












































































































































































































































































































































































































































































































































































































































New Numerical Methods for the Prediction 
of EM Scattering by Electrically Deep Cavities 

N olwenn Balin· 1,2,3 and Abderrahmane Bendali 2,3 

I MBDA-France, 2 rue Beranger, 92323 Chatillon, France 
2 CERFACS, 42 avo G. Coriolis, 31077 Toulouse, France 

3 MIP, UMR5640 (CNRS-UPS-INSA), INSA, 135 avo de Rangueil, 31077 Toulouse, France 

It is well known to specialists in stealth technology that an inlet significantly contributes 
to the Radar Cross Section (RCS) of the surrounding aircraft. Today, the RCS 
computation of air-breathing aircraft is a major challenge because this case cannot be 
efficiently handled by standard methods. Indeed, inlet shapes result in lower accuracy for 
the asymptotic methods and difficulties to converge for the fast iterative full wave 
solvers. Likewise, Finite Element (FE) or Boundary Integral (BI) methods cannot be used 
directly, because of the huge size of the full problem. 

Recently several approaches based on domain decomposition or hybrid techniques have 
been proposed: FE-BI formulations coupled with Shooting and Bouncing Ray (SBR) 
methods, or multi-methods based on generalized matrices, ... But none of them has been 
successfully applied in the general cases. In this paper, we present a new method based 
on a BI formulation coupled with an asymptotic method for analyzing the scattering of 
deep open-ended cavities, residing in a big and relatively smooth (aircraft-like) structure. 

At first, the cavity contribution is determined through an efficient BI formulation. The 
principle is to define a domain decomposition consisting of p successive pieces, the 
interfaces of which are sectional surfaces of the cavity. Next, the pieces are successively 
eliminated one by one, so that the cavity's behavior is reduced to the determination of the 
currents on the aperture. Thus, instead of solving one problem of size N, p problems of 
size Nip are solved, hence significantly reducing the computational costs. Even though 
the principle is the same as the usual procedure in FE calculation, the use of BI here also 
yields a very low numerical dispersion. 

Once this method has been applied, the cavities can be considered closed for the external 
coupling part of the process, which is then better suited for asymptotic or multipole 
methods and consequently for the coupling step. Then, we define an overlapping 
boundary decomposition, where each subsurface corresponds to a solution procedure 
(exact, asymptotic or multipole). Finally, the coupling process between the subsurfaces is 
derived from an additive overlapping Schwarz method. 

Good results have been obtained for predicting the scattering behavior of the COBRA 
cavity with cap, a test geometry inspired by a benchmark case proposed by MBDA-F at 
the JINA workshop 2002. Numerical results will be presented. 
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Teaching the FDTD Method in the Junior Undergraduate 
Electromagnetics Course 

John R. Natzke 
Department of Math, Computer Science, and Engineering 

George Fox University 
Newberg, OR 97132-2697 

The primary objective of this initiative was to increase the exposure of numerical 
methods to the electrical engineering undergraduate students. With a numerical 
methods requirement becoming less prevalent in engineering curricula, a need 
was seen to introduce the students to some of these methods wherever possible. 
A separate numerical methods course is now mostly offered as an elective, in part 
because software applications with advanced, built-in functions are readily 
available. However, it would greatly benefit the students to develop some of 
these advanced techniques themselves. This approach also provides the 
advantage of experiencing it within the context of particular engineering courses. 

One of those opportunities presented itself in our Electromagnetic Fields and 
Waves course taught in the junior year. With the introduction of transmission 
lines in Chapter 2 of the text (F. T. Ulaby, Fundamentals of Applied 
Electromagnetics, Prentice-Hall, 2004), the finite difference form of the 
telegrapher's equations were readily derived and coded on the computer by the 
students themselves. Granted, some electromagnetics texts include various 
numerical techniques, but these are relegated to the later chapters of the book. 
The approach here was to infuse the course with the FDTD method when 
applicable, as opposed to a full-fledged presentation on the technique, especially 
since our three-hour course is already limited on time. 

By the introduction of the FDTD method, the electromagnetics students were able 
to gain greater insight on propagation and reflection of waves on transmission 
lines. Also considered were lossy lines, discontinuities, and simple radiators. The 
coding was done in MATLAB, which enabled immediate animation of the transient 
solution through its graphics tools. In the steady state, the students compared the 
results to their analytical solutions of the wave equation, and both the advantages 
and limitations of numerical methods became readily apparent. A pedagogical 
analysis and critique of the effort will be presented, along with a sampling of 
student work. 

Although various numerical techniques could be utilized, a time-domain method 
capitalizes on the visualization appeal, an undeniable trend in academics in these 
times. Furthermore, the students are then given the opportunity to program FDTD 
solutions in other courses, such as our microwave engineering senior elective. 
Application to the transient analysis in the sophomore circuits course is also being 
considered. 
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A Fourth-Order FDTD Scheme with Long-Time Stability 

Kyu-Pyung Hwang 
Intel Corporation 

Components Research 
CH5-166 

5000 W. Chandler Blvd. 
Chandler, AZ 85226-3699 

Tel:(480)552-0394 Fax:(480)554-7214 
E-mail:kphwang@ieee.org 

As an alternative to standard second-order Yee's finite-difference time-domain (FDTD) 
method, various forms of high-order FDTD methods have been explored for their supe­
rior numerical accuracy. For time-domain electromagnetic simulations involving electrically 
large structures, the advantage of these high-order FDTD methods in terms of numerical 
efficiency become more pronounced over second-order FDTD method. A large scale time­
domain electromagnetic simulation typically requires stable time integration for a very long 
time and thus a stable and accurate time integrator is an essential part of a high-order 
FDTD algorithm to produce reliable high-order time-domain solutions. It is also desirable 
for a high-order scheme to maintain the same order of accuracy both in space and time. 

In this paper, a new high-order FDTD scheme is proposed with fourth-order accuracy 
in space and time. The fourth-order backwards differentiation method is used for time 
integration while spatial derivatives are discretized by fourth-order finite difference approxi­
mation. This new combination of time and space discretizations is employed to derive FDTD 
equations for two-dimensional (2-D) TE case. Special modifications (K.-P. Hwang and A. 
Cangellaris, Pmc. 2001 IEEE AP-S Int. Symp. USNC/URSI National Radio Science 
Meeting, URSI Digest, 251, Boston, MA, July 2001) are made near metallic and dielectric 
boundaries to preserve the fourth-order accuracy and long-time stability of the time-domain 
solution. Unlike in Fang's (4,4) scheme (J. Fang, Time Domain Finite Difference Compu­
tation for Maxwell's Equations, Ph.D. Dissertation. Berkeley, CA: Univ. California at 
Berkeley, 1989) where coupled time and space operators cause troubles in treating electric 
and magnetic losses, the anisotropic PML absorbing' boundary condition (S. D. Gedeney, 
IEEE Trans. Antennas Pmpat., 129, 1630-1639, 1996) is easily implemented in this fourth­
order FDTD scheme. The fourth-order convergence rate of the proposed FDTD solutions in 
space and time is verified using 2-D rectangular cavities in terms of L2 norm errors. Based 
on the cavity simulation results, comparison is made between the proposed fourth-order 
FDTD scheme and Yee's second-order FDTD scheme in terms of computational efficiency. 
A large scale 2-D electromagnetic scattering problem is considered to prove the numerical 
advantage of the new (4,4) scheme. 
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Time-Domain Split-Field Formulation for Both Periodic 
Boundary Condition and PML 

Davi Correia* and Jian-Ming Jin 
Center for Computational Electromagnetics 

Department of Electrical and Computer Engineering 
University of Illinois at Urbana-Champaign 

1406 Green St., Urbana, IL 61801. E-mail: dcorreia@uiuc.edu 

Periodic structures as frequency selective surfaces and double negative metamaterials 
have gained increasing attention in the last decade or so. Analysis of such structures 
in the frequency domain has successfully been done. In the time domain a split-field 
technique has recently been proposed to solve the problem of delay in the grid (J. A. 
Roden, S. D. Gedney, M. P. Kesler, J. G. Maloney and P. H. Harms, IEEE Trans. 
Microwave Theory Tech., vol. 46, no. 4, pp. 420-427, 1998) where the authors used 
uniaxial perfectly matched layers (PML). In this talk we will present an equivalent 
formulation based on split-field PML as well as split-field for periodicity. When 
working with the split-field PML one separates the field due to x-derivative from the 
one due to y-derivative (J. P. Berenger, J. Comput. Phys., vol. 114, no. 2, pp. 
185-200, 1994). This is the same idea behind the split-field formulation for periodic 
boundary conditions where the derivative in the periodicity direction adds an extra 
term to the update equations. Working with a formulation that involves split-field for 
both cases, the effect of the PML is detached from the effect of the periodicity. The 
final equations involve auxiliary variables Pz = Ezejkyy IT/a = Pzx+Fzy , Qx = Hxejkyy 
and Qy = Hyejkyy in the two-dimensional case. The variable Fzx will be attenuated 
in the PML region while Fzy will take into account the time delay in the grid in the 
periodicity direction. After splitting the Fzy term into "a" and "b" components and 
manipulating the terms we have 

where B denotes the incident angle and Sx is the standard lossy term for the PML. A 
similar procedure is done to Qx and Qy. Note that the PML works only on Fzx (and 
Qy, not shown) while the periodicity is taken care by Fzy (and Qx, not shown). 
The technique is equivalent to the uniaxial PML implementation but the effects of 
periodicity and attenuation are seen more clearly with our approach. The comparison 
of the two split-field approaches and their similarities will be considered in this study. 
The extension to the three-dimensional problems is straightforward and will also be 
addressed. 
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Multiresolution Time-Domain Using Spatially Varying Basis Functions 

*N. Kowali, W. Lin and L. Carin 
Department of Electrical and Computer Engineering 

Duke University 
Durham, NC 27708-2091 

The multiresolution time-domain (MRTD) algorithm has recently emerged as a powerful tool for 
numerical solution of the time-domain Maxwell's equations. It has been shown that the MRTD 
technique exhibits good dispersion properties as compared to the finite-difference (FDTD) 
technique, even at very low sampling rates. This approach is based on a multiresolution analysis, 
utilizing orthonormal (or biorthogonal) scaling function and wavelet expansions. Importantly, for 
a given spatial sampling rate, it is the choice of basis which determines the properties of the space 
spanned. This ultimately dictates the numeric accuracy of the final solution. It is desirable to be 
able to control the accuracy of the solution as a function of spatial position. All these approaches, 
however, are based on a multiresolution analysis, utilizing the same basis over the whole domain, 
and hence the accuracy of the solution is the same at any spatial position. 

In this work we present an MRTD framework wherein it is possible to control the accuracy of the 
solution as a function of spatial position. Our approach is based on a multiresolution analysis, 
utilizing spatially varying basis functions. The computational domain is divided into several 
intervals and a different orthonormal basis expansion is used on each interval. Specifically, we 
use the orthonormal basis expansion on an interval in Y. Meyer's construction. This construction 
uses a Gram-Schmidt orthogonalization procedure to obtain the basis functions which span an 
interval. The bases themselves are from the compactly supported Daubechies least-asymmetric 
family, with different orders (vanishing moments) used in different intervals. Therefore the 
accuracy of the solution is different in each interval. In the regions where the fields are expected 
to vary smoothly we use basis functions with larger support, and in the regions where the fields 
are expected to be fast-varying we use basis functions with smaller support. This is justified, 
because (at the same scale) the basis functions with larger support span a much smaller function 
space than those with smaller support. Although the memory and CPU requirement of this 
approach is very similar to the conventional MRTD scheme, it provides us with a framework to 
use a different scale in each interval. The scale dictates the number of expansion coefficients, and 
this in tum determines not only the accuracy of the solution but also the memory and CPU 
requirements. In the regions where the fields are expected to vary smoothly we use basis 
functions at a lower scale, and in the regions where the fields are expected to be fast-varying we 
use basis functions at a higher scale. This is justified, because the basis functions at a lower scale 
span a much smaller function space than those at a higher scale. This is analogous to a multi­
grid scheme where the grid-size can be varied as a function of spatial position. 

The spectral properties of the 'edge' basis functions from Meyer's construction of orthonormal 
wavelet bases on the interval are not completely satisfactory. In fact, due to the nature of the 
construction, the 'edge' basis functions have smaller support. This leads to 'edge' basis functions 
which are typically higher bandwidth than the 'interior' functions. Numerical accuracy issues 
arise in the computation of the stencil coefficients. We therefore consider another construction of 
orthonormal wavelet bases on the interval, due to Cohen, Daubechies and Vial. The basis 
functions obtained from this construction have better spectral properties than those obtained from 
Meyer's construction. 

These ideas are demonstrated with several numerical examples. 
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Multiresolution Time-Domain Using Ridgelet Basis Functions 

*w. Lin, N. Kovvali and L. Carin 
Department of Electrical and Computer Engineering 

Duke University 
Durham, NC 27708-2091 

The multiresolution time-domain (MRTD) algorithm has recently emerged as a powerful 
technique for numerical solution of Maxwell's equations. The MRTD scheme utilizes a field 
expansion in terms of orthonormal (or biorthogonal) basis of scaling and wavelet functions. In 
many applications of interest, certain properties of functions manifest themselves in higher 
dimensions only. The aforementioned procedure of choosing a basis (with some properties) in 
one dimension and extending the basis to the higher dimension may then prove to be too limiting. 
Therefore, it is preferable to start with an orthonormal (or biorthogonal) basis, directly in the 
higher dimension. One can now aspire to capture the desired properties of a higher dimensional 
function by proper choice of this basis. 

From a mathematical point-of-view, in higher dimensions, wavelets are not very effective in 
describing linelike, hyperplane and other non-pointlike structures. This has motivated the 
development of ridgelets which constitute a complete and orthonormal basis in L2(R2) for 
example. Problems of this nature exist, for example in image analysis. In electromagnetics, the 
phenomenon of wave propagation often manifests itself as a hyperplane in two or three 
dimensions. Ridgelets are therefore the natural mathematical tool to analyze this phenomenon. 

The orthonormal ridgelet is composed of the superposition of ridge functions, and in two 
dimensions it is given by, 

2" 
Pk/X,y) = 4~ JVI:(xcosB + ysinB)w: (B)dB 

o 

where, VI: (x) denotes the result of the Riesz order-l12 fractional differentiation operation 

on the k-integer translate of the wavelet Vlk (x) and wf (B) denotes the I-integer translated 

periodized scaling (for & = 0) or wavelet (for & = I) functions. By appropriate choice of 
the wavelet VI(x), we can construct biorthogonal ridgelets, which we apply as basis 
functions for the field expansion in this work. 

The advantage of the ridgelet framework as compared to the conventional MRTD is that it 
usually requires less expansion coefficients (unknowns) to describe the fields. In a large problem, 
the memory and CPU-time savings can be large, especially for sparsely distributed 
inhomogeneous systems (this is due to the infinite-support property of the ridgelet). 

Another important advantage of the ridgelet framework is that we can apply Radiation Boundary 
Conditions (RBC) naturally, as opposed to using the more complex and computationally intensive 
Perfectly Matched Layer (PML) absorbing boundary condition to truncate the computational 
domain. The analysis in two or three dimensions is therefore greatly simplified. 

These ideas are demonstrated with several numerical examples. 
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Metamaterial Modeling Using Composite Cell MRTD Techniques 

Nathan Bushyager* and Manos Tentzeris 
School ofECE, Georgia Institute of Technology, Atlanta, GA 30332 

nbushyager@ece.gatech.edu 

Recently a new method has been presented that allows the modeling of complex PEC/dielectric 
structures within a single multiresolution time-domain (MRTD) cell (Bushyager and Tentzeris, 
Proc. 2003 EuMC, Munich, Germany, Oct. 2003). This technique uses wavelet decomposition to 
apply pointwise effects at the equivalent grid points in the MR TD grid. The equivalent grid points 
in an MRTD cell are the points inside the grid where distinct field values can be reconstructed 
(Sarris and Katehi, IEEE Trans. MIT, 50.7,1752-1760, July 2002). Initially, this technique was 
presented as a method of modeling perfect electrical conductors (PECs) with an MRTD cell, but 
the technique has been further expanded to allow other localized effects to be modeled such as 
lumped elements. Using this technique it is possible to use the time and space adaptive grid that is 
inherent in the MRTD method for complex microwave structures. By using this grid coarse cells 
can be used in the majority of the grid and high resolution cells can be used only when needed. 
Furthermore, the resolution can be changed with time to account for the propagation of high 
frequency signals through the circuit. This decreases the simulation time and makes it possible to 
simulate larger and more complicated problems. 

One class of structures that is particularly well suited for simulation with this technique is 
metamaterials. Metamaterials are characterized by a repeating array of finely detailed structures. 
Using the subcell MRTD technique, it is possible to place part or even an entire metamaterial unit 
cell within an MRTD cell. The space surrounding this complex structure can be treated with more 
coarse cells, leading to a very efficient simulation. In addition, like other time-domain full-wave 
simulators, the complete physics of Maxwell's equations are simulated, allowing these structure's 
complex electromagnetic interactions over a broad band to be fully modeled. Both electric and 
magnetic conductors can be modeled at the subcell level, as well as lumped elements. This allows 
the technique to be applied to printed elements in layered materials (Ziolkowski, IEEE Trans. Ant. 
Prop., 51.7, 1516-1529, July 2003) and to metamaterials that consist of periodically loaded lines 
(Siddiqui, Mojahedi, and Eleftheriades, IEEE Trans Ant. Prop., 51.10, 2619-1215, Oct. 2003). 

Using this simulator a number of properties of meta~aterials can be simulated. In addition to S­
parameters of the devices, the fields inside the devices can be determined to examine their 
operation. Comparisions between the theory of operation of the device and the simulation of the 
fields inside the device can be made. The focusing properties of the device can be measured as 
well as near and far field radiation parameters. Finally, it should be noted that this technique is 
perfectly compatible with periodic structure simulation techniques that have been developed for 
the FDTD method. 
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High order and highly stable MRTD 
techniques: Formulation and Applications 

Costas D. Sarris 
The Edward S. Rogers Sr. Department of Electrical and Computer Engineering, 

University of Toronto, Toronto, ON, Canada 
E-mail: cds~yaves.toronto.edu 

Several Multiresolution Time Domain (MRTD) schemes have been formulated and pre­
sented in the literature, following the Method-of-Moment (MoM) based procedure outlined 
in [Krumpholz and Katehi, IEEE Trans. Microwave Theory Tech., 1995]. According to the 
latter, electromagnetic field components are expanded in basis functions of choice in space 
and pulses in time. As a result, the MRTD time integrator is the well-known leap-frog 
scheme, also employed in FDTD. An obvious shortcoming that this formulation results in, 
is the significant decrease in the stability limit of MRTD, that turns out to be a fraction of 
the FDTD stability limit (typically less than one-half of it in two and three dimensions). 

This paper offers a new perspective for this problem. It is explicitly shown that the origin 
of the decrease in the stability limit is the low-order temporal expansion of field components, 
that previous MRTD formulations had adopted. On the other hand, if the MoM procedure 
that Krumpholz and Katehi applied in the space domain is extended to the time domain 
as well, the stability properties of the scheme are completely recovered. In addition, MRTD 
becomes a high-order of convergence scheme, in the sense that its truncation error decreases 
with the cell size in a faster than quadratic rate. Moreover, this development addresses the 
questions that [Shlager and Schneider, IEEE AP-S Symp. Antennas Prop., 1997] raised, 
indicating through a Battle-Lemarie MRTD dispersion analysis that this scheme did not 
demonstrate the dispersion performance of a high-order scheme. This also is a consequence of 
relying on leap-frog for the time integration. It is noted that the use of scaling functions, such 
as Coifman or Daubechies in the time domain is completely free of the well-known boundary 
condition and material modeling issues that accompany any MRTD scheme. Hence, this 
paper presents a systematic way of formulating time-stepping methods, that present an 
excellent alternative to established high-order techniques, such as the Adams-Bashforth and 
Runge-Kutta methods. 

In order to facilitate the practical application of the proposed MRTD schemes, several 
hybridizations of those are studied and demonstrated. Including wavelets in the formulation, 
multi-resolution schemes are derived and hybridized with single-level (scaling function based) 
techniques. It is noted that an S-MRTD scheme is easily interfaced to a W-MRTD scheme 
(of the same wavelet family), by just choosing the cell size of the former to be equal to 21 
times the cell size of the latter, I being the number of wavelet levels of W-MRTD. 

Applications of interest involve the modeling of wireless channels. Wavelet-based adaptive 
gridding provides a rigorous way to implement an "effective" moving window [Luebbers et 
a!., IEEE AP-S Symp. Antennas Prop., 1997] that follows the signals accross a large scale 
wireless link. The high order of convergence, along with the high stability and adaptivity of 
the proposed MRTD, underlines the capability of this technique to become a reliable and 
efficient numerical tool for this type of problems. 

250 
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with a High-Order MRTD Technique 
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The application of the conventional Finite Difference Time Domain (FDTD) technique to 
electrically large problems is severely limited by the phase errors accumulated by numerical 
waves propagating in an FDTD grid. In order to limit these phase errors, a dense discretiza­
tion is typically employed. However, this obviously results in a significant increase in the 
computational resources needed to simulate practically important cases, such as the wave 
propagation in indoor wireless channels. For the efficient solution of such problems, several 
high-order methods have been proposed, such as the modified FDTD (2,4) scheme of [Hadi 
and Piket-May, IEEE Trans. Antennas Prop., 1997]. 

A family of methods that has yet to be applied to wireless propagation problems is the 
Multiresolution Time Domain Scheme of [Krumpholz and Katehi, IEEE Trans. Microwave 
Theory Tech., 1995]. A dispersion analysis of the latter shows that it does not exhibit the 
convergence properties of a high-order scheme, due to the fact that it employs pulse functions 
for the temporal expansion of field components. As a result, its temporal integrator is the 
well-known FDTD leap-frog scheme, that is second-order only. 

This paper proposes MRTD schemes with high-order spatial and temporal finite difference 
operators, stemming from the expansion of electromagnetic field components in Daubechies 
and Coifman functions [I. Daubechies, Ten Lectures on Wavelets, SIAM, 1992] in both 
space and time. These schemes present excellent convergence properties and constitute an 
efficient class of methods for the simulation of electrically large structures. In addition, 
the use of wavelet bases provides for the straightforward implementation of adaptive mesh 
refinement, via the thresholding of wavelet coefficients, in the sense of the wavelet based 
image compression, applied in signal processing. 

The proposed techniques are applied to two-dimensional indoor wireless channel modeling. 
Source modeling is rigorously studied and a total-field-scattered field approach, appropriately 
formulated for the basis functions employed in this work, is suggested. The application 
of boundary conditions is extensively studied. In addition to the simple perfect electric 
conducting conditions that have been discussed in the literature before [Krumpholz and 
Katehi]' impedance boundary condition and knife edge modeling (both metal and dielectric) 
is presented. 
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Hany E. Abd El-Raouf and Raj Mittra 
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rajmittra@ieee.org 

Abstract 
Solution oflarge problems using a numerically rigorous approach is always challenging because of the 

heavy burden they impose on the CPU. Domain decompositions is one approach to solving such problems 
by breaking them into smaller and manageable sizes. However, typically the iteration approach that is using 
to construct the solution in the domain decomposition approach applied in the frequency domain techniques 
lead to convergence problems; hence, such an approach has not found widespread use in the literature. 

The situation is very different in the time domain where the physics of the wave propagation enables 
us to set up a scheme that synthesizes the solution in a systematic, step-by-step manner. We use the 
scattered field formulation in the context of the FDTD algorithm and solve the field problem in the first 
domain, using PML layers to terminate the end of the domain. We store the tangential electric field in the 
time-domain at an interface located in the overlap region, which penetrates the PML layers. This field is 
then used to generate the solution in adjacent domain, and the process is continued until all the domains 
have been analyzed, including (if necessary) along the reverse direction. 

For the sake of illustration, consider the case of a rectangular box whose dimensions are3Axi OAX1A.. 
(Note: The problem size can be orders of magnitude larger and can still be handled by the domain 
decomposition method, though not by a direct approach.) Let the incident wave be e - polarized with the 
direction of propagation {} ~ 45", I/J ~ 1800 

• We divide the box along the y-direction and, for this case, it is 

sufficient to send the field information only once from the two edges toward the center of the box, as 
shown in Fig.1. Figure Ib compare the direct (no decompositions) FDTD result to those derived by using 
the present technique. The agreement is seen to be excellent between the two results in the E-plane, and 
only some minor differences are seen to be present in the H-plane results. 
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Fig. I. Scattering from a rectangular box. (a) configuration for sending the information between the 

domains, (b) ReS / Il? (solid: direct, dots: domain decomposition). 
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An FDTD-based Domain Decomposition Approach to the Solution 
of Coupling Problem between two Arrays. 

