angles, to be related to visibly-breaking dominant wind-waves and 
swell as evidenced by white-capping. At vertical polarization, sea spikes resulting 
from breaking waves were found to exhibit the expected high cross section 
excursions, but also wide bandwidths in close temporal proximity that lagged the 
cross section peak from between 0.25 sec to 0.5 sec. 

Extensive field campaigns have been undertaken since that time to examine ocean 
microwave properties at a range of incidence angles from near-specular to near­
grazing (30 degrees to 85 degrees) across a wide range of microwave frequencies 
(L-band, or 1 GHz, to Ka-band, or 35 GHz) for HH (horizontal transmit­
horizontal receive) and VV (vertical transmit-vertical receive) polarizations. The 
ocean conditions available spanned the shallow littoral (MISE in the summer of 
1996, off the Outer Banks of North Carolina in 8 meters of water) to deep ocean 
shelf (COPE in the fall of 1995, off the coast of Oregon in 130 meters of water) 
over a broad range of fetches. Intermediate water depths and fetches underlay the 
experimental results from the SAXON-FPN experiment, conducted in the fall of 
1990 from the North Sea Platform in 30 meters of water. 

An in-depth examination of the average Doppler spectrum properties yielded 
unexpected new results. These included an underlying universal shape for the 
Doppler spectrum once the effects of long-waves were removed, as well as 
bandwidth reversals over the incidence angle range of 50 degrees to 60 degrees. 
Since the average properties of the Doppler spectrum were surprising, these same 
data are being used to extract sea spike characteristics as a function of 
geophysical parameters like wind speed, wind direction, and wave height, as well 
as the microwave parameters outlined above. Initial results indicate the properties 
of sea spikes are not as straightforward as those determined by the early 1990's 
investigators, especially at HH polarization. Further, the statistics of spiking show 
some indication of being dependent on fetch and water depth. This conclusion, 
while not unexpected, was not readily apparent in data from sensors with 
spatially-limited beamspots under conditions of developing wind-wave seas. 
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"Sea spikes" are short events of strong radar backscatter from the ocean 
surface at low-grazing-angle (LGA) illumination. Sea spikes can last up to a second, 
and are often characterized by horizontally polarized (HH) backscatter that exceeds 
that at vertical polarization (VV) by as much as 10 dB. One of the more popular 
theories to explain sea spikes is the multi path scattering model introduced by Trizna 
(IEEE Trans. Geosci. Remote Sensing, 35, 1232-1244). In this, direct backscatter 
from the crests of breaking water waves interfers with mUltipath scattering that 
scatters off the crest and then reflects from the front face of the wave. Due to 
Brewster angle effects at VV, the HH interference is much stronger than at VV. 
Constructive interference of the HH signal leads. to large HHNV ratios. Recently, 
a ray tracing treatment of the multi path scattering from an idealized breaking wave 
was compared with "exact" moment-method based calculations (West, IEEE Trans. 
Geosi. Remote Sensing, 37, 2725-2727), and demonstrated the validity of the Trizna 
model under special conditions. However, the front face of the modeled wave was 
smooth, limiting the validity of the test. 

Here the multipath scattering model is tested when random roughness is 
added to the front face of the breaking wave. The roughness was generated from 
the Pierson-Moskowitz wind-wave spectrum, and RMS roughnesses of up to 1 elec­
tromagnetic wavelength were used. The large-scale roughness introduces reflection 
shadow boundaries that prevent simple ray tracing from predicting the mUltipath 
scattering even when no small-scale roughness is included. However, physical op­
tics is much more successful. The incident field scattered from the crest region 
was first found using a moment method approach. Physical optics was then appled 
to the crest-scattered field on the front face, and that current reradiated to give the 
multi path field. Direct backcatter from the small-scale roughness on the wave face 
was then found using a deterministic implementation of the two-scale model. The 
total backscatter found shows very good agreement with the reference scattering 
calculated using the moment method even for individual realizations of the random 
roughness. Monte-Carlo averaging of the backscattering from multiple surface re­
alizations shows that at VV the crest is comparable to the mean direct backscatter 
from the small-scale roughness on the front face. The backscatter from the small 
scale roughness and the crest give a random inteference pattern in the VV backscat­
tering when a single realization is considered. Multipath propagation is damped by 
the Brewster angle effect and is not important. At HH the small-scale roughness is 
much less important, and the multipath interference pattern predicted by Trizna that 
may yield sea spikes is maintained despite the added roughness. 
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The microwave emissivity of the ocean surface is influenced by both the small­
scale and the large-scale surface roughness. Many features of the emissivity are 
accounted for by the geometric optics (GO) model, which takes account of only 
the large-scale roughness (i. e. length scales longer than the wavelength of the 
microwave radiation). However, several aspects of the emissivity, especially at 
smaller incidence angles, require the inclusion of the small-scale roughness 
through the small perturbation method (SPM). Accounting for both length scales 
in the most straightforward manner is computationally intensive, however. This is 
because the larger scales are accounted for by integrating the local or small-scale 
emissivity over all surface slopes, weighted by the large-scale slope probability 
density function. The local emissivity is computed using the SPM, which requires 
a two-dimensional integration for each local surface slope. Thus, a four­
dimensional integral must be evaluated in order to calculate the emissivity at each 
angle of observation, surface temperature, wind speed, etc. Inversion algorithms 
for estimating the wind speed and direction, for example, typically require 
repeated model evaluations, and computation time is therefore an issue of concern 
for the application of such algorithms. 

We have investigated a method of approximating the two-scale emissivity by 
computing the Taylor expansion of the local emissivity as a function of the local 
slope. Having computed this Taylor expansion, the slope integration can then be 
evaluated analytically using either a Gaussian slope pdf or the Cox and Munk 
(Gram-Charlier) slope distribution. The contribution of the first-order and higher­
order Taylor expansion terms (as compared to the zeroth order term) is small, and 
the difference between the GO and SPM emissivity is also quite small. Therefore, 
to make the Taylor expansion tractable, we use the SPM to compute the zeroth 
order term and the GO approximation to compute the derivatives of the local 
emissivity with respect to the local slopes. Hydrodynamic modulation effects are 
also included in the SPM calculation, to first order in the surface slope. The 
effects of various terms on the azimuthal dependence of the Stokes parameters, 
including the upwind-downwind difference, are discussed in the paper. The 
results of this procedure are also compared with those of a full (numerical) two­
scale model, and with measurements of the Stokes parameters. 
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In finite difference modeling of plane wave interactions with objects. the usual approach i:-:; (,0 

calculate the scattered fields directly, using the incident field over the support oft.he scaLLerer 
as the source excitation. This approach avoids special considerations for specifying the 
incident wave at the edges of the computational boundary. Hmvever, if the scat.tcring object 
is embedded in a half-space with a realist.ic random rough interface, Lhi:-:; approach must ]w 

modified, as the transmitted field in the half-space cannot be detcrminl"'d analytically. 

The necessary modification is to conf)idel' the rough interface as a series of pert.urbat.ions to 
a nominal flat boundary: with depresf)iolls t.reat.ed as "air pocket." scattercrs in t.ite soil: .. lIld 
protrusions treated as finite regions of soil scatterers in the air. The incident. reHected, and 
transmitted fields used to determine the scat.t.ered field excitation (Ire t.hose of plane WiW(' 

scattering from the nominal planar boundary. 

For example, for a plane wave normally incident fi'om air (with wavenumber ko) otlto a lossy 
half space with free space permeability (such as soil, with wavenumber k,<), first the unper­
turbed normally incident plane wave Hunp is determined analytically, llsing standard I'('fkc­

tion/ transmission theory, with transmission coefficient. given by: 'j' = 2/( 1+ Jr l 
- ja/uJ(o). 

The fields above and below the nominal gr'ound surface at !J = Yo is: 

Eo (e~jl.:o(y~yo) + Rc+jkn(Y-Yu)), .II> Yo 

TED &e-:ik ,;(lI-!)ll) ',Ij < liD 
Vito' , 

H",.p = { 

'with incident E-field Eo at the surface, and R = T - 1. The total field. fit = l-f, + II llup 

satisfies the Helmholtz equation: [\72 + A·2(:t, y)]l-I t = 0 for space-JepeJHlellt wav{,lllltlllwl' 

k(x, V). Since the unperturbed magnetic field in the half-space satisfies t.he Helmholt,z equa­
tion with the constant scatterer-free wavenumber kS1 this equation can be separated int.o all 
inhomogeneous Helmholtz equation for the unknown scattered H-ficld as: 

[\7' + k'(x, y)] H, = -k;O(x, y)H",.p 

where the right hand side is nOll-zero over the support of the buried targel. objc('1 (wit-h 
wavenumber ktL the depressions below the surface a.nd t.he pJ'otrusions above t!Je slld~\C('. 
The object function O(x, y) is given by: 

O(x, y):::: 1.6/"'; - 1, over tIre depressions { 

k~ /k; - 1\ over the buried objects 

1 - kZ/ k; \ over the protrusions 

In addition 1 the since all scatterers should be snfficient.ly far from the absorbing grid boulld­
aries in finite difference calculations\ it is important t.hat the roughness perturhations at. the 
ends of the interface smoothly approach zero. 

Results for plane wave illumination of rough ground with buried mines using t.he FiIlitc Dif­
ference Frequency Domain method compare well with other numerical methods, and iu<iicat.(' 
that this is a valuable tool for realistic subsurface sensing of inhomogen('olls (,tlVirOlllnCllt.:-;. 
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EM SCATTERlNG FROM A 3D TARGET ON A ROUGH SEA 
SURFACE USING FORWARD-BACKWARD IPO 

Robert J. Burkholder 
The Ohio State University Department of Electrical Engineering 

ElectroScience Laboratory, 1320 Kinnear Road, Columbus, Ohio 43212 
E-mail: burkhold@ee.eng.ohio-state.edu Phone: (614) 292-4597 

The forward-backward iterative physical optics (FBIPO) method (R. J. 
Burkholder, Digest of the 1999 USNCjURSI Meeting, 224, 1999) is applied to 
the problem of electromagnetic (EM) scattering from a 3D target on a rough 
sea surface. The FBIPO method is extremely rapidly convergent in terms of 
the number of iterations for this class of problem. It is also more efficient than 
rigorous surface integral equation approaches because the numerical sampling 
density is lower; FBIPO requires approximately 32 unknowns per square wave­
length, whereas typical method of moments (MoM) approaches require 128. 
Numerical results are presented to demonstrate the accuracy of FBIPO com­
pared with MoM. The higher efficiency of FBIPO is needed so that relatively 
large rough surfaces can be analyzed. 

The geometry of interest is an arbitrary 3D target, such as a ship or 
periscope, located on a randomly generated rough sea surface. The infinite 
sea surface is modeled with a finite section of the surface in the vicinity of the 
target, and is illuminated by an incident EM plane wave. The scattering due 
to the presence of the target is extracted by subtracting the scattering from 
the surface with the target absent. This effectively removes the first-order 
scattering from the edges of the finite surface, and approximates the scatter­
ing from the target on an infinite surface. The accuracy of this approach is 
checked for the case of a target on a finite flat surface compared with the same 
target on an infinite flat surface (found via image theory). Good accuracy is 
obtained for elevation angles down to about 3° for the cases shown. 