Hany E. Abd El-Raouf and Raj Mittra 
Electromagnetic Communication Laboratory, 319 EE East 

The Pennsylvania State University 
University Park, PA 16802 

Abstract 
Modeling and Simulation of large Arrays is a challenging problem, and it becomes even more 

formidable as one deals with the coupling problem between two arrays, especially when the separation 
distance between them is not small, and the structure between the array is inhomogeneous, coated with 
RAM material, for instance. In this paper we present an FDTD-based domain decomposition approach to 
the solution of the above coupling problem. Since the original problem is very large, it is difficult to handle 
the entire geometry in one step. To render the problem manageable, we divide the computational domain 
into two sub-domains. The first one of these includes the transmitting antenna with a part of the absorber 
(or the buffer in this example). The two domains overlap and the first one is terminated by PML layers. 
The tangential electric field at the planar interface between the two sub-domains is stored in the time 
domain, and is later used as a boundary condition when analyzing the next sub-domain, which contains the 
second array. Figure I shows the geometry of coupling problem between the two arrays, each one of which 
is lOx 10 patch elements excited by a coaxial probe. The two arrays are above a substrate covering an 
infinite ground plane. The PEe buffer has the same height as that of the substrate. The current in the first 
element of the receiving array is shown in Fig.! (b), and the coupling between the two arrays is computed 
to by processing the FDTD results. The coupling level was found to be -28 dB for this problem. 

(a) Array coupling problem 
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(b) Time-Domain signature in the receiving array 
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Accurate Representation of Complex 3-D Geometries for Conformal 
FDTD Simulations Including Solids and Thin Sheets 

S. Benkler*, N. Chavannes, J. Frohlich, H. Songoro and N. Kuster 
Foundation for Research on Information Technologies in Society (IT'IS); ETH Zurich 

Schmid & Partner Engineering AG (SPEAG), 8004 Zurich, Switzerland 
Phone: +41-1-245 9684, Fax: +41-1-245 9779, e.mail: benkler@iis.ee.ethz.ch 

Introduction 
The Finite-Difference Time-Domain (FDTD) method originally presented by Vee 

has become the most widely used technique in electromagnetic computations. How­
ever, the classical staircasing approach may lead to significant uncertainties for grid 
non-conformally aligned structures. An effective way to reduce staircasing errors is the 
incorporation of locally conformal meshes, e.g., sub-cells as presented in (S. Dey et aI., 
IEEE-MW GWL, 7, 273-275, 1997) in which modifications in the original Vee scheme need 
only be applied to cells in the immediate vicinity of the structure's material interfaces. 

This study presents novel methods enabling an automated, rigorous analysis and pro­
cessing of arbitrary complex 3-D CAD geometries and their application for enhancement 
of FDTD modeling through the incorporation of sub-cell techniques. 

Objectives 
The objectives of this study were (1) the development and implementation of novel 

and robust 3-D CAD analysis algorithms for the fully automated generation of locally 
conformal FDTD meshes from arbitrarily complex geometries and (2) their application 
to different sub-cell schemes enabling improved FDTD material transitions. 

Methods 
All implementations and simulations were conducted by application of the FDTD 

based platform SEMCAD (SPEAG, Zurich, Switzerland, www.semcad.com) which pro­
vides a 3-D ACIS based solid modeling environment: (1) To determine all intersections 
with the surface triangles mesh of the CAD object, computer graphics methods are used, 
e.g., the scan converting algorithm in 2-D and I-D. In addition, ideas from the ray­
tracing algorithm have been applied, but were modified to a computationally less in­
tensive method. (2) By distinguishing topologies and distances between entry and exit 
points along FDTD grid lines, thin-sheets and solids can be separately treated in the 
same framework. (3) The problem of a continuous representation of tilted thin PEC 
sheets in FDTD was solved with an innovative new approach. Instead of first selecting 
the nearest grid node, the exact intersection position is kept. With the cut-pattern of a 
voxel, a topologically correct 'rounding' algorithm was derived, guaranteeing continuity 
and connectivity. 

Results and Discussion 
The developed and implemented techniques were applied and validated to different 

largely inhomogeneous, complex 3-D configurations, e.g., CAD models of cars, mobile 
phones and anatomical human models, each consisting of several hundred distinguished 
sub-parts. The techniques have proven to be suitable for the generation of locally confor­
mal 3-D FDTD grids for real-world geometries without any limitations to complexity. 

Aside from collecting and processing staircase and conformal information about the 
geometry, two additional problems have been solved: (1) Objects with solid and thin 
sheet character can be discretized in a fully automated manner. (2) A new and fully au­
tomatic algorithm addresses the problem of continuous discretization without determining 
threshold numbers and monitoring the assigned edges. 

In addition, the suitability and limitations of the new methods were validated on the 
basis of different sub-cell schemes for improved modeling of PEC and dielectric structures. 
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With the increasing clock rates and chip area, the performance of high-speed 
mixed-signal circuits become more dependent on the designs of on-chip interconnects. 
Accurate characterization of the on-chip interconnects frequency-dependent behavior 
is essential to optimal circuit system designs. Various full-wave numerical methods 
have been proposed to efficiently extract the frequency-dependent parameters of 
interconnects. The compact finite difference time domain (FDTD) has been 
successfully applied to perform such extractions for general on-chip interconnects. 
However, due to the Courant-Friedrichs-Lewy stability condition, the number of 
iterations in the simulation is on the order of millions and it becomes computationally 
expensive to model such electrically small integrated circuits (IC) and on-chip 
interconnects. 

To remove the limitation of such small time step sizes, some unconditionally stable 
FDTD methods have been proposed. Compact alternating direction implicit (ADI) 
FDTD algorithm has been applied to analyze on-chip interconnect structures. 
However, recent research has shown that the truncation error of this algorithm is case 
dependent and its accuracy degrades as the time step size increases. 

The compact Crank-Nicolson (CN) FDTD, an unconditionally stable FDTD method 
with low truncation error, is employed here to make efficient modeling of 
interconnects. Although the dispersion error of this algorithm is larger than that of the 
FDTD method, it can be controlled for the electrically small interconnects. In this 
work, several interconnect structures will be simulated using this new approach. The 
accuracy and efficiency of this algorithm are demonstrated through the comparison 
with the those of the traditional FDTD method. 
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Wireless communication has become increasingly important in the past 
several years. The size and cost have become the most critical factors to be 
considered for the design of wireless components. Current trends in the 
architecture and design of wireless handsets are based on multi-band and multi­
mode operation. This requires multi-port switch solutions, which involve antenna 
switching, mode selection switching, and band selection switching. As a result, 
the component count in handsets also increases. However, continued reductions in 
the size of individual, discrete components, particularly in the field of passive 
components, are having diminishing returns. There is a new trend based on the 
multi-chip module (MCM) technology in the design. The basic idea of MCM 
technology is to interconnect chips inside a single package. There are several 
basic components needed to build switch-filter modules, including switches, 
control logic ICs, and passive circuits and filters. The integration of a number of 
passive components into one single chip results in a part of smaller dimensions 
and a reduced number of surface mount placements as compared with a discrete 
implementation on a PCB. This, in turn, reduces the overall number of parts 
needed for manufacturing and leads to more efficient wireless products with 
reduced size and weight. . 

In this paper, we focus on the integration of passive circuits. We present the 
development of our modeling and simulation methodologies. For different EM 
simulators, the tradeoffs between accuracy and simulation time are discussed. The 
right design tool and the accurate model lead to the success of integrated passive 
device (IPD) design, so that we can well predict the performance of an IPD with 
simulation, and shorten design cycle. Low-pass filter and diplexer are two 
important components to be integrated in the switch-filter module. We have 
designed and optimized low-pass filters and diplexers on the GaAs substrate. The 
reduced die size is able to lower the cost, which is surely preferable. 
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Millimeter wave satellite communications devices often presents 
Rectangular (RW) to Coplanar (CPW) waveguide transitions to connect RW 
antenna feeding networks to CPW transmitting and receiving circuits. These 
transitions need to be as broadband and low insertion loss as possible for 
performance issue but are sometime also requested to be airtight, so a 90° 
mounting system can be exploited (E. Limiti, E. Martini, G. Pelosi, M. 
Pierozzi, S. Selleri, J. Electromag. Waves Appl., 15, 1027-1035,2001). 

The very small sizes characterizing these devices make them strongly 
influenced by the effects of manufacturing tolerances. ill this contribution 
Finite Element (FEM) based electromagnetic simulations are conducted 
over a parametric model of the device. Linear dimensions are randomly 
changed in an uncorrelated way within the manufacturing tolerance limits to 
produce models on which the numeric simulation takes place. 

Simulation results are then used to create statistics of the behavior of the 
scattering matrix of the junction via a Monte Carlo approach. The statistic is 
validated by performing it on an incremental number of uncorrelated 
simulations, up to convergence of the statistical parameters of the computed 
scattering matrices. 

Analysis of the results allows not only to get the statistical parameters of the 
scattering matrix but also to recognize the influence of single parameters, or 
the mutual influence of two parameters on the scattering matrix. By 
selecting set-ups where only one or two parameters are allowed to vary in 
their full tolerance range, while the other have a smaller, yet still random, 
variation, a new set of statistical parameter is obtained, from which the most 
tolerance-critical design parameters can be recognized. 

Numerical results are validated with measures on prototypes. 
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Recently, there has been considerable interest in understanding physical 
phenomena, numerical modeling, experiments and applications of sub-wavelength 
apertures with periodic structures operating at optical wavelengths. Since the 
report by Ebbesen, et al (Nature, 391 :667, 1998) of the enhanced transmission of 
light in an array of holes in a metal film, numerous papers have been published on 
light transmission through slots with periodic surfaces and arrays of holes. 
Qualitatively identical phenomena are exhibited by perfect conductors ((J = 00), 
and actual metals having negative E at optical frequencies. However, as expected, 
differences in the resonance wavelengths are observed. Published numerical 
analyses of periodic structures have only addressed structures made of perfect 
conductors using mode matching and the method of moments. However, in 
practice thin metallic films are characterized by the plasma equation, and even 
more importantly are deposited on an electrically thick substrate (on the exit 
face). Rigorous modeling and optimization of such structures by the mode 
matching/method of moments presents a serious computational challenge. 

In this contribution, we explore the FDTD technique for modeling of sub­
wavelength apertures with periodic impedance surfaces. A 2D code with PML 
absorbing boundary and the plasma equation representing metals at optical 
frequencies are used to model slots and slots with grooves on both surfaces. To 
verify our program, our computational results are compared for perfect electric 
conductor with the published data (Y. Takakura, Physical Review Letters, 86 (24): 
5601-5603,2001, F. J. Garcia-Vidal, H. J. Lezec, T. W. Ebbesen and L. Martin­
Moreno, Phys. Review Letters, 90(21):21 3901 - 1-213901-4, 2003). Excellent 
agreement has been obtained for a single slot and a slot with periodic groves on 
one or both sides. Computations for silver and gold have indicated that the 
wavelengths of enhanced transmission due to the leaky waves produced by 
corrugations are shift with respect to those for a perfect conductor. Effects of 
glass substrate on either side of the metal have also been investigated. For slots 
with periodic surfaces 2D FDTD facilitates fast evaluation and optimization of 
periodic structures. 

To simulate performance of holes of sub-wavelenght dimensions, 3D FDTD has 
been used. Modeling of perfect conductors and silver with periodic arrays of holes 
of various shapes has also been performed and results compared with published 
experimental data. 
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The effects of loading a cylindrical monopole antenna mounted on a ground plane 
are investigated. The monopole is loaded by means of an impedance element in a 
small cavity, similar to that of Pisano and Butler (IEEE Trans. Antennas 
Propagat., vol. 50, no. 4, pp.457-468, April 2002). The cavity, which is 
integrated into the body of the monopole, is essentially a section of coaxial guide, 
shorted at both ends, with a circumferential slit in its outer conductor through 
which coupling to the exterior takes place. The exterior radius of the outer 
conducting wall of the cavity is the same as that of the monopole proper, causing 
the monopole to be of uniform radius except at the slit, and the outer radius of the 
cavity is equal to the monopole radius minus the thickness of the outer conducting 
tube. The monopole is loaded either by coaxial cavities filled with a material of 
high permeability or by coaxial cavities containing ferrite-cored coils in place of a 
portion of the coax center conductor. The dimensions of the antenna, the load and 
features of the cavity, and the position of the slit can be adjusted to control the 
properties of the monopole antenna. 

The current on the cavity-loaded monopole is determined from the solutions of 
coupled integral equations, whose unknowns are the electric field in the slit and 
the electric current on the exterior surface of the monopole. The field in the 
loaded cavity is represented by an eigenfunction expansion containing a 
parameter which can be determined from a measurement performed on the 
impedance-loaded cavity. This measured parameter appears also in one of the 
integral equations and accounts for the interaction of the impedance-loaded cavity 
and the exterior antenna current Because the parameter is measured and appears 
in one of the integral equation§" the solution procedure can be looked upon as a 
hybridization of experimental and integral equation methods. The input 
impedance of the loaded monopole is calculated over a broad range of frequencies 
from the solutions of the coupled integral equations, and the effects of the filled 
cavity on antenna performance are examined. A genetic algorithm is utilized to 
optimize the performance of the antenna relative to specified performance criteria. 
The input impedance of a number of loads is measured to form a library from 
which the genetic algorithm selects the optimum loads for the monopole to 
achieve a prescribed antenna performance. The genetic algorithm determines the 
monopole dimensions and its load configuration (load type, load position, slit 
width, etc.) that is optimum relative to the performance criteria. Antennas that 
perform well in the optimization simulations are constructed and data obtained 
from the computations are compared with those from measurements. 
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Small vertical monopole antennas have been used in the low frequency range 
for many years to provide azimuthally isotropic radiation patterns. These simple 
antennas, however, have low radiation resistance, low radiation efficiency, and a 
large reactive input impedance and require matching networks at their inputs. 
The idea of loading the antenna to improve its characteristics has been proposed 
many years ago [Gangi et al.,IEEE Trans. Antennas Propagat., vol. 13, pp. 864-
871, Nov. 1965]. More recently, a monopole antenna loaded with radial layered 
lossless and lossy dielectric was analyzed by a mode matching procedure 
[Francavilla et al., IEEE Trans. Antennas Propagat., vol. 47, pp. 179-185, Jan. 
1999]. In their approach, an artificial upper ground plane was introduced that 
made it possible to use cylindrical wave expansions in various structure regions. 
The fields were then matched at the boundaries to calculate unknown mode 
amplitudes. Some improvements in antenna characteristics were reported. 

In this study, a finite-difference time-domain (FDTD) method is used for 
analysis of the top hat loaded monopole antenna. This method is general and can 
deal with any loading profile including inhomogeneous loading. We will expand 
on our previous results [Zunoubi and Kalhor, 2002 IEEE AP-SIURSI Int. 
Symposium] to include the effects of the size of the metallic hat and loading of the 
lossless and lossy material to optimize antenna characteristics. Although our 
method is not limited to a cylindrical symmetric geometry bounded by an 
artificial upper ground plane, we will initially use this geometry as shown so that 
we can compare results with available results. 

artificial ground plane 

Region III Region II Region III 

ground plane 
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The PIFA (Planar Inverted-F Antenna) has received much attention in the past decade 
due to its miniaturized size and application in commercial wireless markets. There have 
been several publications with respect to enhanced bandwidth operation ofPIFAs on 
small, handheld devices and on the effects of the ground plane on the bandwidth of the 
PIF A. There has also been interest in this type of antenna with respect to non­
commercial, "high-reliability" applications (V. Jamnejad, J. Huang, H. Endler, and F. 
Manshadi; Aerospace Conference, 2001, IEEE Proceedings, v2, 843-851, March 2001). 
Our application for a PIFA antenna is in support of a Wireless Ethernet 802.11 b (3.3% 
bandwidth) link for Mini-AERCam, a 7 Y:z inch diameter, essentially spherical, free-flying 
nano-satellite. Mini-AERCam is intended to provide remote viewing and external 
inspection capabilities for future human spaceflight missions, including potential Shuttle 
and International Space Station applications. 

We start with a capacitively fed, capacitively loaded PIF A (C. R. Rowell and R. D. 
Murch, IEEE Trans. Antennas Propagat., vol. 45, no. 5, 837-842, May 1997). To permit 
further size reduction of the PIF A while maintaining a 2: 1 VSWR impedance bandwidth 
over the 802.11 b band, we apply the so-called "antenna-filter" technique (D. A. Paschen, 
Proc. 1986 Antenna Appl. Symp., Sept. 1986). In this technique, the impedance 
bandwidth of the microstrip antenna is enhanced using an integral Tchebyschefffilter. 
We use a quarter-wave transformer on a high dielectric to affect a series RLC circuit 
from the parallel RLC tank presented by the PIF A. We find this parallel-to-series 
transformation is necessary in order to obtain realizable values for the filter components. 
Both the quarter-wave transformer and filter are printed on a high-dielectric layer, while a 
Teflon/glass/ceramic composite is employed for the PIFA construction. The resulting 
initial prototypes are approximately 1.6 cm in diameter (0.13 Ao) and 0.35 cm thick. A 
means of securing the resulting antenna for high reliability applications, while 
maintaining a compact size, is discussed. The measured radiation characteristics of this 
antenna are examined for the case of the antenna mounted on a 7 Y2 inch diameter sphere. 
These measured results are then compared with those obtained using a hybrid FEMIBEM 
numerical analysis. 

261 



Increasing Polarization Bandwidth for Single-Layer, Circularly-Polarized 
Microstrip Patch Antennas Incorporating Size Reduction Techniques 

Ryan M. Christopher* +, Brecken H. Uhl+, Russell P. Jedlicka+ 
+ Klipsch School of Electrical and Computer Engineering, New Mexico State 

University, Las Cruces NM 88003 {ryachris, buhl, rjedlick} @nmsu.edu 

Microstrip patch antennas have many useful characteristics, these being a 
broadbeam radiation pattern, relative ease of design and fabrication, as well as 
being inexpensive. Circular polarization (CP) can be achieved through a nearly­
square implementation, trimmed-comers, or a forced excitation using a network 
such as a 90° hybrid. Each of these techniques, however, have drawbacks 
associated with them. The trimmed-comers and nearly-square implementations 
have a limited CP bandwidth, on the order of 0.3% at 1.5GHz for an axial ratio of 
less than 3dB and 0.5% for an axial ratio ofless than 6dB (60 mil substrate with Er 

= 3.2 and tan/) = 0.003). The dual-feed or forced implementations have a much 
larger polarization bandwidth, but suffer from a significant increase in required 
area (on a single layer), making them difficult to implement in an array. 

The goal of this research is to implement a combination of a hybrid feeding 
network and microstrip patch using size reduction techniques to increase the CP 
bandwidth over that of a trimmed-comers or nearly-square microstrip patch in an 
area that is nominally (or slightly larger than) the same size as a nearly-square 
patch at the same frequency. The basic approach is illustrated below: progressing 
through nearly-square patch, square patch with 90° hybrid, square patch inside a 
270° hybrid, and loaded patch inside a meandered 270° hybrid. 

Preliminary results have shown the ability to fit a square microstrip patch inside a 
270° hybrid; this configuration resulted in nominally the same directivity, gain, 
and impedance bandwidth while increasing the CP bandwidth to 1.3% at an axial 
ratio of less than 3dB and that of 3.0% at an axial ratio of less than 6dB on the 
same substrate cited above. Although this represents a significant CP bandwidth 
increase of the unloaded patch antenna, the area is 2.25 times that of the nearly­
square patch. By meandering the hybrid and using patch size reduction 
techniques this configuration will be reduced to the nominal size of the unloaded 
patch while retaining the increased CP bandwidth and an acceptable efficiency. 
Comparison between simulation and measurement for this new technique will be 
presented. 
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A dipole antenna with a reflector at a quarter wavelength distance has been widely used 

as a low profile antenna with wide radiation patterns. Furthermore, an ultra-low profile dipole 

(ULPD) with a distance of a several-tensth wavelength is desired for several purposes. From the 

viewpoint of electro-magnetic field analysis, the radiation characteristics of ULPD gather much 

interest due to the lack of its knowledge. 

Conventionally, ULPD's have been studied on the basis of the image method and the 

far-field patterns of a dipole. The radiation characteristics were expressed using the equations 

for the far-field [Il. As the current phase of the image is 180deg. different from that of the dipole 

due to the boundary condition on a perfect electric conductor (PEC), the radiated fields from the 

dipole and its image cancel each other in this model. Some book predicted no radiation in the 

boresight ofPEC. On the other hand, the analysis on the basis of the method of moment (MOM) 

shows maximum radiation in the boresight [1].[2l. But they seem to have failed in its physical 

explanation. 

This paper analyzes a dipole antenna in the proximity of PEC plate. It is shown that the 

maximum radiation occurs in the normal direction to the plate with the gain about 9dBi. The 

electric field distribution at each instance shows that the field lines run between the opposite tips 

of the dipole and its image in addition to the field lines between the tips of the dipole itself, and 

that the electromagnetic energy flows along the PEC plate in addition to the main flow in the 

boresight. This status could be named a quadruple mode instead of a dipole mode of a single 

dipole in a free space. 

Another concern of this type of antennas is the impedance matching because of the 

existence of a metallic structure in its proximity. The analysis shows that the antenna can be 

matched with a feed line by the offset feeding and by shortening the length of the dipole. The 

current at the both ends of the dipole is not zero, as implies that the energy is stored around the 

both tips. 

References 

[1] C. A. Balanis, Antenna Theory -Analysis and Design, John Wiley & Sons, 1997. 

[2] J. D. Kraus, Antennas, McGraw-Hill, 1988. 
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In recent years, the printed quadrifilar helical antenna (PQHA) has widely 
been used in satellite mobile communication systems in the L or S band 
frequencies such as GPS, INMARSAT. It is a good candidate for these 
applications due to its features of circular polarization, good axial ratio and low 
cost. Currently the conventional PQHA that were investigated offers either 
operation over a single band (7%) or dual band that is narrow (less than 4%) 
and could be insufficient for such applications. In this paper, we propose a 
PQHA with a second parasitic PQHA leading to improve the matching 
efficiency and the bandwidth. Therefore, we use the mutual coupling effect 
between the conductor arms and the parasitic strips to obtain the Broadband 
PQHA (BPQHA) (Sharaiha A., Letestu Y., Louvigne J.C., "Antenne helicoi"dale 
a large bande", FR patent 0211696, septembre 2002). This antenna is able to 
produce a wider bandwidth up to 30%. 

The configuration of the proposed BPQHA is obtained by printing four 
parallel conductor arms and four parasitic strips on a flexible dielectric 
substrate wrapped around a cylindrical support. The BPQHA is analysed by 
using a finite element method (ansoft HFSS v8.5) and gives good theoretical 
results in comparison with the experimental one. 

A prototype of the BPQHA is realized operating in L-band. It can provide 
30% of bandwidth covering all the frequency bands of positioning systems 
(GPS, Galileo ... ), as shown in figure 1. It can also receive or transmit circular 
polarized signals over a large angular region with a gain greater than 1.5dB in 
all the bandwidth, as shown in figure 2. We cali note that the radiation patterns 
remain the same as for a conventional PQHA. 
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A novel PQHA is proposed and studied. It has allowed a bandwidth increase 
of >3.5: 1, compared to a conventional PQHA. More details and results will be 
shown during the presentation. 
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The emerging technology of Radio Frequency Identification (RFID) requires an 
electrically small tag antenna with a planar profile that can easily be attached to a variety 
of surfaces. One of the challenges of tag antenna design is that as the antenna size is 
reduced and its profile restricted to be planar, both the achievable antenna efficiency and 
bandwidth decrease. Although bandwidth is not so important a consideration due to the 
low data transmission rate of RFID, high efficiency is very important for increasing the 
readable range between the tag antenna and the reader. The other challenge is to ensure 
that the tag antenna will operate efficiently on surfaces of different materials. The 
dielectric materials near the tag antenna may degrade the antenna performance as well as 
shift its resonant frequency. 

In this paper, we explore planar antenna structures that permit high efficiency, small size 
and reliable performance on a variety of dielectric materials. To achieve these multiple 
design goals, we employ a Pareto genetic algorithm (GA) to find optimal structures that 
satisfy these mUltiple objectives. In our application, the antenna should fit within the 
physical size of 3cmx3cm. The structure considered in this paper is an inductively 
coupled antenna, which consists of a feed loop and a radiating antenna body. We 
previously found that this inductively coupled structure performs well for antenna sizes 
kr in the 0.2 to 0.6 range (Choo and Ling, Elect. Lett., 39, 1563-1564, Oct. 2003). 

We present several optimized structures that results in small, high-efficiency antennas 
whose performance are relatively unaffected by nearby dielectric materials. The 
operating physics of these antennas is explained using a simple circuit model. The 
performances of the optimized antenna structures are measured both with and without 
proximity dielectric materials, and they are compared to various small antennas as well as 
to the theoretical performance limits. The radiation pattern, antenna efficiency and 
bandwidth of the optimized design are presented. Finally we study how these candidate 
tag antennas affect the readable range in an RFID system. 

265 



Genetic Algorithms for the Optimization of Dual 
Frequency Profiled Corrugated Circular Horns 

L. Lucd, R. Nesti2
, G. Pelod, S. Selled, M Tornielli1 

1 Department of Electronics and 
Telecommunications 

University of Florence 
Via C. Lombroso 6/17 

50134 - Florence, Italy 

2 Arcetri Astrophysical Observatory 
National Institute for Astrophysics 

Largo Enrico Fermi, 5 
50125 - Florence, Italy 

In many applications systems working at two different frequencies are 
requested. Using a single hom for both frequencies, instead of two different 
structures, is more convenient because one can simplify the design of the 
cluster of feeds illuminating the reflector. This does not only reduce costs 
but also defocusing as a lower number of feeds can be more tightly packed. 
Genetic Algorithms (GAs) have been successfully used for the optimization 
of Profiled Corrugated Circular Roms (PCCRs) at a single band (L. Lucci, 
R. Nesti, G. Pelosi, S. Selleri, IEEE AP-S International Symposium, 2, 338 -
341, 2002; L. Lucci, R. Nesti, G. Pelosi, S. Selleri, PIER (Progress in 
Electromagnetics Research), 46, 127-142,2004). 

In this contribution GAs are employed for the otpimization of dual 
frequency PCCRs. Contributions related to the problem of the synthesis of a 
multi-band hom have been given in the past (L. Cooper, R. Aintablian, 
IEEE AP-S International Symposium, 23, 307-310, 1985), where different 
feeding ports are used for different operative frequencies. Whereas the 
geometry used here allows one to realize a dual frequency hom, which can 
be fed using a single feeding waveguide. This is a very desirable feature 
because it results in a simplification of the overall structure. 

To work at two different frequencies the hom presents a more complex 
profile with respect to that of a standard hom: two independent sets of 
corrugations are separately optimized for the two bands. In particular in 
place of each single corrugation a double corrugation is defined, that 
consists of a corrugation for the upper frequency, followed by a second 
corrugation for the lower band. 

Software simulations have been demonstrated that dual frequency horns can 
be successfully optimized, with stable phase center and small dimensions. 
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Present satellite communications systems normally use separate solar cells and antennas. 
Since solar cells generally account for the largest surface area of the spacecraft, co­
locating the antenna and solar cells on the same substrate opens the possibility for a 
number of data-rate-enhancing communications link architecture that would have 
minimal impact on spacecraft weight and size. The idea of integrating printed planar 
antenna and solar array cells on the same surface has been reported in the literature. The 
early work merely attempted to demonstrate the feasibility by placing commercial solar 
cells besides a patch antenna. Recently, Integrating multiple antenna elements and solar 
cell arrays on the same surface was reported for both space and terrestrial applications. 
The application of photovoltaic solar cell in a planar antenna structure where the 
radiating patch antenna is replaced by a Si solar cell has been demonstrated in wireless 
communication systems (C. Bendel, J. Kirchhof and N. Henze, 3rd Would Photovotaic 
Congress, Osaka, Japan, May 2003). Based on a hybrid approach, a 6xl slot array with 
circularly polarized cross-dipole elements co-located on the same surface of the solar 
cells array has been demonstrated (S. Vaccaro, J. R. Mosig and P. de Maagt, IEEE Trans. 
Ant. and Propag., Vol. 51, No.8, Aug. 2003). Amorphous silicon solar cells with about 
5-10% efficiency were used in these demonstrations. 
This paper describes recent effort to integrate advanced solar cells with printed planar 
antennas. Compared to prior art, the proposed lA/SAC concept is unique in the following 
ways: 
• Active antenna element will be used to achieve dynamic beam steering 
• High efficiency (30%) GaAs multi-junction solar cells will be used instead of Si, which 
has an efficiency of about 15%. 

• Antenna and solar cells are integrated on a common GaAs substrate. 
• Higher data rate capability. The lA/SAC is designed to operate at X-band (8 - 12 GH) 

and higher frequencies. Higher operating frequencies enable greater bandwidth and 
thus higher data transfer rates. 

The first phase of the effort involves the development of GaAs solar cell MIMs 
(Monolithically Integrated Module) with a single patch antenna on the opposite side of 
the substrate. Subsequent work will involve the integration of MIMs and antennas on the 
same side of the substrate. Results from the phase one efforts will be presented. 
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In this paper regarding to an optimum algorithm idea for template matching in image 
processing, present a simple and fast method, and a quadrifilar helical antenna (QHA) was 
designed with this systematic method in some stages for a Small satellite. Template 
matching can be finding by complete searching in the sub images that needs lots of time. 
One of the modified algorithms is Coarse-to-Fine method, which in this method, first an 
image with low resolution is used to the searching for the template in the sub images, with 
suitable correlation degree. By reducing the resolution, number of samples and time of 
calculation is reduced. In next steps, this searching with higher resolution will be done near 
the found place or places out of last step (M. Gharavi-Alkhansari, IEEE Trans. Image 
Processing, 4, 526-533, 2001). Now, this method is being used for designing QHA antenna. 
First, according to desired pattern, a useful region for designing parameters has been 
defined (C. C. Kilgus, IEEE Trans. Antennas & Propag., 5, 392-397, 1975). Then with 
simulating few points that has been selected throw the collection uniformly, the pattern 
generator region near the desired pattern will be discovered. By getting smaller region and 
repeating the search with a higher resolution in it, finally the desired pattern is accessible. 

Pitch dis1GnCe (~) 

Fig!. Region ofsaddle-shape pattern and typical radiation pattern 

This method is used for achieving the saddle-shaped pattern with 1.5dB gain depth between 
the angles zero and 65degree, that 0.75turn antenna recognized proper. Capability of this 
method is the recognition of existence the proper result in defined region at first step, and 
cease of process in undesired region. Simulations have been done using the NEC-Pro 
software. The results, consist of place of main lobe and the gain depth of pattern, are shown 
in tablesl, 2. The region with little dimensions (r,p) create end fire pattern and in large size 
create a central grating lobe, thus the suitable saddle-shaped pattern is limited between two 
above domains. This method is proposed for designing antennas such as QHA, whit out the 
exact relations between physical parameters and radiation pattern. 

TableI. Simulation results in first step Table2. Simulation results in second step 

p(cm) 30 40 50 60 
r(em) 

p(cm) 44 46 48 50 
c(em) 

8 0, 46 59 Ccnter lobe 3 58 6U 62 63 
a. 1.63 5.34 ~ 1.19 1.47 1.77 2.07 

(, 47 59 2.6 59 61 63 64 
1.14 3.37 1.05 1.34 1.63 1.95 

4 50 61 68 2.2 60 62 64 65 
.88 2.41 U8 .94 1.22 1.52 1.83 

2 t 56 66 71 1.8 62 63 65 67 
End fire .34 1.77 3.78 .79 1.09 1.39 1.71 
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The LLNL impulse radar sensor program has been involved with the investigation 
into the science and technology necessary to enable real-time multi sensor imaging to 
detect and monitor objects through barriers. This presentation will describe some of the 
methodologies and recent findings. The typical existing approaches have severe 
limitations in capabilities. In general, there are extreme tradeoffs between range of 
detection (especially through obscurants at distance), specificity, data processing time, 
and portability. As an example, techniques that detect and screen for objects often do not 
have the capability to monitor in real time targets in motion. LLNL efforts take into 
account this multi-parametric space and developed potential solutions that can be readily 
adapted to specific application needs. 

The use offield programmable gated arrays integrated with high resolution ultra wide 
band (UWB) electromagnetic sensors for imaging through barriers will be described. In 
addition the real-time imaging issues of detecting and tracking of small objects will be 
described. 

Techniques ofUWB beam forming and steering will be described. Among other 
attributes, UWB system developed at LLNL has been shown to penetrate many materials 
(wood, some concretes, non-metallic building materials, some soils, etc.) with high range 
resolution. Further, monostatic and multi static systems will be presented. 

Results of system characterization based upon current prototype systems will be 
presented. The figure below shows an image frame of a circular plate target from the 
laboratory system. 

Figure. Laboratory acquired radar image frame of circular plate target taken by 7 
transmitter, 1 receiver array. Target is located at the edge ofthe detection field of view. 
Target is 12 inches in diameter and 1 meter in range. 
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Deconvolution is an important preprocessing procedure often needed in 
the spectral analysis of transient exponentially decaying signals. Homomorphic 
deconvolution techniques is studied and applied to the problem of canceling the 
echo in the signaL Signal processing applications use the collection of nonlinear 
techniques known as cepstral analysis. These are based around the core concept of 
the complex cepstrum. One of the more important properties of the cepstrum is 
that it is a homomorphic transformation. Under a cepstral transformation, the 
convolution of two signals becomes equivalent to the sum of the cepstra of the 
signals. Multiplication and convolution are also common means of mixing signals 
together. If signals are combined in a nonlinear way (i.e., anything other than 
addition), they cannot be separated by linear filtering. Homomorphic techniques 
attempt to separate signals combined in a nonlinear way by making the problem 
become linear. That is, the problem is converted to the same structure as a linear 
system. The logarithm of the power spectrum of a signal containing an echo has 
an additive periodic component due to the echo, and thus the Fourier transform of 
the logarithm of the power spectrum should exhibit a peak at the echo delay. In 
the time domain, the signal, which contains echo component, is combined by 
convolution of original signal and impulse train. In the cepstrum domain we can 
distinguish the echo component and also eliminate the echo cOrqJonent. 

In this paper we simulated electromagnetic waves scattered from a 
conducting sphere, along with its echo components to demonstrate the 
applicability of this procedure. 
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Interest in methods for obtaining surveillance information through walls has been 
increasing for both domestic and military security applications. While detecting 
the presence of individuals inside a building structure is useful, being able to 
know where they are, and how the interior of the structure is laid out provides an 
additional important tactical advantage. Sensors that can form images through 
walls take away the ability of individuals to hide, reduce the risk to security 
personnel, and increase the probability that security operations will conclude 
without casualties. 

The electromagnetic propagation properties of building materials, access to 
building surroundings, and operational requirements all playa role in defining 
imaging system operating parameters. Frequencies between 250 MHz and 3 GHz 
provide acceptable penetration for nearly all building materials, including con­
crete. Low frequency antennas with good resolution tend to be too large for 
practical application. Improving resolution through aperture synthesis from a 
moving platform can't always be achieved because of limited access to a 
building'S surrounding area. System size and weight is always an issue because of 
the need for portability. 

While we have demonstrated acceptable imaging performance by synthesizing a 
large antenna aperture from a portable, collapsible antenna array, these opera­
tional constraints have driven AKELA to a concept of operation where images are 
created by a distributed array of individual sensors. Each sensor is a high range 
resolution radar that can be either fixed in place or carried by an individual. The 
sensors are connected with a wireless communication network that distributes 
timing and control information, receives data, determines sensor location, and 
fuses the data from each sensor to generate imaging and motion detection infor­
mation. The variable aperture achieved by allowing sensor movement reduces 
ghost images and improves resolution where needed. Coherent detection pre­
serves phase information that is useful for determining the presence of metal and 
the breathing response of a stationary individual. 

We have developed a frequency agile radar operating between 500 MHz and 2 
GHz that has a maximum range of 250 meters and allows image formation at 10 
frames per second. This radar is the sensor element in our networked concept. 
Recent experiments show that this new radar has the capability to detect the 
breathing response of a stationary individual through a wall at a distance of 5.5 
meters. 
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Problems of "seeing" through walls involve modeling of wave scattering from objects 
embedded in multilayered media, and they are computationally challenging due to 
electrical dimensions of the domain of interest. An efficient hybrid technique based on 
the Love equivalence principle and the Green's functions for layered media has been 
developed in order to estimate the scattered fields from 3-D conducting or dielectric 
objects located within parallel layered media [N. Bliznyuk, N. Engheta and A. Hoorfar, 
"An Efficient Hybrid Computational Technique for Certain Radiation and Scattering 
Problems in Layered Media" 2004 IEEE Aerospace Conference, Big Sky, M'F, March 
6-13, 2004]. This is an approximate technique, which does not take into acconnt 
standing waves between the scatterer and the walls, but does take into acconnt multiple 
reflections between the walls (in the absence of the scatterer) and the propagation of 
the first response from the scatterer through the walls. This approximation essentially 
works well, especially in the TWI applications because the first signal from the 
scatterer after going through the wall is stronger compared with the subsequent echoes. 
Furthermore, in some cases, the radar only receives and processes the first reflection 
from the target and the rear wall. The validity of this approach and its range of 
applicability have been checked by applying it to certain canonical cases and then 
comparing the results with the exact known solutions or with the solutions obtained by 
other numerical techniques such as FDTD. 

In this talk, we will discuss the role of wall thickness and the effects of the standing 
waves between the parallel walls on the received signals at the detector. We will show 
how the wall separation, wall materials, and the related parameters can play a role on 
this signal. The effect of the rear wall in producing images of the target will also be 
mentioned. As sample targets, we will consider perfectly conducting and dielectric 
spheres of different radii. We will first present a brief overview of the computational 
technique we use in this problem, and we will then present our numerical results along 
with physical justification and explanation of our numerical findings. 
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In this review presentation we will discuss artificial materials that can support back­
ward waves. The main subject will be the media that can be considered as effectively 
continuous materials with physically meaningful material parameters like permit­
tivity and permeability (it is well known that backward waves can exist in various 
periodical structures, which is a different class of media with different potential 
applications) . 

Basically, two conceptually different materials capable to support traveling back­
ward waves are known: materials with negative real parts of the permittivity and 
permeability and bianisotropic materials (e.g. chiral composites). We will discuss 
backward-wave properties of both of these materials. 

The presentation will start with a historical overview. Next, we will consider pos­
sible physical realizations of materials with negative parameters (combinations of 
wire arrays and split-ring resonators and composites with resonant inclusions). The 
emphasis will be on an overview of the result obtalned in our research group. For 
example, analytical models of wire media and their properties, the role of field inter­
actions between wires and magnetic resonators, alternative realizations of negative 
magnetic permeability. In the following, we will discuss the limitations of mate­
rial description in terms of effective parameters for composites supporting backward 
waves and consider the role of periodicity of the microstructure in the electromag-, 
netic response of these composites. 

In the following part of the presentation we will overview backward wave propaga­
tion, reflection and refraction in another class of effective media supporting backward 
waves: chiral composites. We will explain under what conditions such solutions are 
possible and discuss electromagnetic phenomena on material interfaces. 

We will conclude with a discussion of potential applications of backward-wave ma­
terials. 
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Many military and commercial applications require smaller, light-weight 
antennas with broad-band and high gain performance. One such application is 
the UHF SATCOM antenna, which presents a significant advance in providing 
portable satellite communications technology for uses in the field. Although 
existing SATCOM antennas provide broad pattern coverage, they are still too 
large (15"-30"), heavy and bulky and therefore not quite portable. The goal of 
this paper is to propose a design which is much smaller in aperture (6") by 
modifying the dielectric loading applied to a slot spiral antenna. The bandwidth 
of interest is 240-318 MHz and the required gain is greater than 3dB. Also, 
circular polarization is expected for this SATCOM application. 

The challenge is to miniaturize the spiral and still retain its bandwidth with a 
satisfactory gain performance. Instead of the more traditional approaches to 
optimizing the shape or geometry of the antenna via reactive loading, parasitic 
coupling and etching, here we focus on the material substrate/superstrate of the 
slot spiral using high-contrast L TCC material. Recent efforts on metamaterials 
indicate that properly designed dielectrics or a combination of different 
materials can lead to designs which have greater bandwidth and small size (G. 
Kiziltas et ai, IEEE T-AP, pp. 2732-2743, 2003). Nevertheless, the focus so far 
has been on narrowband antennas. Here, we present how to deliver the optimal 
SATCOM performance in terms of size, gain and impedance matching by 
optimizing the metamaterial profile of the broadband slot spiral antenna. The 
employed design method is the Solid Isotropic Material with Penalization 
(SIMP) technique (M. P. Bendsoe, Structural Optimization, 1, 193-202, 1989). 
Unlike conventional design methods, SIMP is a topology design method that 
draws from a broader class of design solutions. Through a simple continuous 
material model, geometrical and material configurations are effectively 
designed from 'scratch'. The continuous model allows for a design problem 
formulation in a non-linear optimization framework using the Finite Element­
Boundary Integral method as the computational engine. Sequential Linear 
Programming (SLP) is then used to solve the optimization problem with 
sensitivity analysis based on the adjoint variable method for complex variables 
(G. Kiziltas et ai, TAP, 51, 10,2732-2743,2003). The proposed design method 
allows for inhomogeneous material modeling and design to increase the 
bandwidth of a fixed size square slot spiral antenna using a high-contrast L TCC 
superstrate. 
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Recently, the phenomenon of enhanced transmission through metal films perforated by 
subwavelength holes has attracted much attention. The phenomenon was observed in 
both the optical and microwave regimes (T.W. Ebbesen, Nature, (6668), 667-9, 1998; 
Lomakin et aI, IEEE AP-S, 2003; A.A. Oliner and D. R. Jackson, IEEE AP-S, 2003) and 
associated with Leaky Waves (LWs) generated by Surface Waves (SWs) scattered by 
different types of gratings. These SWs can originate from different physical phenomena, 
e.g. surface plasmon polaritons, or surface waves supported by periodic hole 
arrangements, surface corrugations, or dielectric slabs. Enhanced transmission was 
observed through holes of simple connected cross section, e.g. circles and squares, as 
well as through apertures comprising multiple connected cross sections, e.g. infmite slits 
and coaxial apertures. It was shown recently by Baida and Labeke (F.r. Baida, F.r. and 
Van Labeke, D., Physical Review B, v 67, n 15, 15 April 2003, P 155314-1-7) that a 
periodic array of coaxial apertures provides an efficient channel for field transmission. 
However, the same authors stated ''we are not yet able to explain the shape of this 
spectrum" and "the interpretation of these original results is not entirely clear". 

Here, such an interpretation and investigation are carried out, their ultimate goal being 
the articulation and interpretation of all mechanisms leading to enhanced transmission 
through periodic arrays of coaxial apertures. Specifically, we consider an array of 
subwavelength coaxial apertures that perforate a thick metallic plate and that is excited 
by a TM z time-harmonic plane wave. The transmission coefficient as a function of the 
incident angle and frequency for different structure parameters, i.e. film thickness and 
period, is required We first show that enhanced transmission can be observed only for 
sufficiently oblique incident angles. This is because normally incident fields cannot 
couple to the TEM coaxial mode due to the symmetry of the aperture. Then, we show that 
for oblique incident angles, there are two phenomena that lead to enhanced transmission. 
One is a Fabry-Perrot type coaxial waveguide resonance between the upper and lower 
coaxial apertures. The enhanced transmission associated with this phenomenon occurs 
when the film thickness is close to a integer number of half-wavelengths and the 
corresponding frequency does almost not depend on the incident angle and the 
periodicity. Another phenomenon is due to the existence of surface waves of two types. 
One is the known surface plasmon polariton. Another one is the surface wave that arises 
due to effective impedance of the perforated surface, and exists even if the film is perfect 
electrically conducting. A simple model explains the origin of such impedance by 
modeling the coaxial waveguide by an open (or loaded) transmission line (TL). The 
corresponding surface impedance can be either capacitive or inductive depending on the 
film thickness (the length of the TL of the model) and the frequency. When the 
impedance is inductive it can support a TM surface wave. The surface wave, through the 
periodic aperture arrangement, generates leaky waves, which lead to enhanced 
transmission. The enhancement generated through this mechanism strongly depends not 
only on the frequency and the thickness of the film but also on the structure's periodicity. 
A full wave analysis and numerical study are performed to verify the above theoretical 
observations. 
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Optical wave interaction with metallic nanoparticles is one of the important problems in 
nanotechnology and nano-photonics nowadays. It is well known that in certain noble 
metals such as Ag, Au, the plasma frequency is in the visible or ultraviolet (UV) 
wavelengths, and thus these metals behave as plasmonic materials in the optical 
frequencies, i.e., their permittivity has a negative real part. As a result, interaction of 
optical signals with plasmonic nanoparticles involves surface plasmon resonances [J. P. 
Kottmann, O. J. F. Martin, D. R. Smith, and S. Schultz, "Spectral response of plasmon 
resonant nanoparticles with a non-regular shape," Optics Express, Vol. 6, p. 213, (2000)]. 
These particles can be much smaller than the optical wavelength; however their 
dimensions can be comparable with the skin depth of these metals in the optical 
frequencies. 
When the permittivity of a material has a negative real part, one can argue that phase 
difference between the electric field and the displacement current at each point in such a 
medium is 180· different from the corresponding phase difference in a material with 
positive permittivity. This may lead to the interpretation that if in a conventional material, 
the equivalent circuit element is capacitive, in an analogous epsilon-negative material, the 
corresponding circuit element will be inductive [G. V. Eleftheriades, A. K. Iyer, and P. c. 
Kremer, IEEE Trans. Microwave Theory Tech, vol. 50, no. 12, pp. 2702-2712, December 
2002; A. K. Sarychev, D. A. Genov, A. Wei, and V. M. Shalaev, Proceedings of SPIE, 
Complex Mediums IV· Beyond Linear Isotropic Dielectrics, August 4-5, 2003, pp. 81-
92]. So if we consider two nanospheres, one made of metal (e.g., Ag, Au) and the other 
made of a dielectric material, the interaction between these two spheres in the optical 
regimes can be modeled as an equivalent L-C circuit. In this work, we find equivalent 
values for such "nano-inductors" and "nano-capacitors" in terms of the relevant 
parameters such as material parameters in each sphere, sphere dimensions, and 
interparticle distance. This analysis can provide us with the possibility of forming a 
resonant L-C "nano-circuit", small compared with the optical wavelength of operation, as 
we put a plasmonic (i.e., metal) and a non-plasmonic (i.e., dielectric) nanosphere next to 
each other. By choosing the size of the spheres and their separation, we can modify the 
values of these nano-elements of circuit. This idea may be extended to more complex 
circuits with more than two such nanospheres, providing various nano-inductors and 
nano-capacitors arranged in many different ways. This will lead to various applications 
for nano-photonic and nanoelectronic circuits involving such tiny spheres as nano­
inductors and nano-capacitors. We will describe the results of our analysis, and will 
forecast some of these ideas. 
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Surface plasmon resonance has been known for a long time and has been 
used for chemical sensors and in remote sensing systems. It makes use of a 
prism and a thin metal layer deposited upon the prism. The p-polarized 
(TM) reflected light exhibits a sharp dip at the angle corresponding to the 
surface plasmon between the metal and the bulk material. This resonance 
occurs due to the negative dielectric constant of the metal, such as gold or 
silver, at optical frequencies. 

In this paper, we explore the use of the NIM (negative index medium), and 
more generally metamaterials, to produce the surface plasmon resonance at 
microwave frequencies. First, we discuss the surface wave (surface plasmon) 
modes between NIM and the dielectric. This requires the study of all wave 
types which may exist between the medium with arbitrary e and m and the 
ordinary medium. We discuss the classification of wave types. In particular, 
we discuss the regimes in an m-e diagram where the forward and backward 
surface waves exist. These regimes give rise to the surface waves, and the 
reflection coefficient exhibits a sharp dip at this particular angle, similar to 
the conventional optical surface plasmon resonance sensor. 