The rough surface is modeled as a zero-mean Gaussian random process with 
a power law spectrum. The high-frequency cut-off of the spectrum is held 
fixed while the low-frequency cut-off is varied to simulate an ocean surface 
with a given RMS roughness. The sea water is modeled as an impedance 
surface and -the target is a perfect electrical conductor. A block target and a 
low observable trapezoidal target are considered. A small scale Monte Carlo 
simulation is performed by computing the radar cross section (RCS) of the 
target as a function of elevation angle for several randomly generated surfaces 
with the same RMS roughness. The coherent and incoherent components of 
the RCS are extracted and plotted. It is observed that the RCS becomes 
more coherent for low elevation angles. This is because the incident field, 
composed of the incident plane wave and its reflection from the rough sea 
surface, becomes more coherent for low elevation angles. 
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In anti-personnel mine detection applications, explosive objects buried under 
ground with rough soil surface could be surrounded by different clutter objects such as 
rocks, roots, sticks, metallic nails, vegetation, etc. Target discrimination between the AP 
mine and any sort of object clutter is necessary to minimize false alarms. 

In this work, we present the analysis of the electromagnetic wave scattered from two 
objects buried under a 2-D random rough surface. These two buried objects could both be 
perfect electric conductors (PEC), one plastic object and one PEC, or two plastic objects. 
The random height variation of the rough ground is assumed to have Gaussian probability 
density function and the surface autocorrelation function is assumed Gaussian as well. A 
carefully tapered Gaussian beam is assumed for incident waves. 

The integral equation-based fast algorithm, the Steepest Descent Fast Multipole Method 
(SDFMM), will be implemented in this work to calculate the electric and magnetic 
surface currents on the soiVground interface and the multiple objects. The great 
advantage of the SDFMM lies in its O(N) computational complexity versus the O(N2) for 
the Method of Moment (MOM) to solve N linear system of equations using an iterative 
solver. The SDFMM was originally developed at UIUC. 

In our previous work, we used the SDFMM to analyze the near electric field scattered 
from single plastic object buried under the rough ground. The rough ground surface was 
the only source of clutter in the surrounding environment. Here, we are adding another 
source of clutter that is the proximity of an un-explosive object to the AP mine. The 
effect of the proximity and orientation of clutter object on target signature will be 
investigated here. Our objective is to understand the physics behind the mechanism of 
scattering from these two buried objects and hence to be able to discriminate between the 
explosive target and the clutter object. 
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a Penetrable Target Above a Slightly Rough Surface 
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UUtlCl'stalldillg scattering from dielectric targets locat.ed above a rough air-ground inter­
fae" is important for improving, radar performauee and signal processing algorit.hms. The 
presencE' of H rOllgh Sllrf<lCC profilE' eause~ bot.h an additional "dut.ter'· backscattered signal 
which intf~rfere:-; with the dCHirecl target return and a 1l1odifiC'(l tion of the field incident on 
the target. so t.hat r.arget. reponses become diHtorted. Although approximate analytical met.h­
ud:-. Cdl1 \)(' developed for tIl(> T,nrget. ahove i:I rough surface problem, llul11eri('al solutions are 
advantageous due to their inclusioll of all possible scattering effects. However, the COll1puta­
tiona.i C08t of 11llll1ericulluethods call often be prohibitive. particula.rly when both 3-D target 
and surface gCOllletrie::; llUlst be discl'ctized, and when dielectric media are considered. 

In this present.ation, un efficient numerical approa.ch for predicting scattering Irom pene­
t.rahle t.a.t'get.s above a. rough int.erfac" will be described. The method is based on an approach 
previollsly applied in studies of sub-surface target scattering: an iterative method of n10ments 
for both the surface and target regiolls in which 111atrix multiplies are accelerated through 
IlS(~ of the canonical grid expansion for surface to surface coupling and the discrete dipole ap­
proxilllHtion for target to ta.rget coupling. The algoritllll1 1110difications necessary to consider 
targets above the illterfaee will be uiscussed, Hud issues associated with proper definitions 
of radm' cro" sect.ions for t.he prohlem reviewed. Tests of the method will also be presented 
for verificatioll of both accuracy a.nd efficiency. Tht:" influence of a slight surface roughness 
()ll target hackscattering will thml Ill' OPl1lO11stra.ted for canonical penetrable targets, and 
illlpli('ntiollS of these re:·mlts for radar :.-i.ystel1l~ HUlllllHtrized. 
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Abstract 

Humanitarian landmine detection and clearance is one of the most challenging. diftieult 

and time-consuming tasks to be completed with existing technologies. Inti-ared (IR) 

Imagery images differences in heat transfer on the surface of the soil due to a huried 

object. Based on sunlight heating, it is only useful at cel1ain times. Mierml'<l\e heating 

has been proposed to enhance the thennal signature. but it is limited by surLlee 

roughness. 

We have proposed a method called Dual Frequency Microwuve Enhanced IlIji-ared 

Thermography. Heating with microwaves instead of natural sunlight leads tll a numher 

of advantages, such as more etlieient heating, more feature parameters like ti-equeney_ 

modulation and incident angle. Moreover, two different frequencies arc used 

consecutively, and the heating image subtracted to minimize haekground I](lise 

introduced by the rough, irregular surface of the ground itselt: and vegetatiun ell\ering 

the ground. The dependence of scattered fields on frequency makes this possible. 

A 2-D computational model ofthis method has been developed to simulate real-world 

landmine detection. The model includes two main parts: a microwave modcl to get an 

image of absorbed power density and a 2-D thennal diftusion model to get temperature 

distribution on the surface of the ground. Finally, to evaluate the pcrtlmnanee of a system 

using this method, ROC (Receiver Operational Characteristic) curves arc used. 

0-7803-7070-8/01/$10.00 ©2001 IEEE 322 



High-Order High-Frequency Solvers for Rough Surface 
Scattering Problems 

Oscar P. Bruno 
Applied and Computational Matllematics, Caltech, Pasadena, CA 91125 

We present a new algorithm for the computation of electromagnetic scattering from 
rough surfaces, with emphasis on ocean scattering applications. Our new methods couple 
a high-order boundary variation technique with an approach based on high-order, high­
frequency asymptotic expansions of singular integrals. We demonstrate the high accuracy 
of our methods for a wide variety of configurations. 

To solve a general rough surface scattering problem this approach separates the low 
and high frequency components of the scattering surface, and it views the high frequency 
components as perturbations from the low order ones. The boundary variations method, 
used extensively in previous studies (Bruno O. and Reitich F., J. Opt. Soc. A., 10, 
1168-1175, 2307-2316, 2551-2562, 1993; Sei et aI., Radio Science, 34, 385-411, 1999) is 
then used to evaluate the scattered field from such rough surfaces by means of analytic 
continuation of an associated perturbation series of high order (Bruno O. and Reitich F., 
Proc. R. Soc. Edinburgh. A, 122, 317-340, 1992). 

The evaluation of each one of the coefficients in this perturbation expansion requires 
the solution of a scattering problem on a relatively smooth surface with highly oscilla­
tory boundary conditions. The solution of this notoriously difficult problem is computed 
efficiently and accurately by means of a new, high-order, high-frequency asymptotic ex­
pansion for the surface currents. Our high-frequency solver, which is designed to apply in 
the small wavelength regime in which geometrical optics and the Kirchhoff approximation 
are frequently used, is applicable to a wide range of scattering problems and it exhibits 
fast, high order convergence to the solution of the problem. Unlike the geometrical op­
tics type expansions, for which amplitudes can become unbounded (at caustics), our high 
frequency algorithm is entirely rigorous and highly accurate. 

This presentation will describe Our approach to the general rough surface problem 
with a detailed discussion on the boundary-variation and high-frequency components. 
Numerical results in a variety of cases will be presented, demonstrating the accuracy and 
computational efficiency of our methods. 

Joint work with M. Caponi and A. Sei 

0-7803-7070-8/01/$1O.00©2001 IEEE 323 





Wednesday Afternoon 
URSI B 

Multigrid and Fast Multipole Applications 
Chair: W. Chew, USA 

TECC4 
Session 87 

Page 

3:00 Multigrid Analysis of Scattering by Large Planar Structures, O. Livne', A. 326 
Brandt, Weizmann Institute of Science, A. Boag, Tel Aviv University 

3:20 Parallel Implementation of the MLFMA for Dielectric Targets, J. Pormann', 327 
J. Board, J. He, E. Jones, L. Carin, Duke University 

3:40 High Frequency Asymptotic Representation of the Fast Multipole Method 328 
Translation Operator, K. Warnick', Brigham Young University W. C. Chew, 
University of Illinois at Urbana-Champaign 

4:00 Comparison of Interpolation Methods in the Multilevel Fast Multipole 329 
Algorithm, N. Ozdemir', Ohio State University, K. Sencer, Middle East 
Technical University 

4:20 MLFMA Analysis of Multiple Conducting and Dielectric Targets in the 330 
Presence of a Half Space, J. He', L. Carin, Duke University 

4:40 MLFMA Analysis of Wideband Scattering from Single and Multiple Trees, 331 
J. He', L. Carin, Duke University 

325 



Multigrid Analysis of Scattering by Large Planar Structures 

Oren Livne', Achi Brandt, 
Department of Applied Mathematics 
The Weizmann Institute of Science 
Rehovot 76100, Israel 

AmirBoag 
Department of Physical Electronics 
Tel Aviv University 
Tel Aviv 69978, Israel 

Wave scattering by periodic structures has been extensively treated by 
many researchers since the pioneering work of Lord Rayleigh. On the other 
hand, scattering by finite periodic and quasi-periodic geometries received 
relatively meager attention, especially, in terms of numerically rigorous 
analysis. Examples of such structures comprise Fresnel lenses and planar 
reflector antennas as well as realistic finite Frequency Selective Surfaces (FSS) 
and patch antenna arrays. Scattering by planar structures can be formulated in 
the integral equation form, which is conventionally discretized using the 
Method of Moments (MoM). The direct solution of the MoM matrix equations 
for electrically large bodies is impractical due to D(N') complexity of direct 
solvers. Recently, a number of fast direct and iterative algorithms for the 
solution of the problem have been proposed (see E. Michielssen, A. Boag, W. 
C. Chew, lEE Proc.-Microw. Antennas Propag. 143,277-283, 1996). 

In this paper, we propose an alternative iterative solution based on the 
general multilevel approach for fast evaluation of integral transfornls with 
oscillatory kernels presented in (A. Brandt, Comp. Phys. Comm., 65, 24-38, 
1991). This approach avoids the fixed discretization inherent to the MoM and 
allows for local refinements of the solutions leading to higher order accuracy. 
We consider a two dimensional scattering by a large but finite array perfectly 
conducting strips. The problem is that of solving the one dimensional electric 
field integral equation. In the one dimensional case, the oscillatory kernel is 
represented as a linear combination of two "directional" kernels. Each such 
directional kernel is not oscillatory, but asymptotically smooth: it is singular at 
short distances, but gets increasingly smoother for larger distances. As a result, 
it can be further decomposed into a local part (whose contribution to the total 
field is local and inexpensively computed), and a smooth part, which can be 
efficiently recovered from its values on a coarser grid. The task of evaluating 
the original field over N nodes is thus replaced by the evaluation of the 
contribution of the smooth part of the kernel, on a coarser resolution of about 
NI2 nodes, which may still be too large to compute directly. Consequently, 
further coarsening is applied recursively until a grid is reached on which the 
evaluation task can be computed directly in D(N) operations. This implies that 
the original field evaluation can be carried out in only D(N) computer 
operations. The multilevel integral evaluation can be adapted to the efficient 
solution of the integral equation for the current, again in linear complexity. 
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Parallel implementation of the MLFMA for 
dielectric targets 

John B. Pormann John A. Board, Jr. Jiangqi He Eric A. Jones 
Lawrence Carin 

Department of Electrical and Computer Engineering 
Duke University, Durham, NC, USA 

January 12, 2001 

1 Abstract 

We present a computer program for calculating the surface currents on dielectric targets using a 
multi-level fast multipole algorithm (MLFMA). This algorithm greatly reduces the computational 
resources needed for a solution, both in terms of run-time and memory, relative to equivalent method 
of moments calculations. For a target with N edges, the MLFMA algorithm, using hierarchical 
cluster-to-cluster interactions, can reduce the order of complexity to O(N) compared to O(N2) for 
the method of moments, edge-to-edge based, approach. 