We clarify the relationships between the p (TM) and s (TE) polarizations. 
The fields inside NIM are examined, as well as the interesting behaviors of 
the Poynting vectors, pointing to the opposite direction in the inside and 
outside of NIM. We discuss the angular and frequency sensitivities of this 
phenomenon and difficulties in implementing this for practical applications. 
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A scheme for interference rejection at an array is presented, in which the 
interference, represented as vectors, is removed by an operation in which none of 
the physical array characteristics such as beam width and resolution come into 
play. As a result, observation of signals of interest from weak sources, intact, 
unaffected by the presence of interfering signals from stronger sources arbitrarily 
close in angle --- e.g. fractions of an array beamwidth --- to the weaker sources, 
is possible. The essential limit on this capability is determined solely by receiver 
noise. Rejection of up to M-l interfering sources with an array ofM elements is 
accomplished by a single operation. 

In this approach the rejection is accomplished by projecting the interference, 
represented as vectors, into the null-space of a matrix: a null-space 
transformation(NST). The interference is transformed into the zero vector. The 
scheme differs fundamentally from conventional beamforming/nulling schemes in 
that the projection operation is applied directly to the observables, the array 
outputs, rather than to beam steering vectors. The geometrical relationship 
between the signal and interference subspaces is irrelevant; the issue of subspace 
orthogonality does not arise. Beamforming plays no part. None of the limitations 
associated with physical array characteristics such as beamwidth and resolution 
come into play, which yields an intrinsic high-resolution interference rejection 
capability not present in conventional schemes employing beamforminglnulling 
operations. There is no fundamental limitation on the minimum angular 
separation between an interfering source that can be rejected and a signal of 
interest that can be recovered intact, undesturbed by the process. Excluding 
possible implemental hardware issues, which we do not consider here, the 
practical limit on the extent to which this property of the scheme can be realized 
is determined solely by receiver noise. Other desirable properties of the scheme 
are (2) for N interfering sources an array of only M = N+ 1 elements are 
necessary; M»N is urmecessary. (3) interference rejection is accomplished by a 
single matrix multiplication independently of the number of interferers. (4 )The 
interfering signals are removed selectively at each array element with signals of 
interest completely recoverable. As evidence of this, beam patterns after 
interference rejection, if desired, are identical to what they would be with no 
interference, and coherent summation over the array of the recovered signals 
yields the usual 1 OlogM dB improvement in signal-to-noise ratio. Results of 
computer experimnts are presented validating all aforementioned assertions. 
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In any discrete representation of an infinite dimensional function space, an error 
is introduced. In the cases of the finite element method (FEM), the finite element­
boundary integral (FE-BI) method and the method of moments (MoM), this is 
exactly what happens. This paper will explore this error numerically within the 
setting of time-harmonic, electromagnetic analysis in three dimensions, comparing 
results obtained with various numerical formulations. The specific test problems 
considered are dielectric and/or PEC spheres and coated spheres - all of which can 
be treated analytically as well. The quality of a solution is measured as the L2-norm 
of the error in the bistatic radar cross section (RCS), i.e. 

Cu = 110"(0, </J) - 0-(0, </J)II£2(A) 

where <T(O, </J) and o-(O,</J) represent the exact and calculated bistatic RCS, respec­
tively; and A represents the surface of the unit sphere. By examining the convergence 
of this quantity with respect to the cell size (h) in the mesh (on a set of regular, 
hierarchically nested grids), the relative accuracies of the various formulations can 
be observed in a clear way. The accuracy of a formulation has two components to 
it: rate of convergence and relative scaling. The rate of convergence relates to a 
formulation's asymptotic behaviour as h -> O. The relative scaling relates to the 
proportionality constant in the error behaviour, which could make one formulation 
preferable to another, even though both have the same asymptotic rates of conver­
gence. 

A selection of the following formulations will be considered in the study: 

• FE-BI: FEM hybridized with the EFIE/MFIE/CFIE/1st order ABC (includ­
ing dual field formulations) [J.-M. Jin, The Finite Element Method in Electro­
magnetics. New York: John Wiley and Sons, 2nd ed., 2002]; Stationary FE-BI 
(volume-trace and volume-volume, including dual field formulations) [M. M. 
Botha and J.-M. Jin, "On the variational formulation of hybrid finite element­
boundary integral techniques for time-harmonic electromagnetic analysis in 
3D," IEEE Trans. Antennas Propagat., submitted for publication, 2003]; 

• MoM: EFIE, MFIE and CFIE [J.-M. Jin, The Finite Element Method in Elec­
tromagnetics. New York: John Wiley and Sons, 2nd ed., 2002] 

The relative accuracies in the various formulations will be discussed with re­
spect to the effects of discretization error, dispersion error and the influence of the 
boundary conditions. 
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There are two common approaches to validating numerical results in computa­
tional electromagnetics-validation by test case and numerical analysis. Engineers 
often compare moment method solutions to measured data or to known solutions 
for simple geometries such as the sphere. Though this approach has provided suffi­
cient confidence for succesful application of CEM methods in many areas, empiri­
cal validation alone cannot guarantee solution accuracy for arbitrary problems. An 
alternate approach is to study the moment method using functional analysis, giving 
abstract error estimates that prove solution convergence. These important results 
establish that numerical solutions converge to exact solutions in the limit of infi­
nite mesh refinement. The difficulty with these types of error estimates is that they 
contain unknown constants and are given in terms of norms that can be difficult 
or impossible to compute. In previous work [K. F. Warnick and W. C. Chew, "Er­
ror analysis of surface integral equation methods," in Fast and Efficient Methods in 
Computational Electromagnetics," W. C. Chew, et aI., eds., Artech House, Boston, 
MA, 2001] attempts have been made to bridge the gap between test case validation 
and general convergence theory by developing error estimates in terms of standard 
norms with known constants for a number of2D scattering geometries. We are now 
seeking to extend these results to 3D problems. 

We have conducted numerical error studies of moment method solutions for sev­
eral benchmark scatterers. Highly refined reference solutions are compared against 
low-order solutions to estimate RCS error. Many factors contribute to the error in 
the numerical solution, including quadrature error in the integration of moment ma­
trix elements, flat-facet modeling of a curved geometry, and discretization error. We 
specifically address the effects of irregular discretization on final solution accuracy, 
compare the accuracies of flat-facet models to curved-facet models, and compare 
the accuracy of different quadrature rules. Using insights obtained from previous 
theoretical studies of 2D problems, we attempt to isolate these error sources and 
quantify their relative impact on solution error. Based on two-dimensional studies, 
we expect flat-facet modeling and low-order quadrature to be the most significant 
error sources. 
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This paper considers the problem of electromagnetic scattering by arbitrarily shaped 
objects with sharp edges. To effectively solve surface integral equations via the Method 
of Moments (MoM) one must use higher order models for both the geometry and the 
equivalent surface currents. Since higher order regular vector bases generally perform 
poorly near the edge of a wedge, in the edge regions we employ higher-order singular 
divergence-conforming bases directly defined in the parent space of curved triangular and 
quadrilateral elements. The figure illustrates the improved modeling of the longitudinal 
current distribution near the edges of a square metal cylinder with sides of electrical 
length ka = 1 for TM plane wave illumination. The method used to construct such bases 
is simple and general, and can be used for any order (R.D. Graglia and G. Lombardi, 
IEEE TAP-52, 2004, to appear). These bases incorporate the edge condition and are able 
to approximate the unknown surface current in the neighborhood of the edge of a wedge 
for any order of the singularity coefficient v that is supposed given and lmown a priori. 
For metal wedges of aperture angle a, one has v = (21t - a) . Our divergence conforming 
singuli1l"'functions are compatible with standard p-th order vector functions in adjacent 
elements (R.D. Graglia et aI., IEEE TAP-45, 329-342, 1997), and guarantee normal 
continuity along the edges of the elements allowing for the discontinuity of tangential 
components, adequate modeling of the divergence, and removal of spurious solutions. 
Evaluation of the MoM matrix elements when both the Green's function and the basis 
function are singular is effectively performed by using a new integration technique (D.R. 
Wilton and M. A. Khayat, URSI EM Theory Int. Symp., Pisa, Italy, 2004). Several 
results for the scattering by circular and square plates will be presented and discussed. 
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The Synthetic Function eXpansion (SFX) method consists in the employing a few, 
"global" unknowns (SFs) defined on different portions ofthe structure, into which 
in the first step the entire geometry was broken down (called blocks), reducing 
the complexity of the MoM analysis of antenna and scattering problems. The 
generation of these aggregate functions is effected via the original electromagnetic 
problem and based on its properties, rather than on matrix manipulations. 

The SFX technique always resorts to a set of basis functions (more or less) larger 
than that of the "natural" solutions of the single sub-structures in isolation (one 
per port). It is to be noted that the method proposed here is not iterative or 
recursive in nature: the necessary aggregate basis functions are generated once, 
and used afterwards as basis functions in the MoM. The method includes mutual 
coupling in the formulation in a rigorous manner. 

Following the Equivalence theorem, if sources are placed around the block, and 
the response (solution) is found for each source configuration, this set of responses 
will make up the space of all (rigorous) solutions, restricted to that block. Sources 
have first of all to be placed at the feeding ports: the associated responses will be 
called "natural" synthetic functions. On the other hand, one also needs SF that 
efficiently describe the effect of embedding it in the actual structure: these are 
called "coupling" SF, and require excitation outside the block. A typical choice 
places sources on a circular/square box around the considered block (analyzed in 
isolation) . 

It can be observed that the underlying question behind SFX and all the aggregate­
function quest is "what is the number of degrees of freedom of the solution we are 
looking for on each block", and the implicit assumption that this number should 
be much smaller than the number of basis functions involved in discretizing the 
problem in the conventional way. In the SFX method, the question can be turned 
into the following: how many sources generate independent responses; this leads 
to the determination of the" minimum" or "optimum" number of such sources and 
responses. The natural mathematical tool to address these questions is the Singular 
Value decomposition (SVD) applied to the space represented by the independent 
solutions. 

The method was applied to different examples confirming its validity. 
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Both integral equation and partial differential equation techniques have been used in the 
analysis of the electromagnetic scattering by a body of revolution. For situations in which the 
scatterer is a perfect electric conductor coated with homogeneous dielectric layers, the use of 
integral equation techniques is generally the best choice in terms of both efficiency and accuracy. 
But in cases in which the material properties are continuously varying rather than piecewise 
constant, the use of a technique based on an integral equation generally requires a rather time­
consuming volume formulation. In this case, the use of a partial differential equation technique 
becomes an attractive alternative. One option would be to use a traditional approach such as the 
finite element method. Another would be to employ a meshless technique such as collocation. If 
the finite element method is used, an efficient approach for mesh truncation must be used. If 
collocation is used, there is no mesh; but there still must be some method for discriminating 
between incoming and outgoing fields. 

This research employs a body of revolution formulation based on the coupled azimuthal 
potentials (CAPs) (M. A. Morgan, S. K. Chang, and K. K. Mei, IEEE Trans. Antennas 
Propagat., 25, 413-417, 1977). The CAPs are scaled versions of the azimuthal components of 
the electric and magnetic field intensities. An attractive feature of the CAPs is that in problems 
with azimuthal symmetry these potentials represent tangential components of the fields and are 
therefore continuous across dielectric and magnetic interfaces. This makes them well suited for 
use in determining the scattering by bodies of revolution. 

Two techniques, one employing finite elements in conjunction with the CAPs and the 
other using collocation together with the CAPs, will be discussed. Methods for truncating the 
mesh, in the case of finite elements, or discriminating between incoming and outgoing fields, in 
the case of collocation, will be presented. Results obtained from both techniques will be shown, 
and the advantages and disadvantages of each wiIl be discussed. 
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Electrically large scattering and radiation problems can be solved with hybrid 
methods based on the method of moments (MoM). The most well-known method 
is the hybrid PO/MoM (Jakobus and Landstorfer, Trans. Ant. Propagat., 2,162-
169, 1995) in which the electric field integral equation (EFIE) is used in a small 
domain and physical optics (PO) is used in the remaining large domain. This 
method includes all interactions between the two domains and is solved through an 
efficient iterative procedure. The hybrid EFIE/MFIE iterative method (HEMI) 
(Hodges and Rahmat-Samii, Trans. Ant. Propagat., 2, 265-276, 1997) improves 
the accuracy of the PO/MoM method for closed objects by using Neumann iter­
ations to solve the magnetic field integral equation (MFIE) in the large domain. 
However, this method does not appear sufficiently robust for general problems. 

The current-based hybrid methods cited above, as well as other similar methods, 
require that a known quantity is projected onto a set of basis functions or that 
a projection matrix involving the inner products of testing and basis functions is 
inverted. This is relatively easy when picewise linear basis functions, flat patches, 
and point matching are employed as in the above-mentioned works. On the other 
hand, if the more efficient higher-order basis functions are used on curved patches 
and/or Galerkin testing is used, the inverse projection matrix is generally hard 
to obtain. The commonly used divergence-conforming basis functions impose 
continuity between patches which means that the functions on each patch are 
non-orthogonal and that the projection matrix is a large banded matrix involving 
all patches. These problems have caused some authors to solve auxiliary equation 
systems (Edlund, Liitstedt, and Strand, Int. Jour. Num. Meth. Eng., 56, 1755-
1770, 2003) or to use point matching and complicated interpolatory functions 
(Djordjovic and Notaros, PIERS, Honolulu, Hawaii, p.140, 2003). 

This presententation reviews a set of recently introduced higher-order hierarchi­
cal basis functions that allow current continuity to be enforced. These functions 
are aimed at enhancing the convergence rate of iterative solvers by maintaning 
low matrix condition numbers for high expansion orders. In addition, we show 
here that a known quantity is easily projected onto these basis functions and 
that the inverse of the projection matrix needed in the HEMI approach is known 
analytically. These properties hold even when the current continuity is enforced 
and Galerkin testing is used. Consequently, the hybrid PO/MoM, the HEMI 
method, and other hybrid techniques can be implemented without resorting to 
point matching, without formulating special interpolatory basis functions, and 
without solving auxiliary systems of equations. Numerical results for high expan­
sion orders will be presented for the PO/MoM and HEMI methods. The latter 
appears to be the first higher-order implementation of the HEMI method. 
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It has been shown theoretically (1. Oh, et. al., Journal of Electromagnetic Waves 
and Applications, vol. 17, no. 5, pp. 673-694, 2003) that the transient field 
reflected by a single layer of conductor-backed lossy material may be written as a 
natural mode series. We predict that the reflection from a stack of materials can 
also be written as a resonance series. To demonstrate this we consider the 
measured field reflected from multiple-layer materials. 

Measurements of material stacks are made both in the time and frequency 
domains using the MSU reflectivity arch range. This free- field range, designed 
and built by the Georgia Tech Research Institute, is a circular metallic structure 
6.096 m in diameter and 1.219 m high. Antennas may be arranged along the metal 
rails to provide a variety of bistatic configurations. The time domain system uses 
an HP54750A 50 GHz sampling oscilloscope along with a PPL 4015B pulse 
generator to produce 20 picosecond Gaussian pulses of amplitude 3V. The pulses 
reflected by the material stack are measured in the time domain using a 20 GHz 
vertical channel of the oscilloscope. The frequency domain system consists of an 
HP8510C vector network analyzer connected directly to the transmit and receive 
antennas. The bandwidth of both systems is determined by the 2-20 GHz 
bandwidth of the antennas. Calibration of both measurement systems is done in 
the frequency domain, using a metallic sphere or a metal plate as a known 
calibration target. 

The measured transient responses are compared to the theoretical reflected field 
found from a frequency domain analysis, and to that found using a natural-mode 
representation. 
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Resistance cards (R-cards) are often included among stacks of materials applied 
to aircraft to reduce their radar cross-section. Misapplication or degradation of 
these materials results in a decrease in performance, and thus a technique to 
determine the value of the R-card while within the stack is useful for diagnosis 
and repair. 

Consider a stack of materials containing an embedded R-card. Previous work (J. 
Oh, et. al., Journal of Electromagnetic Waves and Applications, vol. 17, no. 5, pp. 
673-694, 2003) has shown that the transient field reflected by a single layer of 
conductor-backed lossy material may be written as a natural mode series. Thus 
the E-pulse technique may be used to differentiate between layer parameters such 
as thickness and permittivity We hypothesize that the field reflected by a stack of 
materials may also be written as a modal series. In particular, we study the 
response of an R-card sandwiched between a lossy dielectric layer and a nylon 
layer. 

E-pulses are constructed from the measured transient responses of stacks Wth five 
R-card values: OQ/? (no R-card present), 54Q/?, 105Q/?, 202QI?, and 1389 
Q/? Convolution of an E pulse with the response it was constructed for ideally 
yields a null result, while convolution with a different response yields a non-zero 
result. This allows the identification of the R-card by association with the smallest 
convolution value. To automate the discrimination among R-cards the E-pulse 
discrimination number (EDNa) and the E-pulse discrimination ratio (EDRa) are 
computed from the normalized late-time energy in the convolution outputs (G. 
Stenholm , et. al., "E-pulse Diagnostics of Simple Layered materials," IEEE 
Transactions on Antennas and Propagation, to appear). It is shown that each of the 
R-cards may be discriminated from the others based on the EDNa and the EDRa. 
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With the modem microelectronic industry entering a new era featured by 
progressively higher speed and higher integration mixed-signal systems on chip, 
accurate modeling of distributed electromagnetic behavior of sections which 
may includes signal traces, power planes, substrates etc, is crucial during the 
design flow. Driven by broadband and non-linear circuit design, time domain 
coupled electromagnetic and circuit simulation has been gaining popUlarity. In 
particular, integral equation methods have proven to be useful since radiation 
conditions are built in and only surface meshing and modeling is needed. In this 
work, the time-domain integral equation (TDIE) method is enhanced to model 
realistic loss behavior in substrates, which is a crucial component for quality 
factor prediction of integrated passives, as well as for thermal pattern prediction. 

The EM simulation environment in present and future 3D integrated 
circuits is characterized by mUltiple piecewise homogeneous regions. Each 
region is comprised of lossy materials, which mayor not have a strong impact 
on the overall performance. In general, for higher speed and higher sensitivity 
systems such as RF and analog methods, the loss is a crucial factor in 
determining system specifications and performance. The TDIE approach has 
been shown to work with lossy material (M. J. Blunk and S. P. Walker, Antennas and Propa, 

49, 875-879, 2001) wherein the Green's functions, besides possessing delta 
functions in time, also include a broadly exponentially decaying "wake". This 
leads to the implementation issue that the spatial integrals at retarded times 
have to be replaced by temporal convolutions. This convolution brings not only 
coding complexity but also increases the computational cost dramatically. 

In the presented work, the multi-region substrate geometry is addressed with a 
TDIE solver. An equivalent surface approach for each region is used along with 
the following method to tackle the lossy medium Green's function. To 
circumvent the difficulty caused by the convolution in time, the decaying 
"wake" in the Green function is approximated by a sum of decaying 
exponentials via Prony's method. It is shown that for circuit dimensions and 
realistic losses, the decaying "wake" changes slowly with the variation of the 
distance between the source and observation point. This allows the building of 
an exponential fitting table for discrete distances. The use of the exponential 
models permit the convolutions in time to be computed recursively. This then 
achieves the purpose of reducing computational complexity, with an added 
constant, to be the same as that of a TDIE solver for lossless media. 
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The transmission and reception properties of several UWB antennas, including 
the biconical antenna and the TEM hom antenna, are presented. In the time-domain, the 
transmitting transient property for a UWB antenna is proportional to the derivative of the 
receiving transient property (Dr. Motohisa Kanda, Time-Domain Measurement in 
Electromagnetics, 1986). The radiated wave from a biconical transmitting antenna is 
exactly identical to the driving point voltage waveform. Following the general property 
of UWB antennas as stated before the current induced in a biconical receiving antenna is 
the integral of the input waveform. On the other hand, in the case of a receiving TEM 
hom antenna, the induced current is a replica of the incident field. If the TEM antenna is 
used for transmission then the radiated E-field is the first derivative of the input pUlse. 

All of these properties have been verified by simulating the antennas by using the 
WIPL-D software (B. M. Kolundzija, J. S. Ognjanovic, T. K. Sarkar, R. F. Harrington, 
WIPL Software for Electromagnetic Modeling of Composite Wire and Plate Structures, 
1995) which can simulate the antenna response for a wide band of frequencies. The time­
domain response is obtained by inverse Fourier transform of this data. The input is the 
derivative of a very short duration Gaussian pulse. It is seen that several reflections occur 
due to the finite length of the antennas. So during simulation these reflections can be 
reduced by rounding off of the edges by placing additional structures at the edges or by 
decreasing the discontinuities of the structures. It is seen that during transmission from a 
biconical antenna to a TEM hom antenna, the wave-shape of the input pulse is identical 
to the output pulse. So by this process we can obtain direct measurement of the input by 
observing the output. 

Further analysis using a dipole antenna has shown that in the wide band the dipole 
behaves in a manner similar to a biconical antenna when the duration of the transient 
input pulse is very small compared to the electrical length of the dipole. But in the case of 
a dipole it is hardly possible to avoid the reflections from the edges of the dipole. 
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The transient responses of short-pulse (ultra-wideband) signals are analyzed in 
electromagnetic scattering problems. An efficient way to simulate the short-pulse 
measurements is introduced. In short-pulse measurement, we usually generate some 
incident wave by a transmitting antenna and radiate the wave toward the target. The 
scattered wave will be reflected back by the target and observed by a receiving antenna. 
For narrow band or single frequency scattering problems, we don't need to care about the 
properties of the transmitting and the receiving antennas. We take the incident wave as 
the replica of the exciting voltage in transmitting antenna and the induced voltage in the 
receiving antenna as the far scattered field. However, it's not true for ultra-wide band or 
time domain analysis. Each antenna in practice will illustrate some non-linear properties 
through the broad band, and these properties will distort the input signals (T. K. Sarkar, 
M. C. Wicks, M. Salazar-Palma, and R. J. Bonneau, Smart Antennas, 2003). If we ignore 
the properties of antennas, the information we get or observe will be different from the 
real data. 

Each electromagnetic component can be seen as a linear time invariant (L TI) system. The 
system of measurement can be divided into cascaded subsystems. We take the 
transmitting antenna as the first system and the input of the subsystem is the exciting 
voltage and the output is the radiated wave. The target is the second system with the input 
of the incident wave (wave radiated from the transmitting antenna) and output of the 
scattered wave. The receiving antenna is the third system. If we replace the second 
system with the wireless channel, the whole system can be looked as a system of ultra­
wideband wireless communications. We can analyze each subsystem by sequence, and 
get the final output (the induced voltage of the receiving antenna). 

Examples of both metallic and dielectric targets are simulated and the short-pulse 
responses are analyzed. The exciting voltage of the transmitting antenna is a short 
Gaussian pulse. If we put a short wire-like receiving dipole at the observing point, it does 
the temporal derivative of the scattered wave. This nonlinear property will filter out the 
low frequency component of the scattered wave and some late-time pulses will be shown 
in the induced voltage. These late-time pulses are caused by the resonance of the 
structure and can be used to analyze the target. 
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ABSTRACT- Numerically rigorous transient analysis is based either on the differential 
or integral equation approach. A time-domain integral equation (TDIE) method that 
requires only a surface discretization is sometimes preferred over the differential one 
using a volumetric discretization and do not call for absorbing boundary conditions. 
Furthermore TDIE implicitly impose the radiation condition and there exists no grid 
dispersion. In this paper, we present a numerical method to solve the time domain 
magnetic field integral equation (TD-MFIE) for arbitrary shaped conducting objects. The 
TD-MFIE technique has been employed to analyze many electromagnetic scattering and 
radiation problems. However, the most popular method to solve the TD-MFIE is a 
marching-on-in-time (MOT) method, which may suffer from its late-time instability. 
One explanation for the cause of instability is that if the temporal basis function has a rich 
high-frequency content, the spatial discretization may not be sufficient for these high 
frequencies. In this paper, a simple, stable and accurate method is presented to solve the 
integral equation in time domain for arbitrarily shaped perfectly conducting structures 
using weighted Laguerre polynomials as temporal basis and testing. The characteristic 
properties of the weighted Laguerre polynomials such as causality , orthogonality and 
convergence have been used in our formulations. Furthermore, these orthogonal 
polynomials can be calculated recursively. We also perform a more accurate evaluation 
for the integrals for the matrix elements. By using these orthogonal basis functions for the 
temporal variation, the time derivatives can be handled analytically and stable results can 
be obtained even for late-time. Several examples are simulated both for radiation and 
scattering problem. The results are compared with the inverse discrete Fourier transform 
(IDFT) of frequency domain data and they agree well. 
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ABSTRACT. 