The MLFMA algorithm presented here has been enhanced to allow dielectric targets as well as 
perfect electric conductors. The inclusion of such complexity allows us to begin investigating new 
targets such as plastic explosives and land mines, as well as new scenarios such as the "tank under 
tree" (TUT) and foliage-penatrating radar (FOPEN) problems. 

To investigate these large-scale, multiple scatterer, problems, we have implemented the MLFMA 
algorithm On a distributed memory parallel computer thus enabling us to combine the processing 
power and memory space of many, otherwise separate, machines. The program has been developed 
on top of the industry standard Message Passing Interface (MPI) library and thus is highly portable, 
from clusters of ethernet-connected workstations to tightly coupled supercomputers, such as the IBM 
SP and Cray T3E. Note that while the code uses a distributed memory paradigm, it can also be run 
on shared memory multiprocessors such as the SGI Origin and the Sun Enterprise 10000. 
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Fast Multipole Method Translation Operator 
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Much of the work in computational electromagnetics (CEM) over the past 
few decades has sought to improve the efficiency of low frequency methods or 
to increase the accuracy of asymptotic methods. The multilevel fast multipole 
algorithm (MLFMA) has greatly extended the frequency range of the method 
of moments. Because the number of multipole terms grows with the electrical 
size of source groups, the computational cost is still larger at high frequencies 
than asymptotic methods such as ray tracing. A numerical method is needed 
which spans this gap by allowing a continuous tradeoff between the accuracy 
of the method of moments and the computational efficiency of an asymptotic 
method. With the goal of obtaining such a method, we propose the use of an 
expansion of the FMM translation operator in inverse powers of frequency to 
reduce the number of terms required at high frequencies. 

The translation operator T(k) is a distribution which satisfies 

J J dr dr' g(r, r')u(r)v(r') = J dk T(k)U(k)V(k) 

where g(r, r') is the free space Green's function and u and v are source and 
receiver functions, with far field patterns U(k) and V(k). By making use of 
the Fourier representation of the Green's function, it can be shown that 

eikor 00 ( i ) 1 
T(k) = -L - o(l)(cose -1) 

41fr 1=0 kor 

where r is the separation between group centers and e is the angle of k away 
from the line joining the centers. The superscript on the Dirac delta func­
tion denotes the distribution obtained by differentiating the delta function I 
times. The usual multi pole representation can be obtained from this result 
by expanding the cos e dependence as a Legendre series. For point sources in 
non-overlapping groups, this series is absolutely convergent. The derivatives of 
the delta function imply that numerical implementation requires computation 
of the derivatives of the far field patterns of source and receiver groups. 
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Electromagnetic scattering represents an important class of problems in physics and 
cngineering. The need to compute scattered field in an efficient way has stimulated the 
development of fast algorithms among which the Multilevel Fast Multipole Algorithm 
(MLFMA) takes an important part with numerical complexity of O(N) in three 
dimensions, where N is the number of scatterers. Numerical efficiency of the MLFMA 
is due to the nested grouping scheme which divides the computational domain into 
subgroups repeatedly resulting in a multilevel structure, where each level consists of cells 
at the same level of division. The MLFMA is considered in two steps: downward pass 
and upward pass. In the upward pass, outgoing multipole expansion at the center of a cell 
at any level is expressed in terms of the outgoing multi pole expansions at the centers of 
lower level cells which constitute it through interpolation and translation. In the 
downward pass, numerical quadrature in a cell at any level is transformed into 
numerical quadrature at a lowcr level through interpolation of the kernel of the integral, 
then exchanging the order of numerical quadrature and interpolation (S. Koc, and W.C. 
Chew, .f. Acoust. Soc. Am., vol. 103, no. 2, Feb. 1998, pp. 721-34). 

The focus of this study is the interpolation problem in the upward pass of the 
MLFMA. When outgoing multipole expansions at any level are interpolated at the Gauss­
Legendre points for accurate quadrature in the downward pass, the sample points in (), 
where () is the elevation angle in spherical coordinates, for different levels are quite 
different and nonuniform. One method is to apply local Lagrangian approximation in () 
variables, which leads to O(PN 0 (q)) numerical complexity at level q, where p is the 

number of local points used in interpolation and No(q) is the number of sample points at 
level q. In this study, the Adaptive Conjugate Toeplitz (ACT) algorithm by Feichtinger, 
Grochenig, and Strohmer (Numerische Mathematik, vol. 69, 1995, pp. 423-40) is 
proposed for the nonuniform interpolation in () and improved by the nonuniform FFT 
and inverse FFT algorithms due to Dutt and Rokhlin (SIAM .J. Sci. Comput., vol. 14, no. 
6, Nov. 1993, pp. 1368-93). The numerical complexity of the improved ACT algorithm is 
O(mNo(q)log, (No (q)) + No(q) q'), where m and q' are parameters to control 
efficiency and accuracy in the nonuniform FFT algorithm, respectively. By the proper 
choice of these parameters, the error due to the ACT algorithm is shown to be several 
orders of magnitude smaller than the error due to the local Lagrangian approximation 
while the numerical complexity tends to remain almost O(No(q)log,(No(q))) which is 

sufficiently close to O(N 0 (q)). 
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MLFMA Analysis of Multiple Conducting and Dielectric 
Targets in the Presence of a Half Space 

Jiangqi He* and Lawrence Carin 
Department of Electrical and Computer Engineering 

Duke University 
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The need to detect targets concealed in foliage has been and continues to be a critical and 
technically challenging military problem. A foliage-penetrating (FOPEN) radar system 
operating at VHF and UHF frequencies constitutes one of the most promising means by 
which this task can be accomplished. It is difficult to measure the SAR signature of all 
targets of interest, at all target-sensor orientations, thereby necessitating an accurate 
electromagnetic model. Knowledge of the target-signature variability with pose is 
essential for development of precise detection and classification algorithms. In this paper 
we develop an iterative scheme for extending the MLFMA to multiple conducting and 
dielectric targets, in the presence of a half space. For example, a vehicle embedded in 
foliage. Consider N targets in the presence of a half space, with target II being either a 
vehicle or tree. An iterative and scalable (parallel) algorithm is developed, as follows. 
The fields incident on each of the N targets are initially set equal to the radar excitation, 
in the absence of all other targets (isolated targets). The N individual MLFMA scattering 
problems are solved in parallel, for the individual-target scattered fields. The incident 
fields on the nIh target are subsequently updated as the isolated radar excitation, plus the 
scattered fields from the N-I other targets (computed in previous step). This process is 
repeated iteratively until the currents induced on all N targets converge. In addition to 
developing the algorithm itself, several example results are presented for targets of 
interest. 
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MLFMA Analysis of Wideband Scattering from Single and Multiple Trees 

Jiangqi He* and Lawrence Carin 
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Four electromagnetic models are employed for the investigation of wideband VHF and 
UHF scattering from tree trunks situated over flat and sloped terrain. Three of the models 
are numerical, each employing a frequency-domain integral-equation formulation solved 
via the method of moments (MoM). A body-of-revolution (BoR) MoM formulation is 
applied for a tree trunk on a flat terrain, implying that the BoR axis is perpendicular to the 
layers of an arbitrary layered-earth model. For the case of sloped terrain, the BoR model 
is inapplicable, and therefore the MoM solution is performed via general triangular-patch 
basis functions. Both MoM models are very accurate, but computationally expensive. 
Consequently, we also consider a multi-level fast multipole algorithm (MLFMA) for 
general dielectric targets in the presence of lossy dispersive soil. The MLFMA model 
allows consideration of electrically large problems, including the branch structure of the 
tree. The MLFMA also allows consideration of interaction with multiple arbitrarily 
spaced trees. In addition, we consider a fourth model, it employing approximations based 
on the closed-form solution for scattering from an infinite dielectric cylinder in free 
space. The fourth model is highly efficient computationally and, despite the significant 
approximations, often yields accurate results, relative to data computed via the reference 
MoM and MLFMA solutions. Data from the four models are considered, and several 
examples are addressed, of application to wireless propagation and remote sensing. In 
particular, we consider an iterative procedure to address multiple scattering effects due to 
a cluster of trees, addressing attenuation and depolarization issues. 
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AN APPLICATION OF THE T-MATRIX METHOD TO 
TIME-DOMAIN SCATTERING 

S. S KOC, O. AYDIN CIYI and O. M. BUYUKDURA 
Dept. of Electrical and Electronics Engineering 

Middle East Technical University, 06531 Ankara, Turkey 

This paper is concerned with the application of the T-Matrix method to the 
problem of time-domain scattering of scalar waves by an object in free space. 
The T-Matrix method is well known to be a powerful method in the frequency 
domain provided that the scattering object is small as compared to the 
wavelength at the frequency of interest and that its shape satisfies the Rayleigh 
condition. The same is found to be true of the application of the method in thc 
time domain. In this case the "smallness" of the scatterer is measured by 
comparing its size to the wavelength at the highest significant fi'equency 
component ofthe incident waveform. 

For the T -Matrix formulation, one needs a free space Green's fimetion in the 
form of an expansion in terms of wave functions which arc orthogonal over 
spherical surfaces centered at the coordinate origin. For the problem at hand we 
need such a Green's function which is valid in the time domain. Precisely this is 
provided in (O.M. Buyukdura and S.S. Koc, J. Aeoust. Soc. Am. 101, 87-91, 
1997). Once this is available, the formulation is very similar to that in the 
frequency domain: The total field in the vicinity of the scatterer surface is 
expanded in tenns of regular wave functions with unknown coefficients. To 
solve for these coefficients, thc null-field condition is imposed on a spherical 
surface which is entirely enclosed by the seatterer surface and the orthogonality 
of the wave functions is exploited to obtain a matrix equation the solution of 
which yields the unknown coefficients. 

As a numerical example to validate the formulation, the scattcring from an 
acousically soft (Dirichlet boundary condition) sphere is considered. The center 
of the sphere is displaced from the coordinate origin such that it simulates a 
non-spherical surface for which the T-Marix is not diagonal and the surface 
integrals necessary to find the matrix entries arc evaluated numerically. The 
results obtained arc compared to the exact result for the centcred sphcre which 
is also given in the above cited paper. An excellent agrccment is observed. 
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Multidomain Pseudospectral Time-Domain Method for 2.5-D Problems! 
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In many applications, electromagnetic problems can be treated as 2.5-dimensional. This 
is a special 3-D problem where the medium is inhomogeneous in only two dimensions, but 
electromagnetic fields vary in three dimensions. For examples, in ground penetrating radar 
application for the detection of buried pipes or other long objects, the medium can be 
treated as invariant along the direction parallel to the pipe and the ground surface; for wave 
propagation in dielectric or perfect conductor waveguides, the medium along the waveguide 
direction is invariant, but the fields inside the waveguide vary in all three directions. 

For this class of 2.5-D problems, the solution of Maxwell's equations can be simplified 
by using the Fourier transform. In this work, we present an efficient method based on the 
recently developed multidomain pseudospectral time-domain (PSTD) method. Assuming 
that the medium is invariant in z direction, we first Fourier transform Maxwell's equations 
in z so that the fields only depend on two spatial variables (x, y) and one spectral variable 
kz • Then, for each value of k" we solve the six coupled equations for the electric field E and 
magnetic field H. 