The analysis of outdoor and indoor propagation scenarios using ray tracing 
in wireless communications represents a challenging problem because the 
large number of facets that should be includes in realistic models of these 
scenarios. Efficient algorithms are absolutely needed to accelerate the ray 
tracing in the computer analyses in order to obtain results with affordable 
computational cost in a reasonable time. A review of some efficient 
algorithms to accelerate the ray tracing for wireless applications will be 
presented. Different outdoor scenarios such that micro cells and pico cells, 
indoors pico cells, tunnels and corridors will be considered. The facets could 
be made of any building material and can support specular or diffuse 
reflection. Several ray tracing acceleration techniques like the SVP 
algorithm (Space Volumetric Partitioning), the BSP (Binary Space 
Partitioning), the AZB (Angular Z-Buffer), radiosity and other ones will be 
outlined and compared. Analyses examples for different scenarios will be 
presented. 
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In this paper, we propose a bistatic microwave forest canopy scattering simulator using a multi­
layer canopy model. In the remote sensing field, the forest canopy is usually modeled as two cas­
cading independent vegetation layers over a dielecttic ground surface. The Michigan Microwave 
Canopy Scattering model (MIMICS) is such a model that has been developed to simulate microwave 
backscattering from tree canopies. The crown layer includes leaves, needles and branches and the 
trunk layer includes vertical tree trunks. All the tree components are modeled as basic microwave 
scatterers like flat rectangular disks and cylinders. However, this division is too resttictive for the 
canopy coverage. For many forest structures we are dealing with a mixtures of different tree types 
having different densities, sizes and heights: The very tallest trees that stand over the rest of the 
plants make up the overstory; The understory is made up of sapling or immature trees and tall 
bushes that are completely submerged under the canopy. In many cases the young trees and bushes 
can be further divided into two distinct layers. In such cases, we can't simply categorize the canopy 
as the crown layer and trunk layer. 

We propose a multi-layer MIMICS model to remove the two-layer canopy resttiction. The model 
can handle arbitrary layers of canopy as necessary. Rather than characterize the layers with defi­
nite names, we treat all the layers as part of the vertical profile. Every layer can be composed of 
branches, leaves, needles and trunks. While the composition differences among layers are distinct, 
the type and disttibution of scatterers inside each layer are relatively homogeueous. To simulate 
the bistatic scattering from this multi-layer canopy configuration, we can solve an array of radiative 
transfer equations. The first order solution indicates that each layer conttibutes to the total scattering 
in four ways. They are (1) Direct scattering from the scatterers in the layer; (2)Scatterers scattering 
- Ground reflection; (3) Ground reflection - Scatterers scattering; and (4) Ground reflection­
Scatterers scattering - Ground reflection. The total canopy scattering is the sum of all layer contri­
butions and direct bistatic scattering from the rough ground. In the specular direction, we also have 
an additional term to represent the coherent specular ground reflection. 

Furthermore, we are more interested in the interactions between adjacent layers. Thus the layers 
are allowed to overlap to account for the situations such as the mixtures of tall tree trunks and short 
tree crowns and extending trunks into the crown layer. Therefore, the scattering from each layer 
is no longer independent of the other layers, the solution will include the layer interactions. This 
model is a versatile tool for studies on forest canopy studies. It is an efficient realization of the real 
forest structure and can be shaped for specific interest of forest parameters. We will build a realistic 
3-D forest using a fractal tree generator as the input canopy for model application. 

The main contributions of this paper are (l)The mUlti-layer canopy configuration to better repre­
sent the forest structure. (2)The canopy layers are related and the interactious between layers are 
included. (3) Using a fractal tree generator to build a realistic forest model. 
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Near-Earth Wave Propagation Simulation in Presence of Vegetation Layer 

Abstract 

DaHan Liao* and Kamal Sarabandi 
Radiation Laboratory, The University of Michigan-Ann Arbor, Ml 

Email: liaod@umich.edu 

A network of unattended ground sensors can be used to gather information in a variety of 
environments. These sensors can be electric, magnetic, photonic, acoustic, or other types 
of detectors. Each effectively serving as a communication node in the network, a sensor 
is usually low-profiled and miniaturized in nature employing a low-power electronic 
module that contains a microprocessor, transmitter, and receiver. If the host environment 
is a vegetation-covered terrain, complicated node-to-node signal-propagation issues can 
arise and would have to be characterized to facilitate optimal network performance. 

In this study, radiation from an arbitrarily oriented dipole at high frequency in the 
presence of a vegetated terrain is examined using a two-layer half-space model. In order 
to estimate the mean path-loss, the vegetation layer is represented by a homogeneous 
dielectric slab with a permittivity equal to the effective dielectric constant of the 
vegetation layer. This approximation is valid from low frequencies through the UHF 
band. In the case when both the source and receiver are embedded in the vegetation, it is 
shown that the mean field at the receiver is composed of the direct field, the reflected 
fields, and lateral waves. The reflected fields--which come from the saddle point 
contribution in the integral of the spectral representation of the dipole field in the two­
layer half-space dielectric-can be further separated into a wave that is reflected from the 
vegetation/air interface and one that is reflected from the ground/vegetation interface. 
The former is the first-order term in the saddle point expansion; the latter-also known as 
the Norton surface wave-is a result of the higher-order terms. Similarly, in the same 
mathematical terminology, the lateral waves are the branch cut contributions in the 
forementioned integral. Higher-order lateral waves can also exist and are included in the 
model. 

The study indicates that the direct and reflected fields decay exponentially with the 
separation distance (p) between the source and receiver, while the lateral waves attenuate 
in the form of _lIp2. Therefore, at large distances, the mean field is dominated solely by 
lateral waves. In order to generalize to the more realistic case when the vegetation/air 
interface is rough rather than uniformly flat, the existence of a hypothetical induced 
polarization current at the interface is assimilated into the formulations through the use of 
distorted Born approximation. These formulations are asymptotically evaluated and the 
results are compared to those obtained from numerical methods. The study also 
investigates the case when the source, or the receiver, or both reside above the vegetation 
layer by properly taking into account the modification needed in the calculation of the 
different major field components. 
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A VHF jUHF Simulator for Soil Moisture Beneath 
Forest Canopies 

Leland Pierce', Mahta Moghaddam 
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Ernesto Rodriguez, Paul Siqueim 
JPL, Radar Sciences Group 

Pasadena, CA, USA 

ABSTRACT 

A simulator for UHF/VHF propagations and scattering has been developed for use in 
the context of forest canopies. The goal is to be able to be able to accurately simulate the 
performance of a space-borne UHF/VHF radar platform (MOSS) that is intended to map 
soil moisture world-wide. 

The simulator is a modification of our microwave forest simulator: MIMICS. Interac­
tion with leaves, branches, trunks, and rough wet soil has been suitably modified to use 
low-frequency approximations so that the simulator accurately models the backscatter of 
UHF/VHF signals. We also modified the dielectric constant models for both moist soil and 
moist wood to allow them to produce accurate results for this new frequency range. 

MIMICS is a radiative-transfer-based code that breaks the canopy into 3 layers: (1) 
branches and leaves, (2) trunks, and (3) soil surface. The scattering characteristics of 
each of these constituents is then simulated separately. This is then combined using up to 
second-order scattering mechanisms: (1) direct-crown, (2) direct-trunk, (3) direct-ground, 
(4) crown-trunk, (5) crown-ground, and (6) trunk-ground. Using this approach we have 
shown that we can accurately simulate the microwave backscatter from a tree canopy while 
Simultaneously obtaining insight into the important scattering mechanisms in each case. 

A tower-based system has been deployed to validate the MOSS concept. We present 
comparisons of that dataset with our simulations over a variety of canopy and soil moisture 
conditions. The ability to vary tree canopy and radar platform parameters will allow this 
simulator to be invaluable in the design phase of MOSS. 
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PARABOLIC EQUATION MODELLING OF VHF GROUND RADAR 
W AVE INSIDE FOREST 

Marc LE PALUD 
CREC St-CYR / French Ministry of Defense 
marc.lepalud@st-cyr.terre.defense.gouv.fr 

Since several years, strong interest has been shown for the detection of targets located inside 
forested areas. Several RADAR systems are under development that operate in the VHF band 
for better penetration with airborne or mast-elevated antennas. As these systems work with 
grazing incidence beams, propagation effects have a significant influence on the signal-to­
clutter ratio. 
In previous work we have shown that the Parabolic Equation (PE) algorithm (A.E. Barrios, 
IEEE Trans. on Ant. Prop., Vol. 42, No. I, 90-98, 1994) was well suited to describe 
propagation characteristics in such environment. In our PE algorithm the vegetation bulk was 
treated like an absorbing atmospheric layer characterized by a complex refractive index. We 
have found strong asymmetry in the treatment of the upward and the downward links: for 
instance, computation of the transmitting antenna beam is relatively straightforward while the 
scattered field (used as "starter field") transmitted by the illuminated target inside the 
vegetation layer is far more difficult to determine as we will discuss. 
We have obtained results for operation both in continuous wave mode and in pulse mode. 
Depolarization effects are not taken into account at this point; we are currently working to 
improve this issue. 
The following results are 2D plots of path loss in CW mode using a pseudocolor dB scale: 

left: downward link (from transmitter to target) 
right: upward link (from target to receiver) 

The transmitting antenna (frequency I OOMHz, vertical polarization, omnidirectional beam, and 
height 10m) is located at range Okm outside the forest. The forest area (height 2Sm) starts at 
range Skm and is characterized by equivalent permittivity s= 1.04 and conductivity cr= 1.310.4 

S/m while the electromagnetic parameters of ground are s=IS =10-3 S/m. The target 
(omnidirectional scattering pattern, height 10m) is located inside the vegetation at range 20km. 

2D pseudocolor dB scale 
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95 GHz Polarimetric Radar Signatures of Pristine Crystals Mixed with Aggregates 
and Rimed Crystals 

K. Aydin* and J. Singh 
Penn State University 

Department of Electrical Engineering 
University Park, PA 16802 

Phone: (814)865-2355,Fax: (814)863-8457 
E-mail: k-aydin@psu.edu 

Millimeter wave radars operating at 95 GHz are now being used for the remote 
sensing of ice clouds from ground-based and airborne platforms for cloud microphysical 
studies and for understanding the effects of clouds on the Earth's radiation budget. Two 
important goals are to identify ice crystal types and to estimate bulk parameters such as 
the ice water content. Polarimetric radars at 95 GHz have the potential for doing both. 
Two-dimensional particle probe (2D-C cloud and 2D-P precipitation probe) 
measurements in clouds show that ice crystal aggregates are observed more often than 
"pristine" or single type of ice crystals (e. g., hexagonal columns, hexagonal plates, stellar 
crystal, etc.). This paper focuses on polarimetric radar signatures of ice crystal 
aggregates, rimed crystals, and their mixtures with pristine crystals. A detailed 
computational study of the radar signatures of these ice crystals is conducted and 
compared with airborne 95 GHz radar measurements and in situ particle probe images. 
The measurement data is from field experiments conducted in 1997 (February through 
April) in Wyoming. During these experiments as the aircraft penetrated through the 
clouds, the onboard radar and particle probes collected data simultaneously. Polarimetric 
radar signatures of ice crystal aggregates were obtained with the assumption that the 
closest two range gates (at 120 and 150 m, with 30 m gate spacing) from the radar were 
highly correlated with the images obtained by the probes on the aircraft wings. Results 
from computational simulations and experimental data for the reflectivity factor (Zh), 
differential reflectivity (ZDR)' and linear depolarization ratio (LDR) agreed very well. The 
various ice crystal mixtures showed different clustering characteristics on the Zh - ZDR, 
Zh - LDR, and ZDR - LDR planes. (Although the correlation coefficient for copolarized 
signals (Phv) was not among the measured parameters, computational results showed that 
the signatures on the ZDR - Phv plane could provide additional information for 
distinguishing crystal types.) These results are expected to be very useful in ice crystal 
classification algorithms based on 95 GHz polarimetric radar observables. 

1. Commission F : F5 Remote sensing of oceans and atmosphere 
2. 95 GHz polarimetric radar signatures of mixtures of pristine crystals (e.g., 

hexagonal plates and stellar crystals), their aggregates and rimed forms are 
developed based on computational and experimental results. These signatures are 
essential for ice crystal classification algorithms using radar. 

3. Earlier computational studies focused on pristine crystals. This work is an 
extension to mixtures of ice crystals (including aggregates), which are 
encountered more often in clouds. 
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Three-Dimensional FDTD Modeling of 
the Response of the Global Earth-Ionosphere Waveguide 

to Seismically-Induced Sources 

Jamesina J. Simpson* and Allen Taflove 
ECE Department, McCorririck School of Engineering 

Northwestern University, Evanston; IL60208 

In a recent publication (Simpson and Taflove, IEEE Trans. Ant. Prop., in press), 
we reported a novel, finite-difference time-domain (FDTD) algorithm suitable for 
highly detailed three-dimensional (3-D) modeling of extremely low-frequency 
(ELF) propagation within the entire Earth-ionosphere waveguide. The algorithm 
incorporates a latitude-longitude FDTD space lattice which wraps around the 
complete Earth-sphere. Adaptive combination of adjacent grid cells in the east­
west direction minimizes cell eccentricity upon approaching the poles and hence 
maintains Courant stability for relatively large time steps. Employing a 40 x 40 x 
5 km baseline grid-cell size, we obtained agreement to within ± 1.5 dB for ELF 
propagation attenuation per megameter relative to that reported in the literature 
over the frequency range 50 - 500 Hz. Our technique permits an efficient, direct 
time-domain calculation of impulsive, round-the-world ELF propagation 
accounting for arbitrary horizontal as well as vertical geometrical and electrical 
inhomogeneities I anisotropies of the excitation, ionosphere, lithosphere, and 
oceans. 

In this paper, we apply the algorithm summarized above to study the response of 
the inhomogeneous global Earth-ionosphere waveguide to potential seismically­
induced sources in the lithosphere. Specifically, we calculate what amounts to be 
the Green's function of the global Earth-ionosphere waveguide for impulsive 
current sources located at various depths below the Earth's surface in the vicinity 
of the epicenter of the 1989 Lorna Prieta earthquake near San Francisco. More 
generally, we are exploring the possibility of the global ELF electromagnetic 
environment being perturbed by localized transient currents within the lithosphere 
generated by several mechanisms resulting from accumulating stress. Our 
ultimate goal is to provide as rigorous as possible a physics basis for proposed 
earthquake prediction schemes employing either land-based or satellite-based 
detectors of ELF anomalies. 
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Investigation on fading of High-Frequency signals propagating in the 
Ionosphere: From both the theoretical and experimental perspective 

Kin Shing Bobby Yau - The University of Adelaide, Australia 

This paper describes a project to investigate the fading of HF signals propagating in 
the ionosphere. The investigation involves the development of a theoretical model for 
fading of HF signals based on perturbation techniques, and a set of experiments using 
an advanced channel probe based on software radio for the monitoring of signal fading 
in the ionospheric channel. 

There are two main contributors to the fading of HF signal propagating in the ionosphere: 
polarization and amplitude. Polarization fading occurs because of the rotation of the 
polarization plane of the wave in a process known as Faraday rotation. The current 
project models the effects of polarization fading using perturbation techniques based on 
Fermat's principle. The model has been shown to produce fast and accurate algorithm for 
the prediction of fading compared to a full ray-tracing algorithm (K. S. B. Yau, HF 2003, 
lEE Conf. Pub. 493, 131-135, 2003). This paper presents the extension of the model to 
incorporate the effects of amplitude fading. Amplitude fading is caused by the focusing 
and defocusing of the wave as it propagates through a layer of ionospheric irregularity. 
The effects of amplitude fading can be modelled by using a parabolic approximation to 
Maxwell's equations (J. F. Wagen and K. C. Yeh, Radio Sci., 4, 583-640, 1986), and 
involves a complexified version of diffusion equation. This approximation can be used 
to describe the fluctuation of the signal amplitude as the wave propagates through the 
irregular ionosphere. 

The major advancement in the theoretical model is an analytical expression for the fading 
effects and it results in an efficient algorithm for the prediction of signal fading in a given 
ionosphere. Efficient algorithms are important for systems which rely on the forecast 
of channel conditions to maintain the minimum operational signal levels. Based on 
the theoretical signal fading model, it is possible to develop an efficient computational 
algorithm that can predict signal fading in real-time according to current ionospheric 
condition. 

The practical aspect of the project involves a set of experiments to observe the behavior 
of a real ionospheric channel. Current experiment have used signals of opportunity such 
as the WWV and WWVH stations. Simultaneous observations are carried out in multiple 
frequencies (5, 10, 15 and 20 MHz in the case of WWV). The main constituents of the 
channel probe include a workstation equipped with a wide-band digital receiver and 
the active crossed-dipole antennas. The compact crossed-dipole active antenna provides 
the capability to simultaneously monitor both horizontal and vertical polarization. The 
experimental data is used to verify the theoretical model for signal fading in the HF 
band. 

The outcome of this project is a HF ionospheric channel simulator that can incorporate 
both amplitude and polarization fading effects. Eventually, it is hoped that the channel 
simulator will form a test-bed for mitigation techniques to combat signal fading. A model 
that can accurately predict the signal fading mechanisms will provide the potential for 
model-based signal processing that can help overcome the effects of fading. 
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Near Real-time Ionospheric HF Propagation Modeling 
and Prediction 

Liang Hong, Brian A. Lail* and Linwood Jones 
Central Florida Remote Sensing Laboratory 

Department of Electrical and Computer Engineering 
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Orlando, FL 32816 

In order to utilize ionospheric channels for high frequency (HF) communications, a suit­
able frequency must be selected in order to ensure propagation. The highest frequency 
which will be refracted by the ionosphere is preferred. The propagation characteristics of 
the ionosphere are dynamic, with major influence being variations in solar flux and subse­
quent changes in ion density and height of the F2 layer. In some cases these effects are 
rapidly varying, and attempts to predict propagation frequencies may be outdated at the 
time of transmission. If HF communications are to be reliable, it is imperative to have timely 
knowledge of ionospheric properties. In this paper, near real-time ionospheric propagation 
prediction is presented based on empirical findings from an extensive HF communications 
network. 

Traditional prediction models incorporate both theory and measurements, but struggle 
to be timely in their predictions. The diurnal cycle produces daily variations that may 
adversely affect HF communications if the transitions are not accurately accommodated in 
predictions. Additionally, periods of high solar activity give rise to short term variations 
that will impact HF propagation. A prediction scheme based on real-time HF propagation 
data provides improvement in the timeliness of predictions, resulting in better reliability for 
HF communications. 

The HF network operated by Global2Way, Inc. of Melbourne Florida extends over the 
entire United States, consisting of 44 transmitters and 9 receivers. The transmitters and 
receivers are roughly uniformly distributed, providing a test network with extensive coverage. 
The transmitters continuously scan the HF spectrum, with a full scan approximately every 35 
minutes. Logfiles record the transmitter identifier, frequency of propagation, and whether 
the signal was received at each of the 9 receivers. A predictive algorithm is presented, 
based on the test data from the HF network described. Improvements in the timing and 
the geographic range of the test data produce near real-time prediction capabilities for HF 
communications over the entire United States. 
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Long-term observations of the 3-D wind field by using 
CLOV AR VHF wind-profiler radar. 

Radian G. Belu 
College of Engineering 
Wayne Sate University, 
Detroit, Michigan, USA 

and 

Wayne K. Hocking 
Department of Physics and Astronomy, 

The University of West em Ontario, 
London, Ontario, Canada 

In the past three decades, VHFIUHF radars were used extensively for studying the 
structure and dynamics oflower and middle atmosphere. Wind-profiler radars offer the 
capability for measuring atmospheric wind motions with excellent temporal resolution 
and moderate height resolution. The CLOV AR VHF radar is located at 43°04.44' N, 
8l 0 20.20'W, operates at a frequency of 40.08 MHz, peak power of 10 kW (average 
power of 800 W) and is owned and operated by the University of Western Ontario, 
London, Ontario, Canada. The VHF MST radars have provided a new tool for 
continuously monitoring of all three components of the air velocity vector over a single 
location, and they are relatively unique in their ability to measure and monitor the 
vertical and horizontal wind velocity components. 

The important influence of dissipating and interactions of gravity waves on the 
circulation of many regions of lower and middle atmosphere is now widely 
acknowledged. Gravity waves generated by various sources, throughout the atmosphere 
play an important role to the shaping and structure of atmospheric circulation. The can 
transport significant momentum and energy from the regions, where they are generated to 
the other parts of the atmosphere. Analyzing the generation, propagation, and 
climatology of these waves is important to the understanding of middle and upper 
atmosphere dynamics. Long-term radar measurements of the tropospheric wind velocities 
provide considerable insight into gravity wave processes, making it possible to study 
temporal and spatial variability of these waves. MST radars have proven to be a key tool 
in providing high-resolution measurements of the wave-induced velocity fields, which in 
tum have led to advances in our theoretical description of these processes. The seasonal 
variation of wind velocity and momentum fluxes induced by gravity waves in the 
troposphere have been studied using wind observations by the CLOV AR VHF radar at 
London, Ontario, Canada from January 1996 to December 1998. Our wind velocity 
variance and momentum flux estimates were correlated with information about weather 
systems taken from daily weather maps. The CLOV AR wind-profiler is located in a flat 
region of Eastern Canada, so that the gravity wave generation is not affected by 
orography. 
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A Simple Practical Model of Fields and Currents in Lightning Discharges 
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2) Department of Computer and Electrical Engineering, 
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London, Ontario, Canada 

Lightning discharge constitutes one of the most severe sources of electromagnetic 
interference (EM!) to many systems such as: aircraft, vehicles, communication and power 
networks. Electric and magnetic fields from lightning return strokes can be uniquely 
calculated from Maxwell's equations if the spatial and temporal distribution of either the 
current or the charge along the channel is known. Several return stroke current models 
have been proposed, during the last century which predict the spatial temporal variation 
of the current in terms of the current at the base of the of the channel since lightning 
current properties have been measured at ground level. We proposed a simple 
theoretical/numerical model to evaluate electric fields, radiated both by the leader and 
return stroke phases of the lightning discharges based on a transmission-line 
representation. In this model, we employ an equivalent electrical network to represent the 
lightning discharge, the parameters of which are determined from electromagnetic field 
and gas discharge theories. The model also incorporates resistance non-linearities and 
corona, and also takes in account the presence of the thunderstorm cloud. It uses the fact 
that the discharge channel may be likened to a long conductor and employs a typical RCL 
representation for a single conductor line. For all phases of the discharge, the same circuit 
is used in modeling the change of the stage with variable resistances and inductances. It 
allows us to determine the currents of the leader and return stroke, the corresponding 
charge, the potential drop along the leader channel, the power and the energy injected 
into the discharge gap and the leader propagation velocities. As we already mentioned a 
particular feature of this model is that it incorporates resistance non-linearities, the effect 
of corona and the cloud. The inclusion of these features is an important factor in obtained 
correct predictions. 

The model that we developed is based on a self-consistent analysis. Generally, the results 
obtained results are found to be in accordance with experimental and measurement date 
found in the literature. We also compared it with other models found in the literature. Our 
work is now in progress to improve this model and to develop an application to estimate 
the interaction of EM fields, radiated by lightning with power and communication 
networks. 
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Effects of a Non-Standard Design of a Dielectric in a Blumlein-configuration 
Parallel-plate Pulse-forming Line 

Miroslav Joler*, Christos G. Christodoulou, Edl Schamiloglu, and John Gaudet 
The University o/New Mexico, Electrical and Computer Engineering Department 

Albuquerque, New Mexico, USA 

In an ongoing collaborative effort to develop portable yet high-power microwave 
systems (www.ece.unm.edulcp3), we are studying the pulse-forming section of 
the system. In particular, we have chosen a Blumlein configuration-based parallel­
plate transmission line. At this point, to compromise the goals of high-power 
capability and small-scale dimensions, the line undergoes a non-standard design, 
as the one shown in Fig. 1. By "non-standard" we refer to a dielectric being wider 
than the conductor plates, and the structure having bends. The width of the 
dielectric is to enable a gradual decay of the electric field near the edges of the 
plates and thus a reduction of high concentration of the electric field that may 
cause breakdown. The bends are used to satisfy the requirement of the pulse 
length, yet occupy a smaller volume than a straight pulse-forming line would. 