In this work, we extend the multi-domain Chebyshev PSTD (pseudospectral time-domain) 
algorithm to 2.5-D problems with lossy media. We utilize a new well-posed PML (perfectly 
matched layer) for lossy media in 2.5D to truncate the computational domain, which con­
sists of several subdomains with piecewise homogeneous media. In our multidomain PSTD 
method, for each given value of k" spatial derivatives are represented by Chebyshev polyno­
mials. At the interface between two adjacent subdomains, the characteristic conditions are 
used as the patching conditions if these subdomains have the same material; the physical 
boundary conditions are used as the patching conditions if these subdomains have different 
materials. The time derivatives are approximated by the fourth-order Runge-Kutta method. 
We show that this scheme has an exponential convergence property. With the solution avail­
able for electromagnetic fields correponding to all values of k" the spatial-domain fields are 
then obtained by inverse Fourier transform in kz . 

Applications of this 2.5-D multidomain PSTD method will be shown for (1) inhomoge­
neous waveguides with perfect conductor walls, (2) inhomogeneous dielectric waveguides, 
and (3) ground penetrating radar detection of buried objects. Our results show that this 
PSTD algorithm allows a small sampling rate of only 7r points per wavelength. 

IThis work is supported in parts by the U.s. EPA under a PECASE grant CR-825-225-010, by the NSF under a CAREER 
grant ECS-9702195. 
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A relatively simple time-domain magnetic field integral equat.ion (TD­
MFIE) formulation is investigated for computing the electromagnetic scat­
tering from arbitrary 3D objects. The approach roughly follows the procedure 
ofRao and Sarkar (Microwave Opt. Tech. Let., 17(5),321-325,1998), but with 
some subtle differences. The surface currents are expanded using RWG basis 
functions to represent the spatial variation as 

where In(t) are the unknown expansion coefficients which are a function of 
time. The expansion is substituted into the TD-MFIE and tested at the cen­
troid of each triangle in the RWG basis set. It is assumed that the time 
function is slowly varying over each triangle and is factored out of the surface 
integral, as done in the Rao and Sarkar paper. However, unlike that paper and 
some other TDIE papers, the time-derivative in the TD-MFIE is not a priori 
approximated by a finite difference formula. Instead, each In(t) is represented 
by a continuous piece-wise linear function interpolated between discrete time 
steps of size !::"t. The time function and its derivative are defined at any point 
in time from two discrete values before and after that point. 

The TD-MFIE is solved implicitly at t = to, t 1 , t 2 , •.. (for a causal incident 
field) to find the expansion coefficients In(tj), where tj = j!::"t. As in the Rao 
and Sarkar paper, it is observed that the solution is stable for arbitrarily large 
time steps. (Although, of course, the solution becomes inaccurate if the time 
step is too large for the piece-wise linear function to adequately reproduce the 
incident field.) This is contrary to some other TDIE papers which have set 
an upper bound on the time step based on the smallest triangle in the spatial 
expansion to insure a stable solution. This is undesirable for arbitrary 3D 
geometries, because CAD generated meshes may be non-uniform and contain 
some very small triangles relative to the spatial variation of the incident field. 
The small time step then requires the TD-MFIE to be solved at more points 
in time, which greatly degrades the efficiency. The simple approach presented 
here does not appear to have this limitation, although it is observed that there 
is a lower bound for the time step. The solution becomes unstable if c!::"t is 
less than about half the size of the largest triangle in the RWG expansion. It 
is noted that the same observations may not extend to the TD electric field 
integral equation. 
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The D.O.R.T method (French acronym for "Decomposition of the Time Reversal 
Operator", see C. Prada and M. Fink, Wave Motion, 20, 1994, 151-163.) provides an 
interpretation of experiments achieved in the time domain with ultrasonic pulses, where it is 
shown that the back emitted time-reversed scattered wave focuses on the bright point 
responsible for the echo. The set of transducers is called '~ime reversal mirror", since it 
extends to transient waves the phase conjugation mirrors known in Optics. In principle, the 
D.O.R.T. method permits one to derive how many scatterers lie in the probed area and it gives 
the means of generating a wave focusing on each one, provided the spatial resolution is high 
enough to separate them. 

Our aim is to study the capabilities of this method for detecting buried objects with the 
help of electromagnetic waves. In a first step, we have focused on the theoretical assumptions 
leading to the basic results. Clearly, the invariance of the wave equation with respect to time 
reversal is not satisfied in most practical applications. Except in dry sand, losses cannot be 
neglected in the subsoil. Therefore, to give a reliable interpretation of the results after 
propagation in lossy media, a simple post-processing has been suggested. Another key point 
concerns the assumption of independent point-like scatterers surrounded by transducers. Since 
the low frequency range leads to low echoes and poor resolution, it is not suited for accurately 
characterizing a scatterer. In addition, an interface often prevents from illuminating the 
scatterers from every direction. We have thus investigated the consequences of, the finite size 
of the scatterers on one hand, the restriction of available measurements to a piece of line on 
the other hand. Our study has shown that, even though only a few antennas along a short 
piece of line are used, the use of D.O.R.T. method remain very simple, whatever the 
polarization and for objects with size comparable to the wavelength. This last property is very 
important for characterizing the object, either by finding its resonant frequencies or by solving 
the inverse scattering problem. 
But these optimistic conclusions assume the ability of isolating the contribution of the 
scatterer from that of the interface. With this goal, numerical simulations based on a FDTD 
method have been conducted, with short incident pulses. Once the echo is filtered, a Fourier 
transform is performed, and the D.O.R.T. method is applied for a set of frequencies covering 
the whole range, with special attention devoted to the resonant frequencies. This technique is 
also suited to remove the noisy contribution from other inhomogeneities. In addition, using 
short pulses allows one to recover a good resolution in depth. 
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Recently, various FFT-based algorithms for accelerating marching-on-in-time 
(MOT) methods have been reported. Their performance, however, has not kept up 
with that of the frequency-domain FFT-based algorithms. For example, the FFT­
MOT solver, which computes spatial convolutions in the spectral domain similar to 
the CG-FFT method, requires O(NtN}-5) operations to analyze plate-like scatterers 
that reside in free space, for Ns spatial unknowns and Nt time steps. For this class 
of scatterers, the hierarchical FFT (HIL-FFT) algorithm requires O(Nt N,log2 N,) 
operations. In lossy media, where the impulse response has an infinite temporal 
tail, the following MOT system is obtained upon discretizing a time-domain integral 
equation (with Vn initialized to 0 for n = 1,2, ... ,Nt): 

for j = 1,2, ... ,Nt : 

ZoIj =Vj + Vj, (solve) 

Vn=Vn-Zn_jlj, (update) forn=j+l,j+2, ... ,N,. 

The bottleneck of MOT solvers is the computation of the space-time convolutions 
in the update step, for which the FFT-MOT and HIL-FFT-MOT solvers require 
O(Nl N;·5) and O(Nl Nslog2 Ns) operations, respectively. 

The three-dimensional integral equation in question is an example of the non­
linear Volterra integral equations, whose fast numerical solutions have also been 
pursued by the applied mathematics community. Unfortunately, the literature on 
FFT-based solutions of Volterra integral equations has mostly been limited to the 
one-dimensional case (E. Hairer et. al., SIAM J. Sci. Stat. Comput., 6, 532-541, 
1985). Nonetheless, because space and time dimensions are independent and be­
cause the MOT scheme forms a convolution structure in time, the methodology 
can be extended to the temporal convolutions in the FFT-MOT solution of the 
three-dimensional integral equation. These convolutions are accelerated similar to 
the one-dimensional case, specifically, Vj+! is updated once every two time steps 
by using spatial FFTs, Vj+!, Vj+2 is updated once every four time steps by using 
space-time FFTs of size three in the temporal dimension, and so on. 

We have applied this acceleration to the MOT analysis of transient scattering 
from plate-like scatterers in lossy media, with the resulting scheme requiring only 
O(NtNslog(NtNs)logNt) operations. Although HIL-FFT acceleration, which also 
employs space-time FFTs while making use of the sparsity of Zn matrices, is faster 
by a constant and requires 1/1Oth to 1/20th of the memory for finite-tail scattering 
scenarios, it cannot compete with this scheme for infinite-tail scenarios. 

In the presentation we will elucidate the above FFT -based scheme for the anal­
ysis of scattering in lossy media, provide numerical results that demonstrate its 
efficiency, and compare it to the HIL-FFT algorithm. We will further explore the 
hybridization of these two competing schemes. 
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Microstrip-Excited Double-Slot Antennas as Elements for a 2.5 THz Imaging Array Camera: 
Equivalent Network Model and Design 

Andrea Neto and Peter H. Siegel 
California Institute o/Technology Jet Propulsion Laboratory,4800 Oak Grove Dr, Pasadena CA 91109 

An ultimate goal of any sensor technology must be the ability to produce diffraction limited 
imaging at a specified wavelength. In the optical, UV, infrared, radio and now even at sonic 
wavelengths, imaging is commonplace. At millimeter and submillimeter-wavelengths (frequencies 
from 100 GHz - 3 THz) this goal is still a technologist's dream. In this presentation the authors 
discuss and numerically analyze a front-end antenna design which allows diffraction limited 
imaging, true heterodyne operation, and monolithic fabrication, with the goal of realizing a room 
temperature high sensitivity 2.5 THz camera. 

Key properties of the proposed planar array antenna design are diffraction limited element spacing, 
minimal mutual coupling, linear polarization, symmetric radiation patterns, and a high overall RF 
coupling efficiency over a 5-10% frequency bandwidth. Heterodyne behavior, for greatly improved 
pixel sensitivity, is enabled by the integration of monolithic THz GaAs Schottky diodes and 
intermediate frequency (IF) removal lines and filters, with each of the antenna elements. Since the 
impedance properties of these diodes is not measurable at THz frequencies, nor can the devices be 
characterized by any existing physical models, matching the antennas to the diodes cannot be 
accomplished with a high degree of accuracy a priori. Thus the design has the additional constraint 
that it has to be tunable, i.e. it has to be possible to perform slight variations at the wafer level to 
alter, and ultimately tune out, the reactive field contributions ariSing from the parasitics of the diode 
and feed structure. 

The proposed 2.5 THz heterodyne camera front-end is composed of a IOxlO array of double slot 
antennas printed on a 3 micron thick GaAs membrane which is suspended above a close spaced 
metallic reflector. The slots are excited from the underside of the membrane via coupled lines 
which terminate at the submicron Schottky diode. Capacitive filters printed along the lines block 
RF from traveling out while allowing the down-converted IF (near I GHz) to pass unobstructed. 
From the point of view of the electromagnetic design, significant difficulties must be overcome. In 
the first place, as in all practical arrays, the characterization of the mutual coupling between the 
close spaced elements is of great importance. Secondly there is a great need to model the very fine 
details of the antenna feed structure at these high frequencies, including the transition between the 
feed lines and the diode as well as the geometry of the diode itself. Both of these aspects make it 
difficult if not impossible to analyze the design based on brute force method of moments or finite 
difference tools. We have therefore subdivided the problem and developed independent 
characterizations of some key elements present in the array geometry. 1) The active impedance of 
each slot antenna pair is characterized, including the mutual coupling with neighbor elements. 2) 
The reactive energy stored in the slot itself due to its transmission line excitation is explicitly 
accounted for. 3) The connection of the feed line to the Schottky diode is characterized. The 
ensemble of the solution of these three problems constitutes the full equivalent network of the array 
front-end which can then be evaluated using a simple circuit CAD tool. 

After developing the full equivalent network for the array, the detailed dimensions of the antenna 
and feed structures have been optimized with the aim of maximizing the power coupled into the 
diodes. It turns out that polarization purity, coupling efficiency over 70%, and rotationally 
symmetric beam patterns are achieved over a 6% relative bandwidth around 2.5 THz. These and 
other results will be shown during the presentation. 
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With the rapid development of wireless data communication systems, highly integrated 
RF front-end circuits are needed without deteriorating electrical perfonnance. One way to 
reduce the size of the circuit is to integrate together the components that are nOlmally 
cascaded with each other in a conventional microwave circuit. Such integration is 
nonnally not easy to accomplish due to mutual couplings and varieties in functions and 
characteristics of each RF/microwave component. 

In a conventional RF front-end module, a filter is usually placed before a mixer (nonnally 
a balanced mixer) to remove unwanted RF components. A balun is then required in 
between the filter and the mixer to realize the transformation of the signals from 
unbalanced to balanced. Conventionally, the filter and the balun are constructed 
separately and then cascaded together. However, if the balun can be integrated into the 
filter, the RF circuit can be made more compact with lower cost. In this paper, we present 
out recent results on such integration where a multilayer planar structure is designed. 

In our design, planar dielectric resonators are employed as filtering resonators since they 
can provide high Q, low loss and easy frequency scaling. The two balanced output signals 
are obtained by placing two co-planar line segments underneath the resonators in the 
opposite direction. A center resonant frequency of 27.32GHz with a 3-dB transmission 
bandwidth of 2.85GHz and return loss of -24dB was obtained. The phase difference 
between the two balanced outputs is 180±3.5 degree, and the magnitude difference is not 
visible in the figure obtained. However, the out-of-band rejection is not very high, about 
-6.6dB. 

In conclusions, an attempt has been made to design a filter that is integrated with a balun. 
The initial results show that the integration is feasible although out-of-band filtering 
rejection needs to be further improved by enhancing the quality factor of the resonators. 
In addition, since the design was made on planar structures, it can be easily implemented 
in the semiconductor IC environment. 
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AN ANTENNA LOADED TRA VELlNG-WAVE PHOTOMIXER 
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Abstract 

An electromagnetic model is presented for the characterization of a distributed source 
excitation in coplanar waveguides (CPW). The solution to this problem is directly applicable 
to the unQer.sttlIluing and optimization of membrane traveling-wave photomixers (5. Matsuura 

et. ai, AppL Phys. Lett. 74, 2872 (1999». This local oscillator technology is capable of generating 
radiation above I THz and may make the implementation of future wide-band electronically 
tunable heterodyne receivers possible. The methodology we present allows the determination 
of the inttinsie dynamic propagation constant along the CPW, the optimal lengths of the 
active area needed to generate the maximum RF power, and an evaluation of the amount of 
radiated power when matching to a slot antenna. 

The a.Illllysis is performed in two steps: First, the magnetic current distribution is evaluated 
in the two gaps of an infinitely extended CPW excited by a distributed impressed electric 
current. We achieve this by assuming that the dependence of the magnetic currents are 
separable in the transverse and longitudinal dimensions. The transverse dependence is well 
represente9.by one-edge-singular basis functions. These basis functions have opposite signs 
in the two slots to represent the propagating asymmetric mode. The longitudinal magnetic 
current distribution is obtained by superposing the solutions of plane wave scattering 
problems. Each of these plane waves arises from the longitudinal expansion of the impressed 
magnetic tield, -which is distributed over a finite area. In the second step, a slot antenna that is 
matched to the CPW line is introduced, to launch the maximum possible power into free­
space. We validated the procedure described in step one and the behavior of the entire 
structure, £-PW and slot antenna, with a custom-developed Galerkin Method-of-Moments 
code. 

'Present address: Department ofInformation Engineering, University of5iena. Italy. 
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Low-Loss and "Vide-Band NRD Guide Band-Pass Filter with 
Ceramic Resonators at 60GHz 

Futoshi KUROKI and Satoru SHINKE 
Deparunent of Electrical Engineering, Kure National College of Technology. , 

2-2-11 Aga-lVlinami Kure 737-8506, Japan 

Tsukasa YONEYAMA 
Depanment of Communication Engineering, Tohoku Institute of Technology. 

35-1 Yagiyama-Kasumichou_ Taihaku-Ku, Sembi 982-8577_ Japan. 

Abstract Although TEon5 mode ceramic resona· 
tors are usually used at centimeter frequencies[l]. 
rhey have a difficulty in making wide-band band­
pass filters in the millimeter-wave region. EHnmc 
modes are more attractive than the TEon 6 modes 
because the coupling factors between resonators 
and input/output waveguides are larger than 
those of the TEon 5 modes. '!Yith this in mind, we 
have built the EHli 6 mode resonators into the 
NRD guide band-pass filters as shown in Fig.l. 
The comparison between the relative band­
widths of EH Il , mode and TEo" mode band-pass 
filters. designed as a 3-pole IdE chebyshev rip­
ple type. is shown in Fig.2. The band-widths are 
calculated by their coupling coefficients and load­
ed Q factors. measured as a parameter of the 
coupling spacing at 60.5GHz. It is obvious that 
the wide-band band-pass filter can be obtained by 
using the EH1l6 mode resonator. Figure 3 shows 
the calculated insertion loss versus the relative 
band-width. where the unloaded Q factors of the 
EHll , and TED" modes are set to be 2300 and 
4000. respectively. Even if the unloaded Q of the 
EH ll , mode is lower than that of the TE02 ., the 
low loss nature can be kept in the region of the 
wide band-\-vidth because the insertion loss is in 
inverse proportion to the relative band-width. 
Based on the results of Fig. 2 and 3, we have fab­
ricated the EHll • mode band-pass filter with the 
band-width of IGHz at the center frequency of 
60.5 GHz. The performance is shown in Fig. 4 as 
a dotted curve. Since the band-width is measured 
to be 1.IGHz, agreement between the theory and 
measurement is quite satisfactory. The perfor­
mance of the 5-pole, IdE chebyshev ripple band­
pass filter, designed for applications of the multi­
TV signal distribution system and the multiple 
access wireless LAN. is also shown in this figure 
as a solid curve. The fIlter has great advantages 
such as the wide band-width of 2.5GHz and low 
insertion loss of O. 3dB. 
Reference [1] A. W. Glisson, D. Kajfez, and J. 
James, IEEE, MTT-31, Nol2 (1983) 
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A Compact Design of Photonic Bandgap Structure for Microstrip Liues 

Sheng-Feng Yeh, Chia-Liang Tai, and Hao-Hui Chen' 
Department of Electronic Engineering 

Huafan University, Taipei, Taiwan, R.O.C. 

Recently, there has been an increasing interest in microwave and 
millimeter-wave applications of photonic bandgap (PBG) structures. A PBG 
structure is generally an infinite periodic structure which prevents wave 
propagation in certain frequency bands (bandgap effect). It also provides the 
slow-wave characteristics. For microstrip-circuit applications, the PBG structures 
can be achieved by using dielectric PBG, that is, drilling a periodic pattern of 
holes in the substrates. A more effective approach is to etch a periodic pattern of 
circles or metal pads on the ground plane. In practical applications, only finite 
number of periods would be used. However, to effectively exploit the bandgap 
effect (which is created by the periodicity), the number of periods should be large 
enough to obtain a significant insertion loss in the forbidden frequency range. It 
would be then difficult to accommodate the physical size of the PBG structure. In 
this work, we propose a compact design of PBG structure for the microstrip lines. 
The PBG structure is formed using a 2-D square lattice with circle etched on the 
microstrip ground plane. A microstrip meander line is then fabricated on the PBG 
structure. Each leg of the meander line is designed to pass through N PBG lattices. 
A microstrip incorporating a PBG structure of MxN lattices would be then 
realized compactly using a M-Iegs meander line. To investigate the PBG 
properties of the proposed design, a 3-legs meander line fabricated on the 
substrate with 3x3 lattices etched on the ground plane (as shown in Fig.l) is 
simulated using the FDTD method in this paper. Fig.2 compares the transmission 
characteristics of this circuit design (solid line) with those of a straight microstrip 
line passing through 9 PBG lattices (broken line). It can be observed that the 
bandgap effect of this compact design is significant and comparable to that of a 
straight line. More results will be shown and discussed at the conference. 

PBG 

dielectric substrate ground plane 

Fig.I. A 3-1egs meander line fabricated on the 
substrate with 3x3 PBG lattices 
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Tel: d9-011-5644074, Fax: +39-011-5644015, e-mail: savi(ii)polito.it 
+ Microelectronic Sciences Laboratory 

Columbia University, New York, NY, email: isg12@columbia.edu 

Recently a Finite Element Method based on high order interpolatory forms of 
curl-conlolming vector basis (R.D. Graglia et aI., IEEE Trans. AP, 45, 329-342, 
1997 ) has been proposed lor the analysis of electro-optic modulators on LiNb03 
substrates with planar electrodes configurations. (P.Savi et aI., APSIURSI 
Symposium, Salt Lake City, 2000). The formulation adopted avoids spurious 
solutions and yields directly the propagation constant of the structure at a given 
frequency. Moreover, it is able to analyze lossy anisotropic substrate and treats the 
finite conductivity of the electrodes by including them in the discretized domain. 

Reduction of the microwave effective refractive index and attenuation are 
. essential to achieve the synchronous coupling of an optical signal with the RF 
signal and a very large modulation bandwidth. 
The microwave effective refractive index is lowered by inserting low-epsilon buffer 
layers underneath the electrodes, by using etched grooves and ridges and by 
increasing the metallization thickness through electroplating up to 30J..lffi. 
In the case of thick and lossy electrodes, it will be shown that a good convergence 
of the attenuation computations can be obtained by using edge elements of order 
p=3 even with a poor discretization of the metallic region. 

In order to improve the performances of electro-optic modulators, different 
configurations have been investigated. A detailed analysis of different geometries 
will be presented to find out the effects of electrode width to gap ratio 
(W/G=0.25,0.5,1,2), electrode thickness (t = 5, 15, 30 flm), and electrode shape 
(rectangular or trapezoidal - ie the effect of the slope of the electrode lateral wall) 
on the microwave effective index and attenuation frequency dispersion. 
Comparison of our simulations with experimental data will also be shown. 
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Analysis of an Adaptive Planar Vagi Array for WLAN Applications 

Maha Abdelmoneim Ali and Parveen Wahid 
School of Electrical Engineering and Computer Science 

University of Central Florida 
Orlando, Florida 32816 

email: wahid@mail.ucf.edu 

In this paper, the design of an adaptive planar array configuration for 
ornni-directional coverage at 5.8 GHz for wireless LAN applications is presented. 
The microstrip Vagi antenna consists of six identical elements along with the 
radiating element and the director. The antenna has a 3 db beamwidth of 44° and a 
gain of 10.9 db. Planar arrays consisting of four and six identical Vagi antennas 
are considered. A deterministic least square adaptive algorithm is implemented to 
cancel interference and clutter noise due to multipath signals. This deterministic 
least square approach, (T.K. Sarkar, J. Koh et-al, IEEE AP Magazine, V 42, No.2, 
April 2000, pp. 39-55), has the advantage over conventional adaptive algorithms 
in that it can handle non-stationary environments where the noise statistics change 
very rapidly. The forward-backward method introduced in the above reference, 
which reduces the drawback of fewer degrees of freedom associated with the 
deterministic approach will be used. This new approach will be implemented on 
and tested for a novel configuration of an array of Vagi elements. Numerical 
examples of the use of the adaptive algorithm for the two array configurations 
will be presented. 
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Some Historical Phased Array Antennas 
Helmut E, Schrank 

Consultant, Hunt Valley, MD 

This paper reviews some of the earliest array and phased array antennas developed in the 20th 
Century. It is not a complete history of the subject, but it is a sampling of the antennas known to 
the author from his personal experience (mainly at Bell Labs and Westinghouse). 