For a proper operation of the line, it is necessary to provide a good match between 
the load impedance and the line (characteristic) impedance. Whereas the 
expression for a parallel-plate-transmission-line impedance with a standard design 
(i.e. the dielectric as wide as the plates) can be found in the literature (e.g. D. M. 
Pozar, Microwave Engineering, 2nd ed., Wiley, 1998), the effects of this non­
standard-design dielectric (M. Joler, C. G. Christodoulou, E. Schamiloglu, and J. 
Gaudet, 14th Int'! Pulsed Power Conf., pp. 253-257, 2003) have not been 
addressed in great detail. 

In this work, we investigate the impact of such a design on the characteristic 
impedance, phase velocity, electric field distribution, and energy density of the 
pulse-forming line. These parameters are important for a desired performance of 
the structure, and they may be affected by either the extraordinary width of the 
dielectric or the curvature in the geometry. We will report on the characteristics of 
this design in comparison with the standard design, while paying particular 
interest to the parameters described above. 

Fig. 1 A non-standard design of a Blumlein-configuration pulse-forming line 
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Coupling to a Loaded Thin Wire in a Cylindrical/Coaxial Cavity 

*Charles L. Bopp, III, Chalmers M. Butler, and Fred M. Tesche 
Holcombe Department of Electrical and Computer Engineering 

336 Fluor Daniel EIB 
Clemson University, Clemson, SC 29634-0915 

The electromagnetic field coupling to a loaded thin wire in a cylindrical/coaxial 
cavity is investigated. There is an interest in understanding how electromagnetic 
fields couple to wires and tubes that may be present in an enclosed structure and 
how to efficiently analyze this coupling as part of an overall system. The cavity 
may consist of multiple cascaded coaxial and circular cylindrical sections with 
sections coupled through apertures and conducting elements common to more 
than one section. The sections may have different axial and radial dimensions and 
may be filled with material having different magnetic and electric properties. The 
technique for analyzing the field in these cavities with the wire absent was 
presented at the 2003 APS-URSI Symposium in Columbus, OH. A loaded thin 
wire protrudes into a cavity section and is placed in close enough proximity to the 
outer wall of the section that transmission line approximations are valid. The 
coupling of the cavity field to the wire is accounted for via a distributed voltage 
source model similar to that outlined by Agrawal, Price, and Gurbaxani (IEEE 
Trans. on Elect. Comp, May 1980) for a transmission line in open space or a wire 
parallel and close to a conducting surface, The characteristic impedance of the 
wire in the presence of the cavity wall is developed. A Green's function for the 
current and voltage along a loaded transmission line due to a set of distributed 
voltage sources is developed and used to calculate the voltage and current at 
points along the wire. For the purpose of demonstrating the accuracy of the 
procedure and numerical solutions obtained from this analysis, a cavity model is 
constructed and measurements made on the laboratory model are compared with 
computed results. The measured voltage and current at a port on the wire is 
compared with values obtained computationally at the port. 
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Prior efforts have investigated the use of mode-matching techniques to evaluate 
the transmission of electromagnetic waves through screens perforated with 
apertures. Typically, the focus has been on screens that are thin compared to the 
aperture dimension, and their behavior within a narrow frequency range. The 
technique is now being extended to determine the shielding characteristics of very 
thick screens (many times the aperture dimension) perforated with apertures that 
exhibit two-dimensional periodicity. This paper investigates the impact of 
considering thicker screens with rectangular apertures over a broader range of 
frequencies and the differences when compared to thin cases. Some aspects that 
are considered include number of modes used, contribution of non-propagating 
modes, and change in incidence angle. As a comparison, the results using the 
mode-matching technique are compared to results using the "waveguide below 
cut-off formula." 

The screen apertures are modeled as an array of cylindrical waveguides, where 
the cross-section of the waveguides is rectangular. The reflected field above the 
panel and the transmitted field below the panel are represented with Floquet 
modes. The fields within the panel are modeled using rectangular waveguide 
modes. After enforcing boundary conditions and building a system of linear 
equations, the system is then truncated to produce a matrix equation which is 
solved using standard techniques. The shielding effectiveness of the screen is 
then determined by comparing the transmitted power to the incident power. It is 
clear that as the thickness of the screen increases, the transmitted power is greatly 
reduced at frequencies below the waveguide cut-off frequency. However, 
increasing the thickness also attenuates the higher-order waveguide modes at a 
greater rate, leading to non-convergent solutions to the matrix equation. By 
selectively eliminating higher-order modes from consideration, meaningful 
solutions can be found. 

In comparing the mode-matching results to the "waveguide below cut-off 
formula", it is apparent that the two approaches are very closely related when the 
thickness is about five times the width of the waveguide or greater. When that 
ratio is less than five, the results still agree, but only within a smaller frequency 
range. 
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Broadband over Power Line - Radiation and Propagation 

Alakananda Paul*, Jonathan Williams, Cou-Way Wang, James Richards, Thomas 
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In 2003, The Federal Communications Commission (FCC) issued a Notice of 
Inquiry (NOI) regarding Broadband over Power Line (BPL) technology. Earlier, 
FCC issued experimental licenses to several power and telecommunication 
companies for trials of BPL technology in the 1.7 - 80 MHz frequency range. 
Among the important issues to be addressed are radiated emission limits and 
measurements methods to be applied to determine compliance. In order to 
address the issues mentioned above, National Telecommunications and 
Information Administration (NTIA) has started an investigation consisting of 
research, analysis, measurements and modeling. 

RF signals are conducted along power lines in BPL systems, but signals may be 
unintentionally radiated, resulting in interference to other radio services, 
depending on the radiated power, distance from the line and physical arrangement 
and dimensions of the line. The amount of radiation also depends on the 
symmetry of the network. Any discontinuity in the transmission line (which may 
be a coupling device) or a change in the direction ofthe line may produce 
radiation. Even if the RF energy is injected into one wire, the remaining wires 
generally will act as parasitic radiators and, therefore, the lines will act as an array 
of antennas. Radiation may come from one or more point radiators corresponding 
to the coupling devices as well as one or more lines. Numerical Electromagnetics 
Code (NEC) used with realistic physical arrangements and impedances of the 
power lines, can be applied to simulate the current distribution on the power lines 
and the radiated fields. Propagation mechanisms for emissions toward or below 
the power line horizon will be by ground waves. The ground wave signal can be 
a composite of a direct wave, a ground reflected wave and/or a surface wave. For 
emissions in directions above the power line horizon, the propagation may be 
either by ground waves for shorter distances or by sky waves for larger distances. 
In a dense deployment ofBPL systems, there may be cumulative, co-frequency 
unintentional radiation. In order to correctly estimate the effects of aggregation, 
the key parameters to be considered are the density of co-frequency BPL 
installations within the deployment area and the co-directed EIRP of each 
radiating element. In this paper, radiation and propagation issues related to BPL 
will be discussed. Typical power line configurations have been studied with NEC 
models. The results of the investigation will be presented 
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ABSTRACT 

A Study on the Design of STL/TTL System Simulator 
for MIW Band Digital Broadcasting Relay System 

Sungjin Kim, Y. S. Choi 

Radio Resources Team, Digital Broadcasting Division, ETRI, Korea 

In this paper, we analyzed standard and characteristic of microwave digital STLITTL 

transmission system in multipath fading channel environment as basis step of research about share way 

of M!W broadcasting relay frequency. And, we analyzed system performance through simulator 

design. Domestic case, digitize progress about broadcasting relay is propelled. Therefore, we wish to 

execute channel Performance and interference evaluation for MfW important duty broadcasting relay 

frequency reassignment and utilize to basis data about domestic broadcasting relay standardization 

using simulator of digital STLITTL system designed by this research. 

;:> Wireless Channel 
I (AWGNtMultlpath fading) 
I L ______________________________________________ _ 

Figure 1: Block diagram of Simulation 

• (I) E; Electromagnetic Noise and Interference, E3; Spectrum management and Utilization 

(2) Interference Modelling, Analysis of Performance in Spectrum Management 
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The Analysis of Capacity Decrease by Calculating Statistically 

the Amount of Interference from IMT-2000 TDD to FDD System 

S. J. Kim, Y. S. Choi 

Radio Resources Team, Digital Broadcastiug Divisiou, ETRI, Korea 

ABSTRACT 

There are two systems for IMT-2000 Service. One is FDD (Frequency Division Duplex), the 

other is TDD (Time Division Duplex) system. At the 1920MHz, they have common boundary in IMT-

2000 frequency allocation of Korea. In this paper, The amount ofInterference From TDD MS (Mobile 

Station) and BS(Base Station) to FDD BS is Analyzed for Investigation on capacity variation of FDD 

service by frequency separation. The result and methodology in this paper will be used basically for 

calculating the guard-band between FDD and TDD service in the future. 

n 
TDD FDD MSS TDD UPLINK 

1885 1920 1980 2010 2025MHz 

Figure I: Frequency of IMT2000 in Korea Figure 2: Interference Model from TDD to FDD 
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Figure 3: Amount of Interference by Freq. Figure4: Capacity Decrease by interference 

• (1) E; Electromagnetic Noise and Interference. E3; Spectrum management and Utilization 

(2) Interference Modelling, Analysis in Spectrum Management 
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Maximum Users per Unit Area ofCDMA System for Evaluation of Spectrum Usage Efficiency 

JongHoKim 
Radio Technology Group, Electronics and Telecommunications Research Institute 

Abstract 
The mobile service operators require an additional spectrum allotments for deficiency of 
spectrum by the rapid growth of mobile radio service and the advance in multimedia. But the 
government or the organization of spectrum management wants to solve the problem by more 
than efficiently use the allocated frequency. The acceptance of the requirements are decided by 
actual spectrum usage efficiency. 

In order to assess the spectrum usage efficiency in mobile radio services, it is imperative to 
agree upon a measure of spectral efficiency which accounts for all pertinent system variables 
within such services. Considering an ever increasing demand for cellular services, system limits 
in tenns of maximum offered capacity are of great concern from the service operator viewpoint. 
Hence, a key criterion for selectin¥ the air-interface for the future mobile system should be the 
maximum achievable capacity/km , i.e. the capacity obtained when cell-size is reduced down to 
the lowest acceptable value. This paper proposes a method to evaluate the "densification limit" 
of a CDMA system. The maximum achievable capacity per km2, is viewed as a meaningful 
figure of merit for a cellular system and a method is proposed here to estimate the minimum 
achievable distance between adjacent base stations in the case of CDMA. The probability for 
entering in soft handover state is used as a limit for densification in a CDMA system. From this 
criterion, conditions on the minimum possible cell radius are derived. 

In Korea, there are 3 of mobile communication service providers, one is operated at 900 MHz, 
and the others are 1.9 GHz. Using the proposed method and an old method, the spectrum usage 
efficiency about CDMA2000 IX service types of them expressed as table I and 2. 

Table I SUEofCDMA2000 IX T bl 2 SUEb ·d a e . oy not cons! er the ce II area 
Provider A B C Provider A B C 

Max. Erlang 615 180 250 Capacity 851CelllFA 72/Cell/FA 751CelVFA 
BW(MHz) 9.84 3.69 4.92 
Min. Cell 0.0333 0.0346 0.0346 

Max. 
680/Cell 216/Cell 300/Cell 

Cap_acity 
Area(km2) 0.0115 0.00366 0.00366 

UserslMHz! 37,537 28,197 29,372 

Designed 
668 Erlang 202 Erlang 286 Erlang 

Traffic 

km2 
118,062 299,140 317,660 SUE 92.1 % 89.1 % 87.4% 

SUE 31.8 % 9.4% 9.2% 

The old method of table 2 shows that all service providers have similar spectrum usage 
efficiency because they have evasion of facility investment and using of full capacity in the 
current situation. But the proposed method of table I shows that spectrum usage efficiency of 
provider A is decreased to 1/3 of old method, and the others are decreased to 1/9. As a result of 
new method, we can distinguish the spectrum usage efficiency of all providers. 

Reference 
(Viterbi, A.J., CDMA-Principles of spread spectrum communications, Addison-Wesley, 1995) 
(Husni Hammuda, Cellular mobile radio systems: Designing systems for capacity optimization, 
John Wiley & Sons Ltd., 1997) 
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Exploiting Noisy Transient Response 
Using the Fractional Fourier Transform 

Seongman Jang', Tapan K. SarkarI and Carl Baum2 
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The goal of this paper is to obtain the electrical properties of the target from the 
received transient noisy time domain waveforms. Because of their aspect independence, 
complex resonant frequencies of a conducting object are used as a signature of the object 
to discriminate it from others for the purpose of target identification. The singularity 
expansion method (SEM) proposed by Baum has been applied to express electromagnetic 
response in an expansion of complex resonances of the system. It has been shown that the 
dominant complex natural resonances of a system are a minimal set of parameters that 
define the overall physical properties of the system. So, a transient scattering response is 
analyzed in terms of the damped oscillations corresponding to the complex resonant 
frequency of the scatterer or target. Since the resonances describe global wave fields that 
encompass the scattering object as a whole, the SEM series representation encounters 
convergence difficulties at early times when portions of the objects are not yet excited. 
Early time response is strongly dependent on the nature of the source, the location of the 
source, and the location of the observer. Usually the early time response shows impulse­
like characteristics. Because of this difficulty, most previous techniques such as Matrix 
pencil method (MPM) used just late time signals only. It is necessary to include 'entire 
function' to represent early time impulse-like components. The 'entire function' is subset 
of the analytic function but it doesn't have any singularities. 

In this paper, the transient noisy electromagnetic response is considered in the time 
domain and in the fractional Fourier transform (FrFT) domain. The whole time domain 
data set is used to test. Fractional Fourier transform (FrFT) is a generalized Fourier 
transform. Using the FrFT it is possible to discriminate an impulse-like component from 
the other components of the signals. Because of this property, impulse-like early time 
components can be separated from the damped exponentials. To describe the early time 
response a Gaussian pulse is selected. Gaussian pulse is an entire function and is quite 
adequate to describe pulse-like components in early time. Complex exponentials are used 
to describe the late time signals. The concept of a 'Tum-on time' is utilized to consider a 
time when the fully excited resonance can be used, formally. The results for wire 
scattering element and finite closed cylinder with various SNR show that if SNR is 
greater than 30dB it is possible to get meaningful parameters using proposed techniques. 
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STATISTICS OF CHAOTIC IMPEDANCE AND SCATTERING 

MATRICES 

Thomas M Antonsen, Xing Zheng, Edward Ott 
Institute for Research in Electronics and Applied Physics, 

Sameer Hammedy, Steven Anlage 
Center for Superconductivity Research, 

University of Maryland College, Park MD, 20742, USA 

Abstract 

We propose a model to study the statistical properties of the impedance (Z) and scattering 
(S) matrices of open electromagnetic cavities with several transmission lines or 
waveguides connected to the cavity. The model is based on assumed properties of 
chaotic eigenfunctions for the closed system. Statistical properties of the cavity 
impedance Z are obtained in terms of the radiation impedance (i.e., the impedance 
seen at a port with the cavity walls moved to infinity). Effects of wall absorption 
and nonreciprocal media (e.g., magnetized ferrite) are discussed. Theoretical 
predictions are tested by direct comparison with numerical solutions for a specific 
system. 
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Efficient Well-Log Data Inversion with Chaotic 
Optimization Algorithm 

laideva c. Goswami l*, Zhao Lu2
, and Denis Heliotl 
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2. Dept. of Elect. and Computer Engg. 
University of Houston 
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In a typical oilfield exploration environment, a wellbore (about 15 to 30 ems in 
diameter) is drilled through earth formation to a depth that may extend to a few 
kilometers. Estimation of formation properties such as conductivities, from data 
(referred to as a "log") measured by sensors placed inside a wellbore, is a 
challenging inverse problem. The conventional gradient-type optimization method 
often proves ineffective because of multimodal nature of objective functional 
associated with many geophysical inverse problems. In a previous paper 
(Goswami, et ai, IEEE Trans. AP, May 2004), we have discussed application of 
differential evolution (DE) algorithm, a member of class of evolutionary algorithms 
that are based on multiple initial points and probabilistic transition rule from one 
set of points to the other in a multi-dimensional parameter space. The major 
conclusion of the aforementioned paper is that while DE provides robust answers, it 
is numerically less efficient compared with conventional method. Furthermore, 
premature and sub-optimal convergence of genetic algorithm - DE, to somewhat 
lesser extent is also affected by this - continues to be an important issue with 
application of such methods. 

In this paper Chaotic Optimization Algorithm (COA) is applied to invert for earth 
formation parameters. Chaos, apparently disordered behavior that is nonetheless 
deterministic, is a universal phenomenon that occurs in many nonlinear systems in 
all areas of science. Due to the instability, the long-term behavior of chaotic 
systems shows typical stochastic properties. However, chaos is not equivalent to 
randomness; it inherently possesses exquisite structure. A chaotic movement can 
traverse every state in a certain domain by its own regularity, and every state is 
obtained only once. It is this property that is used to obtain next solution vector 
from the current one. The COA starts with single point in the parameter space and 
uses a logistic map function to generate new points. Initial numerical results 
indicate that the method requires fewer runs of forward model than DE. 
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FREQUENCY BISTATIC ANALYSIS - A NEW TOOL FOR 
RADAR CROSS SECTION POST-TREATMENT 

Sebastien Vermersch 
CENCESTA, Commissariat it I'Energie Atomique, B.P. 2, 33114 Le 

Barp, France 

Design oflow Radar Cross Section targets depends, to a very large extent, on the 
adequate treatment and interpretation of individual signal contributors such as 
geometrical singularities, antennas, ... The method usually employed to deal with 
problems of that kind is based on what is known as 'bright point analysis '. 
Fourier Transforms of frequency-dependent responses are thereby needed, 
implicitly assuming that all electromagnetic contributors possess a stationary 
behaviour. The above method has two main drawbacks: 

~ it relies on the computation of ReS data in a rather large frequency band; for 
calculations performed in the frequency domain, such an approach can be very 
costly, 

~ the stationary assumption is seldom verified, especially when the frequency 
band has to be broadened to provide higher resolution. 

In order to circumvent the second drawback, narrower frequency bands are often 
used in post-treatments based on the so-called 'hyper resolution methods'. 
However, a correct interpretation of the results is not as straightforward as one 
might think, and the need for ReS computations at discrete frequencies still 
prevails. 

In the present paper, we propose a new post-treatment method which requires the 
calculation of the Res for only one frequency, and which relies on no particular 
hypothesis with regard to the target response: 

• first, the electric and magnetic currents are computed for frequency 10, 

• then, the scattered field is computed from these currents in the frequency 
range of interest. 

As a consequence, a 'frequency bistatic RCS' is obtained. It allows a rather good 
interpretation of electromagnetic contributors for frequency 10 on the basis of 
only one calculation, thus eliminating the non stationary effects. 

We illustrate and justify this 'frequency bistatic RCS' approach by means of a 
few numerical examples. Also, as a potential application of this technique, 
frequency interpolation of Res is discussed. 

312 



The Optical Theorem for Electromagnetic Scattering by a Three­
Dimensional Scatterer in the Presence of a Lossless Halfspace 
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The optical theorem has been knOWll for more than a century, and has 
been frequently applied in many areas of physics. In electromagnetics (EM), 
the classical optical theorem is applicable to scattering of a plane wave by 
objects in homogeneous media. The theorem is useful for computing the total 
extinction cross section when the scattering amplitude in the forward 
scattering direction is knOWll. This relation facilitates the calculation of the 
total extinction cross section, since it otherwise must be obtained by 
integration of the power flux density over a closed surface bounding the 
scatterer. In addition, the theorem also serves as an energy conservation 
condition in the verification of analytical and numerical methods in EM 
scattering theory. 

In this paper, the classical optical theorem is extended to the case of a 
scatterer in the presence of a lossless halfspace. This case is of practical value 
due to interest in problems involving scattering from an object in the presence 
of the ground surface. The extended optical theorem is derived based on 
energy conservation concepts, and the method of stationary phase is employed 
to obtain the final form. Note that previous works have considered similar 
problems for acoustic scattering in waveguides, or for EM scattering from 
two-dimensional scatterers in the presence of layered media. However the 
case of EM scattering from a three-dimensional scatterer in the presence of an 
isotropic halfspace apparently has not been previously presented. For the case 
of a scatterer in the presence of a lossless halfspace, it is found that the total 
extinction cross section is related to the scattering amplitudes in the specular 
directions for reflected and transmitted fields. Numerical results are presented 
to illustrate use of the theorem for evaluating the energy conservation 
properties of an EM simulation. 
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Comparison of Approximation Models and a Full-wave Method 
for Microwave Scattering from Lossy Dielectric Elliptical Disks 

YisokOh 
School of Electronic and Electrical Engineering, Hongik University, Mapo-Gu, 

Seoul, Korea, 121-791. 
E-mail: yisokoh@hongik.ac.kr 

The generalized Rayleigh-Gans (GRG) approximation had been commonly 
used to compute the scattering amplitudes of lossy dielectric disks smaller or 
comparable to a wavelength, while the physical optics (PO) approach with the 
resistive sheet approximation had been usually used for disks larger or 
comparable to the wavelength. In this study, the scattering amplitudes of 
various lossy dielectric elliptical disks are computed using those theoretical 
scattering models (GRG and PO) at different frequencies. Then, the accuracies 
of the approximation models for microwave scattering from lossy dielectric 
disks are re-investigated by comparing with a full-wave solution, i.e, the 
method of moment (MoM). An integral equation was formulated to compute the 
volumetric polarization current inside the scatterer using the MoM. Volumetric 
integral equation as opposed to surface integral equation is preferred because 
the scatterer is very thin compared to the wavelength. The accuracy of the 
numerical code has been verified using other existing numerical results and 
experimental observations. 

It was found in this study that both the GRG and the PO approximation 
models could be applicable to compute the scattering amplitudes of lossy 
dielectric elliptical disks over the range of length O.U:::; 2a:::; lOA, (or 0.25 
GHz :::; f :::;25 GHz for a disk with a length of 12 em). Therefore, it can be 
recommended that both the PO and the GRG models be alternatively used for 
the purpose of computing the scattering matrices (or the phase matrices) of 
natural deciduous leaves in a vegetation canopy at microwave frequencies. 
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Testing the Validity of Impedance Boundary Conditions Applied to Periodic 
Structures 

Hassan A. Kalhor* and Mohammad R. Zunoubi 
Department of Electrical and Computer Engineering 
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Periodic structures fmd many applications in optics, microwaves, and 
electromagnetics because of their strong frequency dependent behavior. Many 
ingenious numerical methods have been applied to the analysis of scattering of 
electromagnetic waves by such structures. Most of these methods assume that the 
material used is perfectly conducting. In practice however, most materials are 
lossy and can not be treated by these methods. The effects of finite conductivity 
in gratings with triangular grooves have been calculated by a surface impedance 
method [Kalhor and Neureuther, J. Opt. Soc. Am., Nov. 1973]. Recently, surface 
impedance models have been employed to treat structures made up of lossy 
conductors as well as dielectrics. The validity of surface impedance models, 
however, has to be established. 

The purpose of this paper is to solve a number of periodic structures of finite 
conductors as well as dielectrics by rigorous analysis technique based on the 
fmite-difference time-domain and compare results with those obtained by simple 
methods based on surface impedance. A uniform E or H-polarized wave is 
considered incident on a planar periodic structure as shown. The structure period 
is d, element spacing is a, and thickness of elements is t. 

H' 

z 

x 

< d 
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Many antenna designs need infinite size metallic ground plane as a basic part of 

their structure ideally. However, it is impossible to implement in practice due 

to their infinite size. When finite size ground planes are used instead, the 

diffractions and reflections occur on the edge will significantly influence the 

antenna radiation patterns and input impedances (D. W. Griffin, AP-S, I, 

223-226, 1982). The current distributions on the metallic ground plane show 

a periodic standing wave behavior (R. W. Wang, and V. V. Liepa, AP-S, 2, 

769-771, 1985). These current distributions are another source of radiation 

also. They primarily cause periodic ripples in a wide angle range on the 

elevation antenna patterns. This phenomenon makes it difficult to satisfy 

some specific antenna requirements like SDARS (M. Daginnus, R. Kronberger, 

A. Stephan, SAE 2002 World Congress, Society of Automotive Engineers, 

Detroit, March 4-7,2002). Several edge treatment techniques can be used to 

diminish the edge interactions, such as serrating the edges, rolling or bending 

the edges, application of absorbing material near the edges, and resistive edge 

loading. 