While most phased array antenna applications are for military radar systems, it is interesting to 
note that the earliest array antennas were developed for communication applications. One of the 
earliest array antennas is the well-known Yagi-Uda antenna, an endfire array of three or more 
dipole elements developed in Japan in the 1920's. It is the fore-runner of more complex endfire 
arrays, such as the log-Ieriodic and similar broader band antennas widely used for radio/TV 
reception. These are arrays, but not phased arrays, in that they do not involve electronic beam 
steering by means of phase shifter devices. 

The earliest phased array known to the author is the MUSA (Multiple Unit Steerable Array) 
antenna developed in the mid 1930's by Bell Labs for trans-Atlantic short wave telephone 
communication. A 16 element array used motor-driven phase shifters to reduce signal fading. 

Military radar requirements motivated and produced many of the phased array antenna 
developments during the 1940' s. Frequency-scanned phased arrays were developed by Hughes for 
the U.S. Navy to provide horizon search during rough sea-states. Many shipborne radar antennas 
used parabolic cylinder reflectors fed by linear dipole arrays. A true phased array antenna using 
poly rod elements was developed by Bell Labs. It provided continuous azimuth beam scanning by 
means of motor-driven phase shifters. The first ground-based radar antenna installed at Pearl 
Harbor used a planar array of dipoles, developed by Westinghouse for the U.S. Army. 

Electronically Scanned Arrays (ESA) became more and more necessary for surveillance and 
tracking radars as aircraft speeds and numbers increased. This was true for ground, shipborne, and 
airborne systems. The airborne surveillance radar known as AWACS required an ultra-low 
sidelobe antenna. This was provided by a slotted-waveguide phased an'ay developed by 
Westinghouse for the U.S. Air Force in the mid-1970's. 

Many antenna R&D programs were frustrated by the unacceptable high cost of phase shifters 
and associated components required. An example of a successful cost reduction effOlt was the EAR 
(Electronically Agile Radar)antenna design. It not only provided reasonably low-cost components. 
but also demonstrated a multi-function phased aITay with navigation, search, fire control, and other 
capabilities, including low RCS (stealth) features. 

Future applications of the above (and other) array antenna developments are unbounded. One 
example is the technique of combining array technology with reflector designs for earth and space 
applications. The ARSR-4 antenna provides multi-beam, low-sidelobe dual polarization 
performance by illuminating a large reflector with a non-planar phased array feed system. The 
opportunities for antenna designers in the New Millennium to build upon past accomplishments are 
wide open, In this new century we can expect many more dazzling success stories. 
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A HISTORY OF SCAN- IMPEDANCE AND BLIND ANGLES 

R. C. Hansen 
ConsultingEngineer 
Tarzana, CA 91357 

818-345-0770 

This brief history is based on published papers, with the intent of showing the 
discovery and development of Scan Impedance and blind angles. The mutual impedance 
series approach is probably very old, but an early paper in 1960 is by Carter Jr., probably 
building on the classic 1932 dipole mutual impedance work by Carter. Also in 1960, 
Edelberg and Oliner invented the Floquet mode, unit cell approach, also called K-space, 
for calculation of conductance. This led to a formulation of Scan Impedance and Scan 
Element Pattern for dipole and slot arrays by Oliner and Malech, in 1966. Hannan 
developed the ideal element pattern (cos 8 in power) in 1964. Also that year Rhodes, and 
Wheeler in 1965, conceived the element impedance crater, with impedance in U,V 
coordinates. Decay of mutual coupling in an array environment was shown by Hannan in 
1965 and later by Galindo and Wu for circular waveguide arrays. A most useful concept 
was the current sheet by Wheeler in 1965; this gedanken shows simply how Scan 
Resistance behaves with scan. The mutual impedance double series was recast using 
impedance craters; the result was the grating lobe series of Wheeler, in 1966. An example 
of synchronicity was the development of waveguide simulators for Scan Impedance in 
1963, by Brown and Carberry, and by Hannan, Meier and Balfour. Scan Impedance is 
difficult to measure directly; the WG simulator proved to be a most valuable tool. The 
late sixties had an outpouring of Scan Impedance work. Plane wave expansions (FJoquet 
unit cell) were utilized by Stark; Van Kougbnett and Yen; Borgiotti, Chang, Diamond, 
Wu, and Galindo. Additions included the relation of element efficiency to Scan Element 
Pattern, Wasylkisky and Kahn 1968; inclusion of higher waveguide modes, Tang and 
Wong, Farrell and Kuhn. Waveguide arrays allowed scan compensation through use of 
dielectric plugs, sheets, and iri: Amitay, Galindo, Wu, Lee, Tang, Wong, Jones, DuFort, 
Tsandoulas, Knittel; all circa 1970. A different twist on exciting the necessary TE and 
TM modes for scan compensation was the slot with monopoles of Clavin, 1974. Another 
was the use of external transformer lavers ofMunk and colleagues, 1989. Inevitably the 
unit cell approach was applied to patch arrays by Liu, Shmoys, and Ressel, 1982. Finally 
a Gibbsian model for finite array Scan Impedance edge effects was presented by Hansen, 
1995. 

Turning now to blind angles, where the reflection coefficient magnitude is unity, 
Bates, 1965 showed blind angles due to a dielectric sheet cover. These phenomena were 
believed to be due to surface waves, Allen 1965, and a surface wave appeared in a 
waveguide simulator, Hannan and Balfour, 1965. Lechtreck, 1968, showed that blind 
angles could occur when the steering phase matched the mutual coupling phase. Work by 
Hessel, Knittel, and Oliner reduced blind angles to two types: a leaky wave over the array 
surface with the coupling and scan phases matched, and a forced surface wave supported 
by dielectrics, corrugations, etc. A definitive review was given by Oliner in 1969. 

This review has attempted to mention the key developments that have produced our 
mature understanding of phased arrays. 
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Trends toward reducing sensors platform size coupled with multifunction antenna 
performance requirements has driven to antenna designs that employ multiple antenna 
elements interleaved within a given aperture. Examples of recent and past development 
efforts of phased array antenna architectures that employ interleaved antenna elements 
have successfully demonstrated operation at several bands of frequencies. 
In this presentation the performance and design complexity of a full duplex satellite 
communications hybrid phased arrays antenna with interleaved elements for 20 GHz and 
44 GHz will be discussed. Measurement data including antenna patterns recorded over 
each band, with and without the radome, and with and without polarizer will be 
presented. Linearly polarized patterns, as well as circularly polarized patterns, along with 
gain measured over the scan range and compared to predicted values will also be 
presented. 
Results from a study of a dual band phased array suitable for future tactical application 
capable ofrneeting the search, track and identification for benign and jamming 
requirements will be discussed. In this antenna the radiating structure which can operate 
over two frequency bands utilizes various techniques including interleaved multiple 
radiating elements, shared radiating element aperture and wideband elementldiplexing 
design. Along with measurement results other examples of past and present multi­
function phased arrays antenna concepts will be presented. 
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Sketching the Evolution of Array Antenna Pattern Synthesis 

Hans Steyskal, AF Research Laboratory, Hanscom AFB, MA 01731, USA 
Lars Iosefsson, Ericsson Microwave Systems AB, Molndal, Sweden 

Array antennas come in many different shapes -linear, planar, conformal - often 
leading to different, specific pattern synthesis methods. Furthermore, although 
pattern synthesis in the strict sense of the word implies synthesis of a shaped 
beam, it is customary to also include pencil beams, and patterns obtained by 
optimization of various performance indices. Because of this diversity, pattern 
synthesis over time has evolved along different tracks, as depicted below. 
However, several of these tracks are well covered by the more recent, general 
numeric techniques. 

This is a vast subject and therefore the presentation is necessarily sketchy. We 
attempt only to highlight some of the most significant steps in the evolution of 
array pattern synthesis, starting from the early elegant analytic approaches to the 
present powerful numeric techniques. We limit ourselves mainly to linear arrays, 
commenting along the way when a technique is applicable also to other array 
shapes, or when importing results from continuous line source synthesis. 

We conclude by evaluating where pattern synthesis is presently and what some 
future directions might be. 

Pencil Beams 
low sidelobes 
I./ !!" pattern 
high resolution 
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Phased Arrays for the New Millennium 

Dr. Eli Brookner 

Raytheon Systems Company 
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Abstract: This is a survey paper summarizing the recent developments and future trends 
in passive, active bipolar and Monolithic Microwave Integrated Circuitry (MMIC) 
phased arrays for ground, ship, air and space applications. Covered would be the 
THAAD (forme:ly GBR), European COBRA and Israeli BMD radar antennas; Dutch 
shipboard APAR; airborne USF-22, European AMSAR, Swedish AESA, Japanese FSX 
and Israeli Phalcon; Iridium (66 satellites in orbit for a total of 198 antennas) and 
Globalstar MMIC spaceborne antenna systems; Thompson-CSF wafer integration 94 
GHz seeker antenna; digital beamforming ferroelectric row-column scanning; optical 
electronic scanning for communications and radar; the MMIC C-band to Ku-band 
Advanced Shared Aperture Program (ASAP) antenna for communications. radar 
electronics countermeasures (ECM) and ESM; and continuous transverse (CTS) voltage­
variable dielectric (VVD) antenna. 

Phased arrays have come a long way in the last three decades. This paper will cover 
phased array development over the last two and a half decades followed by a discussion 
of future trends. Covered will be the dramatic entrance into the new era of active MMIC 
phase-phase steered arrays for ground, air, and space; digital beamforming and its 
advantages; potential use of arrays for radar, communications, ESM, ECM and ECCM; 
how arrays can cope with jammers and ARM missiles through the use of ultra-low 
sidelobes and adaptive nulling and the potential simultaneous use of an array for radar, 
communications, ESM and jamming. Presented will be example fielded phased arrays 
(COBRADANE, PAVEPAWS, THAAD, and IRlDIUM®) and arrays about to be fielded 
(F-22, APARS, AMSAR, SAMPSON). Also covered will be the research work geared to 
reducing the cost and through the novel electronically steerable plasma mirror antenna. 
Finally, the work toward the development of a 95 GHz reflectarray using 4 inch MMIC 
wafers will be covered! 
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A Multilevel Direct Solver for the Method of Moments 

Dipanjan Gope and Vikram Jandhyala* 
Dept of Electrical Engineering, University of Washington 

Box 352500 Seattle WA 98195, Tel: 206-543-2186 Fax: 206-543-3842 
Email: jandhyala@ee.washington.edu 

Quasi-static parasitic extraction is an important problem in digital circuits and in mixed-signal IC 
analysis. While several fast integral equation-based techniques have been proposed and 
developed to address this problem, all these methods (e.g. the fast multipole method, QR-based 
methods, FFT-based techniques) rely on fast algorithms to accelerate the iterative solution of the 
method of moments (MoM) system. These methods accelerate matrix-vector products (from 
O(N2) time and memory to (N 10gN) or O(N)), and continue to rely on appropriate 
preconditioners and iterative methods in order to achieve solution convergence in a short time. 
Moreover, notwithstanding continuing efforts to use multiple-right-hand side iterative methods, 
these approaches primarily solve one right-hand-side (RHS) at a time, and therefore become 
considerably slower when a problem involves a large number of RHS vectors, such as substrate 
coupling, or parasitic extraction in the presence of a large number of nets. The run time of these 
methods is proportional to (N log N)pR, where N is the number of unknowns, p is the average 
number of iterations per RHS, and R is the number of right hand sides. Even with a multiple RHS 
solver, the number of iterations p is a strong function of the iterative solver used, the effectiveness 
of the preconditioning strategy, as well as the inherent conditioning of the physical problem. 