The number of modem antenna systems for automobile applications is now 

increasing very quickly due to the trend of intelligent transportation systems. 

In this study, we investigate the finite size ground plane effects of some vehicle 

antennas. These antennas suffer from the finite ground plane effects, too. 

For antenna systems mounted on the roof, their grounding situations are not as 

simple as mentioned above. The roof should not to be simplified to a flat 

square ground plane, yet the whole three-dimensional car body should be taken 

into account. Therefore, those edge treatment techniques can not to be applied 

directly. An edge treatment technique suitable for automobile applications 

will also be proposed. 
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EFFECT OF FLIGHT CINEMATIC ON HELICOPTER ROTOR 
RADAR SIGNATURES 
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35170 Bruz, FRANCE 

A high frequency model, using Physical Optics (PO) and the Method of 
Equivalent Currents (MEC), has been proposed to calculate helicopter main and 
tail rotor Radar Cross Section (RCS) (P. Pouliguen et al., IEEE TAPS, Vol. 
50, No. 10, 2002). Rotors are made of N rotating blades positioned 
symmetrically with equal spacing angles. The problem is treated by using the 
quasi-stationary approach which is allowed since rotor rotating velocities are 
much less than light velocity and because their angular frequencies of rotation are 
very small compared to the angular frequency of radar waves (J. Van Bladel, 
Proc. IEEE, Vol. 64, No.3, 1976). 
Recently, realistic motions of rotor blades (pitch, flap and drag motions) have 
been integrated into the electromagnetic calculations thanks to a flight cinematic 
calculation software. That allows furnishing the exact coordinates of each node of 
rotor components at each instant of the RCS simulations. 
In this paper results are given where temporal and spectral characteristics of 
generic rotor radar signatures are studied versus several configurations of 
helicopter stabilized flight. Some of them show important effects of flight 
cinematic. For example the two following RCS diagrams, calculated without (on 
the top) and with (on the bottom) flight cinematic, exhibit the broken of 
periodicity and the attenuation of some flash blades when a stationary flight 
configuration is taken into account. 
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Abstract 

The multiple scattering of a uniform plane wave incident on an arbitrary 
configuration of objects is an important problem in scattering theory. Here, 
the reverse problem is considered, i.e., an object is excited by many 
electromagnetic sources from different directions. Plane waves are chosen 
for this study for several reasons. The far-field radiation from any 
transmitting antenna has the characteristics of a plane wave sufficiently far 
from the antenna. The incoming wave impinging on a receiving antenna can 
therefore usually be approximated as plane wave. Also, the exact field 
radiated by any source in a region of space can be constructed in terms of a 
continuous spectrum of plane waves via Fourier transform. 

The purpose of this paper is to introduce a systematic computational tool to 
handle the problem of electromagnetic scattering of many plane waves by a 
conducting sphere. The solution procedure starts with the basic Mie series 
solution for the scattering by a single plane wave, propagating in the axial 
direction, which is referred to as primary plane wave. Then applying the 
superposition principle to compute the contribution by other incident plane 
waves, which are referred to as secondary waves, via a transformation 
matrix. The solution is rearranged so that the contribution of each secondary 
wave is related to the primary wave through an amplitude and phase-shift 
modifiers. This results in reducing the computation time over the 
straightforward approach of expressing the total scattered field as the sum of 
Mie series for each incident wave. Details of the solution procedure and a 
sample ofthe corresponding numerical results will be presented. 
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Diffraction of a plane wave by a screen occupying a plane angular sector 

Bair V. Budaev and David B. Bogy 
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A challenging problem of electromagnetic wave scattering consists of computing the 
field q;(r, 0, ¢) which satisfies the Helmholtz equation \i'2q; + k2q; = 0, which vanishes at 
the surface r = {O = 7r /2, Ci < ¢ < .B} and satisfies certain conditions at infinity. 

To find explicit solution of this problem we employ a novel random walk method 
(B.V.Budaev and D.B.Bogy, JASA, v.1l4, pp.1733-1741, 2003). Thus we represent the 
solution as q; = q;g + q;d, where q;g is the pre-defined piece-wise continuous field wave 
including incident and geometrically reflected waves, and q;d is a wave diffracted by the 
tip of the screen. The diffracted field is sought in the product form q;d = ¢eikr with the 
amplitude ¢ which satisfies the complete transport equation 

vanishes at infinity and satisfies certain 'jump condition' 

[¢]. = f, [8¢/8n]. = 0, 

where s is a conical surface completely determined by the reflecting screen and by the 
incident wave, and l(r,O,¢) is an explicitly known function on s. 

Problems of this type are well suited for the analysis by the random walk method 
which makes it possible to represent ¢ explicitly as the mathematical expectation 

¢(r,O,¢) = ~E { L Ov~;'j({,.Je-w;"+"}, 
'Tv<T 

computed over the trajectories of the three-component random motion ~ = (El, ~l , a) 
governed by the stochastic differential equations 

d~: = adwl +~: (I + ik~:) dt, 

d~l = dwl- ~ tan(~l)dt, 

dE: = dwUcos(~t), 

~J = r, 

~~ = 0, 

~g = ¢, 

(I) 

(2) 

(3) 

driven by the independent one-dimensional Brownian motions wi, wl, and w~. This 
motion is launched at the time t = 0 from the observation point ~ = (r,O,¢); it crosses 
the conical surface s at times t = Tv; and it stops at the exit time t = T when the screen 
r is reached. As for the factors ov, they are defined by the position of the random motion 
~ at the moments t = Tv. 

Probabilistic formulas admit many modifications and generalizations which make it 
possible to solve various problems of wave propagation including but not limited to prob­
lems of scattering in canonical wedge-shaped or conical domains, as well as problems of 
scattering by surface breaking cracks and cavities of arbitrary shape. Numerical simula­
tions of the presented solution may be based on simple perfectly scalable algorithms with 
unlimited capability for parallel processing. The obtained results agree with the known 
qualitative and numerical data. 
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This paper is devoted to the mathematical investigation of 
electromagnetic field propagation in transient medium. In modem nonstationary 
electromagnetics the methods that allow to study phenomenon directly in time 
domain attract the great interest Using of the traditional Fourier transform for 
such problems leads to great computational difficulty. 

It is solved the problem of normal incidence of the plane 
monochromatic wave on the transient 2D cylinder dielectric permittivity of 

which changes from background value c to value c1' Influence of such a 
phenomenon on the initial wave is studied Search is based on the Volterra 
integral equations approach that equivalent to the Maxwell's equation with 
initial and boundary conditions [Nerukh A. G., Scherbatko I. V., Marciniak M. 
Electrornagnetics of modulated media with applications to photonics. - Warsaw 
2001, -265 p.]. The solution of this problem is constructed analytically in the 
case of instantaneous permittivity change. 

Abrupt changing of dielectric permittivity in unbounded space gives 
splitting of the initial wave into forward and backward propagating waves that 

have new frequency (01 = fImo, where 000 is the frequency of the initial 
V~ 

wave [Felsen L.B., Whitman G. M. Wave propagation in time-varying media II 
IEEE Trans. on Antennas and Propag. -1970. -V. AP-18, 1 2. -P.242- 253]. 

Electromagnetic field interaction with· nonstationary dielectric cylinder 
leads to the qualitatively new results. In the case of medium changing inside a 
cylindrical domain, besides the waves of the new frequency, wave with original 
frequency survives. The spectnnn has sharp maximum on shifted frequency that 
corresponds to the cylindrical waves propagating in opposite directions. Besides 
of these maxima there are ones that correspond to oscillations on all possible 
eigenfrequencies of dielectric cylinder. In external space cylindrical transient 
layer appears and expands with the phase velocity that corresponds to the initial 
permittivity. 

This method opens the way to study the effect of transient bounded 
region on initial electromagnetic field The motivation for studying such 
phenomena includes wavelength shifting and wave generation by the time 
modulation of medium parameters. 
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This paper is devoted to investigation 
the model excitation problem with 
conical geometry. Conical structures 
have some special features. They are 
omnidirectional and super-wide-band 
in radiation pattern and matching. The 
structure under consideration is a 
semi-infinite perfectly conducting 
circular cone with longitudinal slots. 
The field behavior studying near the 
structure singularities, such as the 
cone tip or edges, is important for an 
efficient computation of the scattered 
fields from conical structure. B(r.e.<0 

z 

The source of an incident field is a harmonic dipole (electric or magnetic) or a plane 
wave. The method for solving the correspondent electromagnetic problem is a 
combination of the Kontorovich-Lebedev integral transforms and the semi-inversion 
method. In previous works we have obtained the numerical results for the case, when 
the source is placed to the cone axis (E.K.Semenova, V.A.Doroshenko. "Source field 
scattering on a cone with longitudinal slots", IEEE AP-S Symposium, Columbus, OR, 
USA June 2003). 

The main task of this work is to obtain the numerical solution for arbitrary structure 
parameters, provided that the source is at any point of the space. The problem 
parameters effects are analyzed by virtue of given scattered field patterns. The field 
behavior near the tip of a conical structure is studied. In the present paper we focus our 
attention on the singularity of the electric and magnetic excitation types at the tip of a 
perfectly conducting cone with longitudinal slots. 

It's common knowledge that the singularity of the electric field proportional to r- I+" , 
where I.l depends on structure parameters. There are many interesting particular cases 
of this conical unclosed structure, such as a cone with a slot, plane angular sector (the 
opening angle is equal to 1t /2, one arbitrary width slot). The obtained results for the 
plane sector coincide with the values published in the work ("Electric Field Behavior 
Near Metallic Wedges" SMarchetti, T.Rozzi, IEEE Trans. Ant. Propagat., vol. 38, 
No.9, 1990 pp.1333-1340), that demonstrate the accuracy of the given results. 
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The inverse scattering problem can be formulated in terms of a Fourier relation 
between scattered field data and a secondary source, the product of the scattering 
function and the total field W(r) in the domain of the scatterer VCr). Only in the 
weakly scattering case, e.g. the first Born approximation, can one assume that the 
total field is well approximated by the incident field, allowing one to recover an 
estimate of the scattering distribution. While extended or iterative Born 
approximation methods have been developed, imaging of strongly scattering 
objects remains a difficult problem to solve in practice. Our previous work has 
adopted a different approach to attack this problem based on a nonlinear filtering 
method designed to numerically separate the scattering function from the 
unwanted total field W(r). It might be necessary to illuminate with several 
different incident fields, leading to different fields, W in order to extract 
information about Y in an unambiguous way. This kind of filtering is known as 
cepstral or homomorphic filtering and involves taking the logarithm of the 
inverted scattered field data, followed by Fourier transformation and linear 
filtering. It rarely succeeds because 10gYW is not usually a continuous function 
and hence its Fourier transform is noisy. Preprocessing 10gYW to ensure it is a 
continuous function requires that YW has no zeros which is unlikely since Y by 
definition is the fluctuation of, say, the permittivity about the background mean 
permittivity and W is an oscillating field. A condition which remedies this 
problem is when YW is a minimum phase function; i.e. if the phase of YW is 
continuous and lies between ±:1t. Then the real and imaginary parts of 10gYW are 
related by a Hilbert transform and it follows that the Fourier transform of 
10gYWmust be causal from Titchmarsh's theorem. The Fourier transform of 
10gV'l'is also known as the cepstrum of YW. We discuss some methods which 
allow one to enforce the minimum phase condition on an arbitrary YW, by 
including the addition of ainear phase factor. There is therefore an equivalence 
between enforcing the minimum phase condition in this way, and adding a 
reference wave to a scattered field in order to form a hologram. In either case, we 
have imposed a condition for which the amplitude of V'I' encodes the phase. The 
significance of this relationship and the ability to then calculate an estimate of the 
strongly scattering function VCr) by nonlinear filtering is explored. 
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Buried mines and unexploded ordnance (UXO) comprise a major problem in areas of the 
world where land warfare has taken place in the last fifty years. The problem has recently 
been exacerbated through the use of plastic casings for mines, thus rendering them 
essentially undetectable by conventional magnetic anomaly methods. 

Several acoustic, magnetic, electromagnetic, and chemical techniques have been tried in 
the past, with varying degrees of success. In the radar community, the efforts have mainly 
focused on airborne systems, operating from UHF to the X frequency bands. One major 
problem encountered by these systems is discriminating the targets in a clutter 
environment, especially when a rough air-ground interface is present. In this paper we 
propose an alternative approach to the airborne ground penetrating radar (GPR), by using 
a Norton surface wave pulsed radar in order to achieve a standoff detection and location 
of the mines in the field. The antenna for this system will be located on the ground but a 
distance away from the minefield so that no entrance into the minefield area prior to 
detection and location of the mines is necessary. Using the distance measuring capability 
of the pulsed radar to locate the mines in the range coordinate along with an antenna 
array that is both phased, to achieve beam scanning, and focused in the near field, to 
achieve high angular resolution, it will be possible to locate the mines in the field. 

There are some important questions that need to be answered in order to demonstrate the 
feasibility of such a system. At a basic level, they relate to the efficient launching of the 
Norton surface waves, their propagation in a complex media environment and their 
scattering by mine-like objects. In this first study, we address the propagation and 
scattering of Norton waves by performing numeric simulations. We use a two­
dimensional version of the finite-difference time-domain (FDTD) algorithm and discuss 
some issues related to propagating surface waves via this numeric technique. Since the 
rough air-ground interface is likely to represent the main source of clutter, we model the 
propagation of the Norton surface waves along a random rough interface, and obtain 
clutter levels via Monte Carlo averaging over many realizations. We compare these levels 
with the returns from mine-like objects, considering different scenarios with respect to 
rough surface parameters and target materials. Our preliminary results (in terms of signal­
to-clutter ratio) indicate that detection is possible for certain reasonable sets of 
parameters. 
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Image reconstruction of inhomogeneous objects of arbitrary shape buried 
in the earth is an important research area in subsurface sensing. In particu­
lar, such applications are common to geophysical exploration, environmental 
characterization, and subsurface sensing of landmines, unexploded ordnance 
and underground structures. 

Traditionally, both electromagnetic and seismic waves have been widely 
used to detect and characterize underground structures. However, little has 
been done to jointly utilize electromagnetic and acoustic waves for a better 
characterization. In this work, we explore the joint electromagnetic/acoustic 
characterization in order to improve the reconstruction of underground struc­
tures. 

The joint reconstruction problem is cast as an inverse scattering problem 
in a multilayered medium. A two-dimensional joint inversion technique, based 
on a least-squares criterion of the data misfit, has been developed using elec­
tromagnetic (EM) and acoustic scattering data to assess the feasibility of re­
construction for underground structures. The joint nonlinear inverse problem 
is solved iteratively via the conjugate-gradient approach; within each iteration, 
the problem is linearized by Born and Distorted Born approximations. The 
forward solution for both electromagnetic and acoustic waves in layered me­
dia is provided by the stabilized biconjugate-gradient fast Fourier transform 
(BCGS-FFT) method. The numerical results show that the joint EM/Acoustic 
inversion method can provide more information for the underground structures 
that the stand-alone electromagnetic or acoustic imaging modalities. This im­
proved imaging results using the multi-modality measurements are due to the 
complementary nature of electromagnetic and acoustic waves in underground 
structures. Examples will be shown to demonstrate the improve resolution of 
the joint inversion in realistic environments. 
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Synthetic Aperture Radar (SAR) and Ground Penetrating Radar (GPR) 
systems are widely used for object detection. SAR technology provides broad­
area imaging at high resolutions for environmental monitoring, earth-resource 
mapping, and military systems, while GPR provides critical information con­
cerning structural integrity and the exact location of subsurface utilities. Both 
technologies take advantages of the SAR processing algorithm where 2-D In­
verse Fourier Transform (1FT) is a critical step. The performance of the 2-D 
1FT significantly influences the final resolution of the image as well as the 
processing speed. In the SAR imaging system, due to the interdependence 
of wavenumbers in different directions and the wave frequency in the spectral 
data, the spectral samples are nonuniformly spaced, in which case regular 2-D 
Inverse Fourier Transform cannot be applied directly. 

Instead of using the conventional solution with simple interpolations, a new 
algorithm is proposed for 2-D Fast Fourier Transform of nonuniform (unequally 
spaced) data. The algorithm efficiently interpolates every nonuniform spaced 
point to a high order uniform grid and calculates the weights matrix (called 
the regular Fourier matrix). New Fourier coefficients are then computed based 
on the regular Fourier matrices, with which 2-D FFT can be evaluated using 
the uniform algorithm. 2-D Gaussian accurate factors matrix are used in the 
algorithm for a higher accuracy purpose. As a remarkable advantage over 
simple interpolation, the regular Fourier matrices are only dependent on the 
sampling point locations, but not the data values, which avoid recalculation 
for the identically sampled data. In this work, we applied NUFFT to SAR and 
GPR data processing. Numerical and computer simulation results show that 
NUFFT approach yields better accuracy and faster speed in the processing 
algorithm when compared to the previous results with simple interpolation 
method. 
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Three-dimensional electromagnetic inverse scattering problem in multilay­
ered media, which involves a complicated dyadic Green's function and complex 
interaction of vectorial waves with layers and objects, is considerably more dif­
ficult and challenging than that for a homogeneous background. In this work, 
we develop a hybrid fast inverse scattering technique in layered media based 
on the extended Born approximation (EBA) and the contrast source inversion 
(CSI) method. 

First, we develop the 3D EBA for a layered medium by approximating 
the electric field inside an object through a depolarization tensor. This ap­
proximation is based on the singular nature of the dyadic Green's function. 
The depolarization tensor is source independent and partially accounts for the 
multiple scattering within the scatter. We show that the EBA has much bet­
ter accuracy than the conventional Born approximation but is equally rapid 
in computation. Based on this approximation, we then develop a robust 3D 
EBA inversion procedure to reconstruct the electric parameters of the objects 
in a layered medium. The procedure is to iteratively construct the scattering 
tensor at the current model and then solve the linear inverse problem with 
respect to the model parameters until the prescribed error level is reached. 

Since the EBA is an approximate method, the inverse procedure based on 
the EBA to reconstruct the complex permittivity profile may not always be ad­
equate, especially for very high contrasts often encountered in practice. Thus, 
the 3D CSI method we developed previously for layered media can be used to 
further improve the reconstruction. However, it is known that the straightfor­
ward CSI method converges slowly. To overcome the slow convergence, we use 
the EBA inversion result as the preconditioner for the CSI method. This novel 
combination ofthe EBA and CSI method is advantageous in two aspects: First, 
it provides a seamless procedure that is valid for both low and high contrast; 
secondly, it converges faster that the CSI method for high contrasts because of 
the effective EBA preconditioner. Through numerical examples, we illustrate 
that our combined inverse technique is able to achieve better results than the 
EBA inversion or the CSI alone in terms of accuracy and speed. 
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DRSI Commission B 
B.S (Inverse Scattering), B.9 (Rough Surfaces and Random Media) 

Layered rough surfaces commonly exist in natural and human-made settings, and 
quantitative characterization of their properties has significant implications for 
geosciences (ice properties, soil moisture), surveillance (underground structures), 
archeology (ancient buried sites), among other disciplines. Each homogenous 
rough layer can be defined by its average thickness, permittivity, and rms 
interface roughness assuming a known surface spectral distribution. As the 
number of layers increases, the number of measurements needed to invert for the 
layer unknowns also increases. To nondestructively calculate the characteristics of 
the rough layers, a multifrequency polarimetric radar backscattering approach can 
be used. One such system is that developed for the Microwave Observatory of 
Subcanopy and Subsurface (MOSS) mission concept, where a tower-mounted 
radar makes backscattering measurements at VHF, UHF, and L-band frequencies. 
To solve the inverse scattering problem, we use an iterative technique based on a 
forward numerical solution of the layered rough surface problem. The layers are 
each defined in terms of a small number of unknown distributions as given above. 
An a priori estimate of the solution is first assumed, based on which the forward 
problem is solved for the backscattered measurements. This is compared with the 
measured data and using modified conjugate gradient techniques an update to the 
solution for the unknowns is calculated. The process continues until convergence 
is achieved. The numerical forward solution is a finite-difference time-domain 
(FDTD) solver, which for each iteration needs to be solved multiple times to 
simulate a random rough surface. Two techniques are considered for reducing 
computational time: (1) to build a prior database of the forward solution as a 
function of all the unknowns, which is used to construct a closed-form 
multidimensional function to be used in inversion, and (2) to develop an 
approximate analytical solution. The latter is discussed in a separate paper in this 
conference, and the former will be discussed here. Numerical results will be 
shown using actual radar data acquired with the MOSS tower radar system in 
Arizona in Fall 2003, and compared with in-situ measurements. Although the 
inversion of the scattering properties of a single rough surface has been addressed 
in some previous works using approximate forward solutions, the inversion of the 
properties of a multilayer rough subsurface has not been solved before, and as 
such presents a unique contribution from this work. Furthermore, application of 
this technique to actual data at proper (low) radio frequencies is new. 
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Abstract-TItis paper presents recent advances and futme challenges of the application of different linear and 
nonlinear inversion algorithms in acoustics, electromagnetics, and elastodynamics. The presented material can 
be understood as an extension of our previous research on this topic CR. Marklein, et ai., Inverse Problems, 
17,6, 1597-1610,2001; R. Marklein, et al., Inverse Problems, 18,6, 1733-1759,2002; R. Marklein, et 
aI., Proc. XXVllth General Assembly of URSI, CD-ROM, 2002). The inversion methods considered in lhis 
presentation vary from linear schemes, like the Synthetic Aperture Radar (SAR) applied electromagnetics 
and the Synthetic Aperture Focussing TecJutique (SAFn as its counterpart in ultrasonics, and the linearized 
Diffraction Tomography (On, to nonlinear schemes, like the Contrast Source Inversion (CSI) combined with 
different regularization approaches. Inversion results of the above mentioned inversion schemes are presented 
and compared for instance for time-domain ultrasonic data from the Fraunhofer-Institute for Nondestructive 
Testing (IZFP, Saarbrilcken, Germany). Convenient tools for nondestructive evaluation of solids can be 
electromagnetic and/or elastodynamic waves; since their governing equations. including acoustics. exhibit 
strong structmal similarities, the same inversion concepts apply. In particular, the heuristic SAFT algorithm 
can be and has been utilized for all kinds of waves, once a scalar approximation can be justified. Relating 
SAFf to inverse scattering in tenns of diffraction tomography, it turns out that linearization is the most 
stringent inherent approximation. A comparison of the inversion results using the linear time-domain inversion 
scheme SAFT and well tested nonlinear frequency-domain inversion schemes demonstrates the considerable 
potential to extend and improve the ultrasonic imaging tecJutique SAFT while consulting the mathematics of 
wavefield inversion, yet, in particular if the underlying effort is considered, the relatively simple and effective 
SAFT algorithm works surprisingly well. Since SAFT is a widely accepted imaging tool in ultrasonic NDE 
it seems worthwhile to check its fonnal restrictions and assumptions whether they could be overcome and 
whether they would outperfonn the standard and original SAFT algorithm. Fig. I shows an aluminum 
test sample with six air-filled circular cylinders which is in the experimental setup embedded in a water 
environment. Fig. 2 displays a nonlinear inversion result applying the CSI. Final conclusion: Not very much 
remains to be done regarding the theoretical fonnulation of linear wavefield inversion, yet improvements 
with nonlinear inversion can certainly be made. Ockham's razor is simple: Will it work in practice? 

0.1 

0.0 

Fig. 1. Aluminum test sample embedded in a Fig. 2. CSI reconstruction using experimental ultrasonic multi-bistatic 
water environment with six air-filled holes (multi-pitch-catch) data 
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Steel fiber reinforced concrete exhibits excellent isotropic mechanical properties and is typi­
cally being used for slabs on grade, such as pavements, industrial floors and airport rnnways. 
When mixing the fibers with the fresh concrete in a truck mixer, care needs to be taken 
to obtain a uniform distribution and a random orientation of the fibers. At present the 
concentration and uniformity of the fibers in the hardened slab only can be checked in a 
destructive manner. In this paper we present a non-destructive microwave measurement 
technique to measure the steel fiber volume fraction of a dry hardened slab. Experimental 
results for slabs with various fiber concentrations are discussed. 