In this work, an iteration-free scheme is proposed that produces a representation of the inverse of 
the MoM matrix with reduced computational complexity and memory. This representation can 
then be applied to each RHS vector in O(N log N) cost, making the dominant solution time for 
large R proportional to (N log N)R. This approach thus bypasses the need for an iterative solver, 
associated preconditioning, and the uncertainty and time of convergence in an iterative scheme. 
While the approach is general enough in nature to be relevant to both quasi-static and full-wave 
analyses, and to free-space and multi-layered media, here we restrict our implementation to the 
quasi-static free-space and multi-layered cases. The compression scheme is based on the 
separation of an MoM matrix into a dominant (near-field) and a low-rank (far-field) portion (as is 
done in iterative fast schemes). This is followed by a recursive application of the Woodbury 
inversion formula (FX. Canning and K. Rogovin, IEEE Antennas and Propagation Magazine, pp. 
15-26, vo1.40, no. 3, June 1998), so that only a small portion (O(N) time) of the MoM matrix 
needs to be inverted explicitly. The remainder of the matrix is effectively inverted through 
recursive low-rank decompositions. These decompositions can be obtained from multipole 
approximations, FFT schemes, or QR methods. Here, we use the QR method to obtain low-rank 
approximations for the far-field portion of the matrix in the quasi-static limit. 

Results presented at the conference will include memory and time analyses of the algorithm, and 
applications to large-scale IC capacitance extraction and mixed-signal substrate coupling, both of 
which inherently have a large number of RHS vectors, through a large number of nets, and 
through a large number of excitation points, respectively. The stability of the recursive Woodbury 
scheme for MoM matrices at low frequencies will be discussed, and extensions to more general 
MoM matrices will be proposed. 
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New boundary integral equations for computer-aided design of 

3-dimensional optical waveguide 

Masahiro Tanaka and Kazuo Tanaka 
Department ofInformation Science, Gifu University, JAPAN 

An optical waveguide will be more used in optical 

communication and optical circuit. Development of 

Computer-Aided Design (CAD) for an optical waveguide is very 

important subject in electromagnetics. In this presentation, we 
propose basis theory of CAD for a 3-dimensional optical waveguide. 

We have proposed new type of boundary integral equations 

for a 2-dimensionaloptical waveguide, which is namely a slab 

waveguide structure. In this presentation, we propose new type of 

boundary integral equations for a 3'dimensinal optical waveguide. 

The cross section of the waveguide is circular, and the waveguide 

satisfies the single mode condition. 

Defining new unknown function which is subtracted 

guided-modes from total field, we can obtain the new boundary 

integral equations. The new integral equations are based on 

combined field integral equations. 
The new boundary integral equations are similar formulas 

with the conventional boundary integral equations for 

3-dimensional scattering problem. Therefore, it is possible to apply 

the method which has been developed in order to solve the 

conventional integral equations with high accuracy and high 

speed. 
In this presentation, we solve the new boundary integral 

equations by the conventional moment method which is simple 

method and widely used in order to solve boundary integral 

equations. The RWG triangle patch is used as the basis function 

and the testing function, and the matrix equation is solved by 

Gauss eliminate method. However, we expect that iterative 

methods. high order basis function and another methods which 

have been developed to solve the conventional integral equations 

with high accuracy and high speed can be applied to the new 

boundary integral equations. 
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Combined-Source Formulations for Electromagnetic 
Scattering from Convex Geometries 

R.l. Adams 
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equation. 
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Iterative Preconditioned Solvers 
In Electromagnetic Computations 

Vaughn P. Cable 
Jet Propulsion LaboratolJ' 

California Institute of Technology 
Pasadena, CA 91109-8099 

The application of fast methods for calculating electromagnetic 
behavior of large structures promises to yield significant speed-ups and 
memory savings [e.g., FASTSCAT by Wandzura, et aI., FISC by Chew, et 
al., AIM by Bleszynski, et al.l. While iterative methods are the basis of 
all fast methods, a priori knowledge of the best iterative solver to use or 
the best preconditioner to use is normally not available. Such 
information is difficult to come by for the average user and specific 
algorithms with preconditioners that work well are usually closely held by 
their developers. Also, adding someone else's "black box" 
preconditioners to existing iterative code is often not practical due to the 
inability of anyone preconditioner to handle all geometries and wide 
dynamic ranges in calculations. Finally, there has been little discussion 
on the practicalities of adding fast solvers to existing MOM codes. 
Although, it can be done with almost any existing MOM code, the amount 
work involved is difficult to estimate since most fast codes to date have 
evolved from research codes. 

This paper discusses choices of iterative method and guidelines for 
selecting or developing preconditioners for the MOM/FMM. Results from 
numerical experiments are presented on convergence for changes in 
geometry as well as preconditioning. These results also show the 
sensitivity of these factors to wide dynamic range calculations. 

The paper opens with a discussion of the common thread in all fast 
methods, i.e., the iterative solution of sparse, complex systems of 
simultaneous equations. The approach is straight forward and it seems 
ideally suited for a quick jump to fast methods. However, experiments 
have indicated that the performance and accuracy of a given method and 
preconditioner often fall short when geometry and dynamic range 
requirements change. Convergence and preconditioning issues are 
described for scattering analysis of simple PEC tip shapes (cone) and more 
complex structures (duct). This investigation is limited to EFIE in order to 
remain compatible with existing model descriptions using open (thin) 
surfaces. 
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Experimental Results for Implementing a Combination of AP and RWG 
Basis Functions using MoM to Solve the EFIE 

John R. Gulick*', Marc Kowolski', Leo C. Kempel!, and Jian-Ming Jin' 
Electromagnetics Lab. Michigan State University, East Lansing, MI 

Center for Computational Electromagnetics, University of Illinois, Urbana, IL 

In solving the electrical field integral equation (EFIE) to find the currents on a 
PEC surface using the method of moments, one encounters a large number of 
unknowns due to the need to capture the rapid current variation across the surface. 
Rao-Wilton-Glisson (RWG) vector basis functions have been successfully used in 
solving the EFIE for the past twenty years (Rao, Wilton, and Glisson, IEEE T-AP, 
1982). Unfortunately, the required number of unknowns is on the order of 100 per 
square wavelength making electrically large problems impractical. The use of 
asymptotic phase (AP) basis functions (Aberegg, 1995) can drastically reduce the 
number of unknowns (Kowolski et aI, PIERS, p. 136,2000) for the case of RCS 
calculations for large, smooth metallic bodies. This is due to the fact that the rapid 
spatial variation in the current is due to phase variations rather than magnitude 
variations. The AP basis function incorporates the anticipated phase and hence 
represents a more efficient basis function for a large class of problems. 

However, use of RWG basis functions for monostatic calculations is more 
efficient since the matrix entries need not be recomputed for each new incidence 
angle as is the case for an AP expansion. One can combine the methods selecting 
RWG or AP basis functions for a given geometry based on an element's location 
within the geometry. This allows the relaxation of mesh density in smooth flat 
regions not near the discontinuities resulting in a significant reduction of 
unknowns. 

Recently, the motivation and theoretical implications for combining Rao-Wilton­
Glisson (RWG) and asymptotic phase (AP) basis functions on the same perfect 
electrical conductor (PEC) for Method of Moments (MoM) numerical solution 
was presented (Gulick and Kempel, USNCfURSI Meeting, 2001). In this 
subsequent talk, results are presented for several objects along with MoM 
convergence and mesh reduction analysis. 

Several PEC objects are considered along with rate of convergence data 
comparing basis function techniques. Additionally, we present a mesh reduction 
analysis concerning the effectiveness of the mixed basis function technique in 
reducing the unknowns for a given object. Experimental results verify the theory 
explaining advantages and disadvantages to implementing mixed vector basis 
functions with MoM to solve the EFIE for three-dimensional scattering objects. 
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Higher Order Loop-Star Basis Functions for 
Method of Moment Computations 
I-F. Lee', R. J. Burkholder, P. H. Pathak, and R. Lee 

The Ohio State University Department of Electrical Engineering 
ElectroScience Laboratory, 1320 Kinnear Road, Columbus, Ohio 43212 

E-mail: jinlee@ee.eng.ohio-state.edu Phone: (614)292-7270 

It is well documented that the use ofthe conventional RWG basis functions in 
the MOM computations becomes ill conditioned at lower frequencies. This 
could also manifest into problems such as slow convergence in iterative matrix 
solution techniques when small elements are used in the simulation. To 
circumvent this difficulty, many authors (Wilton and Glisson, IEEE AP-S 
Symposium, 124-133, 1981; Uckun, Sarkar, Rao, and Salazar-Palma, IEEE 
MTT, 45(4), 486-491, 1997) have proposed in the past solutions that lead to 
the development of the loop-star splitting (Vecchi, IEEE AP, 47 (2), 339-
346,1999) of the RWG basis functions. Fundamentally, the loop-star splitting 
is an in-exact Helmholtz decomposition, where the loop basis functions are 
divergence-free, and corresponds to magnetic dipole moments, and the star 
basis function~ are loosely curl-free, and behave like fmite length electric 
dipoles. 

The main focus of this presentation is to extend the loop-star splitting to 
higher order ones. We are helped greatly by the realization that the H(div) 
conforming basis functions on three-dimensional surfaces are closely related 
to the rotation of H(curl) conforming basis functions that are commonly used 
in the finite element community. This link has been previously established by 
Graglia, Wilton and Peterson (IEEE AP, 45 (3), 329-342, 1997) and will form 
the foundation of our current work. In particu lar, we developed a set of 
hierarchical loop-star higher order basis functions that will enable the 
employment of hp-type method of moment computations: smaller elements 
and low order basis functions for sharp comer regions (h regions) and larger 
elements and high order for smooth regions (p regions). Details of our 
implementations will be discussed in the presentation. 
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A Grid-Robust, Higher-Order Multilevel Fast Multipole 
Algorithm for 3-D Electromagnetic Scattering Analysis 

K. C. Donepudi*, J. M. Jin, and W. C. Chew 
Center for Computational Electromagnetics 

Department of Electrical and Computer Engineering 
University of Illinois 

Urbana, Illinois 61801-2991 

Traditional Galerkin-based method of moments (MoM) for solving integral equa­
tions of 3-D scattering employs basis functions that guarantee the normal continuity 
of the expanded unknown current density. Consequently, the method can be applied 
only to well-connected meshes. This is too restrictive for practical applications since 
the generation of high-quality meshes is often very time-consuming and technically 
challenging. Recently, a set of novel, grid-robust, higher-order vector basis func­
tions was proposed for the MoM solution of integral equations for 3-D scattering (G. 
Kang, et al., IEEE AP-S Digest, vol. 1, pp. 468-471, 2000). These basis functions 
are defined over curvilinear triangular patches and represent the unknown electric 
current density within each patch using the Lagrange interpolation polynomials. 
The Lagrange interpolation points are chosen to be the same as the nodes of the 
higher-order Gaussian quadratures. As a result, the evaluation of the integrals in 
the MoM is greatly simplified. More important, these basis functions do not require 
the side of a triangular patch to be entirely shared by another triangular patch; 
hence, the resultant MoM is applicable even to defective meshes. In this work, we 
implement the multilevel fast multipole algorithm (MLFMA) (J. M. Song and W. C. 
Chew, Microwave Opt. Tech. Lett., vol. 10, pp. 14-19, 1995) using these new basis 
functions. This implementation results in a grid-robust, higher-order MLFMA that 
has a computational complexity of O(NlogN), where N denotes the total number 
of unknowns. The implementation is carried out for the electric-field integral equa­
tion (EFIE), the magnetic-field integral equation (MFIE) , and the combined-field 
integral equation (CFIE). Shown below are two preliminary examples. The one on 
the left is the bistatic scattering by a metallic sphere having a radius of 2.0.\ and 
the one on the right is the bistatic scattering by a 4,\ x 4,\ plate. Both computations 
are done using the second-order, four-level MLFMA, with the second made on a 
defective mesh. 
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Full-Wave Time-Domain Analysis of Conducting Surface 
Including the Singular Edge Behavior 

Yongxue Yu", Daniel S. Weile:, Mingyu Lu', and Eric Michielssen' 
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Newark, DE 19716 

In recent years, time-domain integral equation (TOlE) solvers for 
analyzing electromagnetic scattering phenomena have steadily gained popularity. 
Classical marching-on-in-time (MOT) schemes for solving TOlEs can now be 
enhanced by fast multipole-like and fast Fourier transform-based accelerators, 
e.g., the plane-wave time-domain and hierarchical Fast Fourier transform 
algorithms. In addition, implicit time-stepping schemes have emerged that render 
MOT based TOlE solvers unconditionally stable. Despite these advancements, 
however, accuracy enhancements for TDlE-based methods remain largely 
unstudied, especially within the context of the analysis of structures with sharp 
edges and comers where fields exhibit singular behavior. 

This paper reports on the development of an MOT-based TOlE solver that 
uses singular basis functions near comers and edges. It will be shown that this 
modification improves the accuracy and efficiency of the present scheme relative 
to MOT methods that expand edge currents with nonsingular basis functions. The 
benefits associated with usage of singular basis functions in frequency domain 
method of moment codes have been extensively documented (Jeannick Sercu, 
Niels Fache, Frank Libbrecht, and D. De Zutter, IEEE Trans. on MIT, 1581-
1588, 1993). In this study, we analyze transient scattering from plate-like 
structures using modified rooftop basis functions that accurately model the 
singular behavior of electric currents near edges and interior/exterior comers. 
Depending on the location of a basis function relative to a boundary comer or 
edge, one of four types of modified rooftop basis functions is employed to ensure 
that the singularity is modeled correctly. The components of the current parallel 
and "'perpendicular to the edge of these modified rooftops are proportional to 
I/--Jd and .Jd, respectively, where d measures distance to an edge (1. Meixner, 
New York Univ., Rep. EM-n, 1954). 

Numerical results will be presented that demonstrate improved accuracy 
resulting from the use of this set of modified rooftops. Higher order basis 
functions defmed on curvilinear surfaces that incorporate edge and comer 
singularities are currently being studied. Preliminary results obtained using this 
higher-order / singular MOT solver will be discussed. 
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Topics in 3D Higher Order Modeling in the BEMIFEM Hybrid 
Formulation 

P. W. Fink 
NASA-JSC 
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D. R. Wilton 
University of Houston 
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N. Champagne 
R. Sharpe 
D. White 
LLNL 
7000 East Ave., L-154 
Livermore, CA 94550 

This paper addresses several issues associated with higher order modeling in the 
BEMIFEM hybrid formulation. First, the efficiency of higher order modeling in the 
hybrid BEMIFEM formulation is examined for various situations. In the absence of 
geometrical singularities, and with careful attention to integration accuracy, high 
convergence rates can be achieved. However, in problems involving, for example, 
metallic edges, benefits of higher order modeling may not be as significant. 

Accurate integration of singularities and near-singularities of potentials on the boundary 
is crucial in effectively realizing the benefits of higher order modeling. This paper 
presents and evaluates options in the treatment ofthese near-singularities. The authors 
recently developed schemes in which the element containing the source is adaptively 
meshed according to the location of the observation point. Although this approach 
permits near arbitrary accuracy, it is somewhat inefficient. Alternate techniques 
involving extensions of the Duffy method to observation points outside of the source 
triangle are presented. 

The CFIE is commonly employed to avoid resonances associated with the EFIE and 
MFIE. In this paper, we discuss issues associated with the testing functions for the 
electric- and magnetic-field components of the CFIE in the hybrid formulation. An 
approximate transformation between divergence- and curl-conforming bases, previously 
used in a BEM solution of the Leontovitch problem (A. Bendali, et. aI., IEEE AP, 47, pp. 
1597-1605, 1999) is shown to be useful in the hybrid formulation with the CFIE. 

Finally, several methods of solving the resulting system of equations are presented. The 
system matrix in the hybrid BEMIFEM formulation has a dense block associated with 
BEM formulation and a sparse block associated with the FEM formulation. Without 
preconditioning, the system is often too poorly conditioned to converge quickly using 
iterative solvers. Convergence results are presented for several iterative solvers with and 
without the application of simple preconditioners. 

0-7803-7070-8/01/$10.00 ©2001 IEEE 364 



ACCURATE LARGE-SCALE CEM MODELING USING 
HYBRlD FEMIMOM TECHNIQUE 

Sunil S. Navale, Yan-Chow Ma & Maurice Sancer 
Northrop Grununan Corporation 

El Segundo, CA 90245 

Kueichien C. Hill' 
Air Force Research Laboratory 

Wright Patterson Air Force Base, OH 45433 

The advent of parallel computers and fast solver technology in the 90's 
has drastically increased the problem size that can be solved using fIrst principle 
based computational electromagnetic (CEM) techniques. As parallel computers 
and fast solver technology continue to mature, we continue to push the state-of­
the-art of the CEM techniques by solving problems at even higher frequencies. In 
addition, the use of CAD packages allows the modeling of geometry with greater 
complexity and fIdelity. As a result, the nwnber of unknowns for a problem can 
easily reach a few millions at frequencies of application interest. The question 
arises whether one can blindly apply the current CEM techniques, especially those 
based on the partial differential equation fonn of the Maxwell's equations, to a 
problem with a few millions unknowns. What kind of accuracy can one expect? 
Will the accwnulated dispersive and dissipative errors render the solution useless? 
In this paper we attempt to answer these questions and provide alternative 
approaches that address the accuracy issue. 

We chose the hybrid fInite element method/method of moments 
(FEMlMoM) for this study. In the past, the hybrid FEMIMoM technique has been 
applied to antenna problems by many researchers mainly because of its material 
and geometry modeling flexibility inside the antenna cavity and its incorporation 
of the exact radiation boundary condition outside the antenna cavity. The 
solutions are reasonably accurate due to the relatively small antenna physical 
dimensions. In this study, we apply the FEMIMoM technique to a large engine 
duct-like cavity instead of the usual antenna size problem. We noticed that the 
hybrid FEMIMoM technique loses its accuracy when the sparse unknown count 
inside the cavity reaches half a million. By refIning the grids, increasing the order 
of the FEM basis functions, and employing a novel domain decomposition 
technique, we can improve the accuracy of the hybrid FEMIMoM technique for 
large problems. The conclusion we draw is that bigger computers and faster 
solvers should not be the only solutions to our continuing quest for accurate large­
scale modeling. Developing novel CEM techniques and algOlithms that reduce 
the operation count by incorporating a priori knowledge of the physics of the 
problem needs to be the focus as well. 
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Dissimilar Mesh Formulation for the 
Finite Element-Boundary Integral Method 

Jeff Meese* and Leo Kempel 
Electromagnetics Laboratory 

Michigan State University 
East Lansing, MI 48824 

Abstract 

A method is presented to use dissimilar mesh elements to model complex three­
dimensional antennas and scatterers. Different elements with separate basis functions are 
used for the surface and the volume resulting in a coupled Finite Element-Boundary 
Integral (FE-BI) equation to describe the system. The coupling terms are required for 
dissimilar elements in order to enforce the essential boundary condition of tangential 
electric field. This coupling does not, however, increase the memory requirements since 
the use of simpler elements on the surface allows a boundary integral matrix with much 
smaller memory requirements. This formulation reduces the computational complexity of 
a large class of problems while maintaining the ability to model complex three­
dimensional geometries using the FE-BI method. Such an approach has been used in the 
past for finite element representations combined with a surface-of-revolution (T. Cwik, 
IEEE Trans. Antennas Propagat., 4Q, pp. 1496-1504, Dec. 1992.) In this paper, a method suitable 
for conformal antenna analysis and design is presented. 

The FE-BI system is stored as a system matrix. The finite element portion of the matrix 
represents the volume interactions and is sparsely populated due to local coupling as a 
result of the partial differential equation formulation. The boundary integral portion of 
the matrix is fully populated due to coupling 
across the aperture. Since the majority of 
memory and computer time is dedicated to the 
boundary integral solution, this paper presents a 
method to decrease both the memory and 
computer time requirements for the boundary 
integral portion of the matrix. Using rectangular 
elements on the surface and either prism or 
tetrahedral elements in the volume allows the 
use of an FFT-based method solution to the 
boundary integral portion of the system while 
still maintaining a high fidelity geometrical 
model for the volumetric region. A surface mesh 
depicting this scheme is shown in Figure 1. 

Figure 1. Dissimilar mesh scheme 
for a rectangular exterior mesh 
and a trialllwiar interior mesh. 

A partial differential equation formulation is presented that is used to describe the FE-BI 
system. An algorithm is then presented that is used to determine the coupling terms that 
arise from using dissimilar mesh elements. A patch antenna backed by a conducting 
cavity is then modeled to test and validate the formulation. 
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While the performance features of periodic scatterers in a waveguide or in free 
space is well understood through a harmonic field expansion, the character of general 
irregular elements is yet to be quantified. For instance, a waveguide mode converter 
can be realized using a periodic array of perturbations in the waveguide with a pe­
riod of c5 = 27f/I)3i - )301, where )3i and )30 are the input and output mode phase 
constants, respectively, and the structure can be designed using coupled mode the­
ory. Another example is the frequency selective surface, where numerical solutions 
are employed Over a unit cell or the complete structure for a finite, locally periodic 
system. Yet another example is the photonic bandgap structure family. We have 
proposed rough, irregular conducting wall waveguide mode converters (T. Haq, K. 
J. Webb, and N. C. Gallagher, IEEE Trans. Microwave Theory and Techniques, 
43, 559-565, Mar. 1995; T. Haq, K. J. Webb, and N. C. Gallagher J. Opt. Soc. 
of Am. A, 13, 1501-1505, July 1996; T. Haq, K. J. Webb, and N. C. Gallagher, 
IEEE Trans. Microwave Theory Tech., 46, 1856-1867, Nov. 1998). These struc­
tures were designed using nonlinear optimization and have features which introduce 
strong evanescent mode content and result in a family of designs that are more 
compact and offer bandwidth variability which depends on the shape of the local 
optimization surface. Of particular significance is that it is possible to transform 
multiple modes and to incorporate waveguide transitions. There are also unguided 
scatterer implementations of these structures. . 

We present results for two classes of irregular diffractive structures, a parallel 
plate geometry that has steps or fins as the scattering element, and an unbounded 
media example comprising conducting strips. The frequency-dependent field trans­
formation properties of these structures will be addressed and the synthesis strategy 
described. The goal of this work is to develop an understanding of achievable trans­
formation properties using iterative nonlinear optimization coupled to a numerical 
forward field solver, and ultimately to fabricate and test these structures. 
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