The microwave technique is based on an open-ended coaxial probe reflectometry method 
to measure the reflection coefficient of the concrete slab. A large (OD = 4 cm) and a very 
large (OD = 20 cm) 50 n open-ended coaxial probe have been constructed. The effective 
permittivity of the slab is derived from the measured reflection coefficient by means of an 
accurate model for the probe-aperture admittance. In this paper, we apply two such mod­
els: a full wave model developed by (P. De Langhe et al., IEEE Trans. Instrum. Meas., 42, 
879-886, 1993) and a rational function model developed by (S.S. Stuchly et al., IEEE Trans. 
Microwave Theory Tech., 42, 192-198, 1994). With the rational function model it is possible 
to perform an exact inversion of the reflection coefficient for the unknown permittivity in 
real time. We discuss the optimum operating conditions for each probe. From a practical 
point of view the proposed technique is well suited for the characterization of reinforced 
concrete slabs since it is easy to position the probe on the surface of the slab, since spatial 
variations of the effective permittivity can be measured with satisfactory resolution and 
since the method is sufficiently sensitive to variations in the fiber concentration. 

Typically, the length I of the fibers is in the range 10 mm < I < 80 mm, the thickness d is in 
the range 0.1 mm < d < 1 mm and the aspect ratio A = lid is in the range 30 < A < 100. 
The amount of steel fibers added to the concrete depends on the required strength and is in 
the range 20 kg/m3 to 80 kg/m3 , which corresponds to sparse mixtures with volume frac­
tions Iv between 0.002 and 0.01. Consequently it is possible to apply a mixing rule from the 
classical homogenization approach. In this paper we apply a Maxwell-Garnett formula for 
randomly oriented conducting prolate spheroids. When assuming the relative permittivity 
of concrete to be crh = 6.5 and for volume fractions and aspect ratios in the ranges men­
tioned before, the Maxwell-Garnett formula then predicts an effective permittivity cr,ol I 
in the range 6.5 < cr,oif < 55. From a measurement of the effective permittivity of the 
reinforced slab and given the permittivity of the concrete, the fiber volume fraction then is 
obtained by inversion of the Maxwell-Garnett formula. We also present a full-wave Method 
of Moments technique with which the field scattered by a collection of PEC wires contained 
in a canonical shape is simulated and to which the effective permittivity of a homogeneous 
volume within the same canonical shape is fitted. 

Technical Topic: B9 
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The genetic algorithm (GA) is applied to a semi-empirical polarimetric backscattering 

model for retrieval of both the volumetric soil moisture contents and the rms surface 

heights from multi-polarized radar observations of bare soil surfaces. This inversion 

technique uses the semi-empirical polarimetric scattering model which had been 

developed based on an extensive database comprising the multi-polarized measurements 

of ground-based scatterometers as well as an airborne SAR system. The output 

parameters of the scattering model are the Mueller matrix elements, which can be 

computed with the vv-, hh-, hv-backscattering coefficients and two parameters ofthe co­

polarized phase-difference statistics, i.e., the degree of correlation and the co-polarized 

phase-difference. 

The genetic algorithm is an optimization process using genetic recombination as 

follows; (I) each input parameter of the scattering model, i.e., the soil moisture, the rms 

height and the correlation length, is encoded using N-bit binary digits (N=6). (2) M 

random chromosomes (M=180) are generated using the binary input parameters. (3) The 

cost function for each chromosome is evaluated using the scattering model. (4) The 

chromosomes are ranked according to the corresponding cost function. (5) The inferior 

chromosomes are discarded and the superior chromosomes mate each other. (6) About 

I % of the chromosomes are mutated for avoiding local minima. (7) The cost functions 

are computed again, and iterate this process for convergence. 

Good agreement was found between the values of the rms height and the soil 

moisture content estimated by the inversion technique and those measured in situ. It was 

also shown that the correlation coefficient between the estimated and measured 

parameters increased after averaging the multi-frequency multi-angle data. 
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The frequency-swept quasi-monostatic microwave imaging arrangement using multi-source 
illumination (C. H. Tseng and T. H. Chu, AP-S Symposium, 179-182,2003) is shown in Fig. 1 (a) 
and its acquired Fourier-domain data is illustrated in Fig.! (b). In this arrangement, the number of 
lines of Fourier-domain data is determined by the number of sources. In this paper, further 
extension of this arrangement to multistatic case as shown in Fig. 2 (a) is studied. Namely, the 
perfectly conducting object is illuminated by multiple incident plane waves and the scattered far 
fields are received by multiple receivers. With the use of frequency-swept technique, each pair of 
source and receiver is shown to yield a line of Fourier-domain data. As shown in Fig. 2 (a), a 
two-source and two-receiver multistatic arrangement can give a total of four lines of 
Fourier-domain data as shown in Fig. 2 (b). Whereas a two-source and one-receiver 
quasi-monostatic arrangement shown in Fig. I (a) gives two lines of Fourier-domain data as in Fig. 
I (b). Therefore, one can effectively increase the number of lines of Fourier-domain data by using 
the multistatic arrangement. In addition, the multistatic arrangement is shown to give a wider object 
aspect angle. The image reconstruction formulas to extract the Fourier-domain data from the 
received scattered field under multi-source illumination for the multistatic microwave imaging of 
perfectly conducting obj ects will be reported in the presentation with measurement arrangement 
and results. 
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Fig. 1 (a) Quasi-monostatic backscattering geometry 
using two-source illumination and (b) its 
frequency-swept Fourier-domain. 
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Fig. 2 (a) Multistatic backscattering geometry and 
(b) its frequency-swept Fourier-domain. 
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This paper presents a novel time-domain (TD) ultra-wideband (UWB) microwave 
imaging radar system design based on a recently developed multiplexing nonlinear 
inverse scattering methodology. The new TD-UWB microwave imaging radar system 
design is an improvement of a previous work on TD-UWB microwave imaging radar 
system developed at the University of Illinois at Urbana-Champaign (UIUC). The UIUC 
system has a switched Vivaldi antenna array which consists of five transmitting antennas 
and six receiving antennas. There are two single-pole, six-throw (SP6T) mechanical 
switches to control the transmitting and receiving antennas. The two switches are 
controlled by a multi-channel relay actuator card in the PC control. One switch controls 
five transmitters while the other switch controls six receivers. Each switch chooses one 
antenna at a given time slot. Therefore, the UIUC system will collect 30 sets of 
measurement data in a given 30 time slots. At each time slot, only one transmitter and 
one receiver are functioning. Therefore, it is very time consuming for the UIUC system to 
take measurement data. To improve the previous UIUC system, we propose a new system 
design based on a multiplexing architecture which is similar to the multiple access 
schemes in the wireless communications. Recently the multiplexing schemes have been 
successfully incorporated into the nonlinear inverse scattering algorithm such as distorted 
Born iterative method (DBIM) and local shape function (LSF) method to reduce their 
computational complexities. Similarly, incorporating the multiplexing schemes into our 
TD-UWB imaging radar system design can reduce the measurement time significantly. In 
this talk, we will present and discuss the new TD-UWB imaging radar system hardware 
based on the multiplexing architecture. 
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In this paper, we reconstruct the three-dimensional patches using the physical 
optics approximation, NURBS geometric modeling, and the genetic algorithm. It 
is assumed that the patch dimensions are much larger than the operating 
wavelength. We use NURBS geometric modeling and a simple genetic algorithm 
to reconstruct the three-dimensional patches. 

Figure I shows the physical optics scattering from a circular cylinder of radius 
and height of one meter. Using the above procedure, we have reconstructed the 
circular cylinder. 

RCSolaCylinder I 
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Figure 1- Reconstruction ofa circular cylinder ofR=! m and h=! m based on 
physical optics approximation, NURBS geometric modeling and 

the genetic algorithm. 
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This paper considers the unique modeling issues associated with the computer-aided 
electromagnetic characterization of the integrated passive components (e.g., interconnects, 
power dividers, filters, impedance transformers, couplers, etc.) encountered in 
state-of-the-art and future System-on-Chip (SoC) and System-In-Package (SiP) integrated 
electronics. Contrary to traditional, planar single-layer implementations of such passives, 
recent trends in system miniaturization and multiple functionality have prompted 
multi-layered, truly three dimensional, and even hybrid designs (that is, designs that 
combine distributed with lumped components). The choice of the finite element method 
for their electromagnetic characterization is motivated by the geometric and material 

complexity that is encountered in the SoC and SiP environment. 

Among the numerous challenges confronting the designer, the following three are most 
representative of the added complexity that the increased circuitry density, the 
three-dimensional layout of the distributed component and the aforementioned 
hybridization with lumped elements. a) The distributed and lumped components must be 
modeled concurrently; b) The lack of (quasi-TEM) "modal" ports for the definition of 
network parameters (e.g. scattering parameters) necessitates the application of new 
excitation and termination schemes for the extraction of such parameters, in a mauner 
such that all effects that impact these parameters during the actual operation of the 
component (e.g., surface waves, higher-order modes, radiated emissions) are accounted 
for in the model; c) Component design optimization cannot be done without taking into 
account the circuitry (e.g., other components and/or any shielding structure introducing 
intentionally for component isolation and interference suppression). 

The proposed computational finite element framework for addressing the aforementioned 
challenges is based on the enhancement of the so-called E-B finite element approximation 
of Maxwell's curl equations (Y Zhu and A. Cangellaris, IEEE Microwave and Wireless 
Components Letters, Vol. 11, May 2001, pp 211-213) with the capability to include 
lumped elements such as resistors, capacitors and inductors, as well as lumped sources. In 
this manner, in addition to enabling the electromagnetic modeling of hybrid passives, 
"non-modal" ports can be introduced anywhere in the structure at which, provided that a 
pair of terminals can be defined, port voltage and current quantities can be defined 
immediately in terms of appropriate line integrals of the electric and magnetic field 
intensities. Subsequently, frequency-dependent network admittance or impedance 
matrices can be extracted readily. Representative examples of three-dimensional designs 
of integrated passives are to illustrate the way the resulting modeling methodology 
addresses the aforementioned modeling challenges and the differences between the 
extracted network parameters and those obtained if "modal ports" are employed instead. 
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The vector finite element method (FEM) has been successful for analyzing 
electromagnetic field problems with arbitrary boundary shapes and materials. 
Most implementations have been non-adaptive, where a mesh of the domain is 
generated entirely in advance and used with a constant-degree polynomial basis to 
assign the degrees of freedom. Adaptive procedures can reduce the computational 
cost by distributing the degrees of freedom to where they are most needed within 
the computational domain. Of the adaptive procedures proposed to date, most 
utilize h-refinement, where the cell dimensions are selectively modified as the 
process is carried out. Recent research considers p-refinement, where the 
polynomial degree of the expansion functions in each cell is independently 
adjusted. In connection with this research, several families of curl-conforming 
hierarchical vector bases have been proposed. 

Adaptive methods rely on a local error estimator, a measure of the solution error 
in each finite element that is used to decide which elements need more degrees of 
freedom. Such an error estimator can sometimes also be used to predict the global 
error of the FEM result, information not traditionally obtained with vector FEM 
methods. To date, there has been little research on the assessment of error 
estimators for vector FEM applications. 

In this presentation, a vector FEM formulation for a heterogeneously-filled 
waveguide is used as a platform for studying local error estimators. Several error 
estimators, including one based on the normal-field discontinuity between cells, 
one based on the residual error, and one based on the relative magnitudes of 
coefficients of higher-order bases within the hierarchical set, will be evaluated in 
terms of implementation complexity and accuracy. Preliminary numerical results 
for an adaptive p-refinement algorithm incorporating the best estimator, and 
hierarchical bases, will be presented. 
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Considerable effort over the past several decades, performed by research groups around 
the world, has been expended to develop high fidelity models for complex 
electromagnetic problems. Of the various methods available to the computational 
electromagnet engineer, the finite element method is arguably the most popular, and 
powerful, for modeling time-harmonic fields in an inhomogeneous volume. Annually, 
advancements in finite element formulations and new applications for the method are 
presented in international technical conferences. Indeed, in some sense, finite element 
analysis for vector electromagnetic problems is a tool nearing maturity based on the 
several very powerful commercial finite element analysis programs being offered. 

One area of research, with the promise of making a revolutionary rather than evolutionary 
contribution, is in the area of expansion (also known as shape) functions that have some 
superior capability compared to conventional shape functions. Several strong research 
groups have been investigating higher-order interpolatory functions, hierarchical 
functions, and combinations that have the potential for a higher unknown field 
representation with a reduction in the number of unknowns. Other efforts have been 
expended in developing functionals and expansion functions that yield an improved 
conditioning of the resulting system thereby improving the accuracy of the method. 

In this work, the focus of effort is on improving accuracy of the formulation for 
discretizations of the computational volume with very fine elements relative to a 
wavelength. The premise is that conventional CT/LN basis functions will fail to 
accurately represent the unknown fields for cases where the linear dimensions of the 
elements are much smaller than a wavelength. The cause of this failure lies in the fact 
that in using such an expansion, solenoidal fields are explicitly excluded from the 
expansion. The accuracy, as measured by deviation from an exact solution of a canonical 
problem, for both the traditional divergence-free expansion as well as one including 
solenoidal fields will be examined. 
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The finite element method (FEM) for discretizing partial differential equations in 
electromagnetics is an extremely powerful and versatile general numerical methodology 
for full-wave three-dimensional (3-D) electromagnetic simulations. Traditionally used 
FEM tools are low-order small-domain techniques - the finite elements are on the order 
of A/I 0 in each dimension, '). being the wavelength in the medium, and the fields within 
the elements are approximated by low-order (zeroth-order and first-order) basis 
functions. Only recently FEM techniques based on curved elements for geometrical 
modeling and/or higher order basis functions for field modeling have been employed, 
with an objective to significantly reduce the number of unknowns and computational 
resources for a given (high) accuracy when compared to low-order solutions. However, 
because these new and emerging elements are much more complex and flexible in shapes 
and sizes, generation of optimal meshes for practical 3-D electromagnetic problems based 
on any particular class of higher order finite elements is an enormously difficult and 
challenging research task, with a great interest to the electromagnetic community. 

This paper presents our development of higher-order large-domain FEM meshing 
techniques based on recently proposed Lagrange-type curved hexahedral finite elements 
of arbitrary geometrical orders with hierarchical curl-conforming polynomial vector basis 
functions of arbitrarily high field-approximation orders (M. M. Ilie and B. M. Notaros, 
IEEE Transactions on Microwave Theory and Techniques, Vo1.51, No.3, 2003, pp.l026-
1033). These elements can be electrically quite large (large domains), on the order of'). in 
each dimension, thus fully exploiting the accuracy, efficiency, and convergence 
properties of the higher order FEM. We propose a semi-automatic algorithm for the 
higher-order large-domain hexahedral mesh generation that represents a combination of 
the domain decomposition and mapped meshing techniques. It utilizes the "top-down" 
approach to mesh generation, where the first step is a creation of a parametric mesh of 
topologically equivalent elements with correct connections (adjacencies), based on the 
problem topology and adopted orders of elements. Interpolation nodes are then assigned 
to the elements, where the number of nodes and their proper ordering depend on the 
geometrical orders of elements. Next, parts of the structure are mapped from the 
parametric space to the curved hexahedral elements in real three-dimensional space 
(geometrical embedding). Finally, these forms (sub-meshes) are connected together 
appropriately into an optimal large-domain mesh. The trade-off between the 
shape/quality of the elements and their sizes will be discussed. The importance of 
adopting the optimal combination of the field approximation orders will also be explained 
and possible refinement strategies addressed. Several examples illustrating the 
effectiveness and flexibility of the proposed mesh generation technique will be presented. 
The results of the electromagnetic analysis of complex 3-D waveguiding structures 
demonstrate an excellent accuracy while reducing the number of unknowns by 
approximately 80% when compared with the existing techniques in the literature. 
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In this paper, we investigate the scattering of chiral grating as shown in Fig. 1 
using finite element method. A combination of finite element method and 
eigenfunction expansion technique is employed to treat unbounded 
electromagnetic field problem (J. M. Jin, The Finite Element Method in 
Electromagnetics, second edition, Chapter 11, John Wiley and Sons, 2002). In 
this approach, using variational principle a functional equivalent to the boundary 
value problem for the chiral grating is formulated. Then the unbounded region is 
truncated to finite region with the introduction of fictitious boundaries placed at 
each side and the truncated finite region is divided into an interior and exterior 
region. Finite element method is used to formulate the fields in the interior region 
and fields in the exterior region are represented by an expansion of Floquet 
eigenfunctions. Interior region of the domain is discretized into a number of two 
dimensional elements, linear triangular elements, and the unknown function is 
approximated using appropriate two dimensional interpolation function. In the 
exterior region (boundaries) of the domain, one dimensional linear element 
discretization is done and linear interpolation function is used. With the 
functional, elemental equations for the interior and exterior regions of the problem 
domain are formulated and evaluated at each element. Then the system of 
equation is formed by summing the elemental equations over all elements. From 
the system of equations the required unknown quantity in the problem domain is 
determined. 

Based on the analysis, numerical results are obtained and explained by underlying 
physical insights. We investigate the influence of chirality parameter, periodicity, 
incidence angle, polarization and frequency on the scattering properties. 

Fig. 1. Configuration of a chiral grating. 
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The finite element method based on edge elements is free of nonphysical, spurious 
modes. It has become the popular numerical method for 3D Eigenvalue problems 
because of its superior geometry and material modeling versatility. However, this 
method is usually only second-order accurate, and thus requires large amount of 
computation time if high accuracy is required or if the problem geometry is electri­
cally large. 

We proposed an efficient algorithm based on a spectral element method (gEM), 

which is known for its high degree of accuracy with minimal number of unknowns, 
to analyze 3D eigenvalue problems. The most important feature of the gEM is 
that the mass matrix is diagonal due to the use of Legendre polynomials, thus 
resulting in a very efficient solver. This is a significant advantage over the classical 
finite element methods. In the gEM, the edge element is also employed to suppress 
spurious solutions and it is a natural choice for treating 3D geometries. In order to 
apply a Legendre spectral element to the eigenvalue problems, the physical domain 
is divided in terms of a set of non-overlapping elements as in a classical FEM. Each of 
the elements is individually mapped to a reference domain based upon an invertible 
local mapping. Within each element a spectral representation based on the N-th 
order interpolation is used. gEM is similar to the p-type FEM, but differ in that it 
uses interpolation as trial functions. 

In order to validate the proposed method, we applied the algorithm to 3D cav­
ities for homogeneous medium and inhomogeneous medium including partly filled 
with conductive material. The accuracy and computation time of the method are 
compared with those for analytic solution and for the finite element method us­
ing first-order tetrahedron edge elements. From the results we can infer that the 
proposed method is an efficient tool for analysis of 3D eigenvalue problems. 
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Wavelet analysis has recently received significant attention in the scientific community. 
Wavelets and wavelet analysis has been used in many different algorithms including compression 
techniques as well as the numerical solution of partial differential equations and integral 
equations. For example, wavelet methods for differential equations have been developed by 
Jaffard and Laurencot (S. Jaffard and Ph. Laurencot, Wavelets: A Tutorial in Theory and 
Applications, pp. 543-601, 1992). In the past several years, wavelet analysis has become 
increasingly used in the field of computational e1ectromagnetics. For example, Yilmaz, Jin, and 
Michielssen have employed the wavelet transform in a compression technique to reduce the large 
storage requirements of the time-domain adaptive integral method (TD-AIM) (Ali E. Yilmaz, 
Jianming Jin, Eric Michielssen, 2003 URSI Digest, pg. 712, Columbus, OH, June, 2003). Battle 
LeMarie wavelets have been used for the expansion of the electric and magnetic fields in the 
multiresolution time domain (MRTD) method (M. Krumpholdz and L. P. B. Katehi, IEEE Trans. 
on Microwave Theory and Techniques, vol. 44, no. 4, pp. 555-571, April 1996). 

In this research, cubic wavelet-like basis functions will be incorporated in a finite 
element time domain algorithm. Previous results for linear wavelet-like basis functions in a time 
domain approach have been shown (Hutchcraft and Gordon, Microwave and Optical Technology 
Letters, vol. 39, no. 3, pp 221-226). A brief discussion of the generation of the basis will be 
presented. The traditional FETD method typically requires the solution of a large matrix 
equation for each time step; however, in the time domain approach presented here. the solution of 
a matrix equation for each time step is not required. A time-stepping procedure is possible with 
the FETD algorithm incorporating wavelet-like basis functions. This makes the method similar 
to the traditional FDTD technique originally developed by Yee (yee, IEEE Trans. Antennas 
Prop., vol. AP-14, pp. 302-207,1966). In the discussion, the FETD algorithm using wavelet-like 
basis functions will be used for the solution of several problems and the results will be compared 
to analytic solutions and solutions obtained using the FDTD method. Advantages and 
disadvantages of the technique will be discussed. 
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Application of Preconditioned Iterative Solvers to 
the Time-Domain Finite Element Method 
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Urbana, Illinois, 61801-2991 

Many realistic electromagnetic problems involve, in comparison to the wave­
length, small geometrical features or rapid field variations around singularities. Such 
situations require local grid refinement in a small part of the computational domain 
and, consequently, the finite element mesh can have a wide range of cell sizes. On 
the other hand, it can be advantageous to use larger finite elements of higher poly­
nomial order in regions where the solution is regular. Both local grid refinement 
and higher order basis functions are known to make the use of iterative solvers more 
demanding. In this talk, we consider various aspects of preconditioned iterative 
solvers applied to time-domain finite element computations with higher order basis 
functions and large variations in cell sizes. The time-domain finite element method 
for the vector wave equation representation of Maxwell's equations computes a time 
sequence of the electric field solution vector En by solving a system of linear equa­
tions for each time step. For unstructured grids of tetrahedrons, the Newmark 
method (M + llt2eS)En+l = (2M + llt2 (2e - l)S)En - (M + llt2eS)En-l is a 
popular choice since it allows for unconditional time stepping when the impliCitness 
parameter e is chosen equal to or larger than 1/4: Here, we express the electric field 
in terms of higher order hierarchical vector elements for tetrahedrons, which offers 
the possibility of combining different polynomial orders within a finite element grid. 

The talk will contain a comparative study of the error in the electric field solution 
as a function of cell size and polynomial order, given a model problem with a regular 
solution. In this context, the computational cost for a field solution with some a 
priori specified error will be examined, where computational cost refers to both the 
memory requirements and the number of floating point operations for the precon­
ditioned iterative solver applied to the matrix M + llt2eS. The computational cost 
will also be investigated for tetrahedral grids with varying cell size and polynomial 
order. A number of different preconditioners will be compared, in terms of efficiency 
and memory consumption, for some of the above mentioned cases and we will also 
investigate the effect of a simple preconditioning procedure applied on the elemental 
leveL The presentation will conclude with a summary of our experiences concerning 
the application of preconditioned iterative solvers to the time-domain finite element 
method. 

341 

I 

I 



A Time-Domain Finite Element Formulation for Periodic 
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In this talk, we will present a formulation of the time-domain finite element 
method (TDFEM) that incorporates periodic boundaries, This method solves for a 
transformed field variable (instead of solving directly for the electric field) in 
order to easily enable periodic boundary conditions in the time domain. The idea 
for the transformed field variable has already been introduced in association with 
finite-difference time-domain analysis (FDTD) (M. E. Veysoglu, R. T. Shin, and 
J. A. Kong, J. Electromagnetic Waves and Applications, 7, 1595-1607, 1993), and 
there are successful implementations reported in the literature using this technique 
in the aforementioned setting. However, to our knowledge there exist no 
formulations for TDFEM using this transformed field variable, or any other 
technique for that matter, that includes periodic boundaries. The perhaps obvious 
advantage of using TDFEM for periodic analysis compared to FDTD is that the 
former method allows for unstructured grids that can model complex structures 
with large variation in length scale as well as elements that can better conform to 
curved boundaries. To be able to analyze complex structures and curved 
boundaries can be important for various problems, but one that comes to mind is 
composite structures that contain unit cells with "ring like" elements such as some 
of the proposed implementations of double negative materials. The advantage of a 
time-domain method compared to a frequency method is that the former allows 
for a broadband frequency response in one single execution. 

We now briefly outline the derivation of the method for a two-dimensional 
problem where all quantities are invariant in the z direction and the periodicity is 
in the y direction with the periodic boundaries at y = 0 and y = YP' and the electric 
field can be described by a scalar variable, E.. The starting point is the scalar 
Helmholtz equation for E. in the frequency domain with the following periodic 
boundary condition: Elx, y = 0) = K(x, y = yp) exp(jkyyp) where ky is the 
wavenumber in the y direction. The next step is to make a substitution of E. = Pz 

exp(.jkyY) into the Helmholtz equation, which alters the periodic boundary 
condition to become Pix, y = 0) = P.(x, Y = yp). Now, this modified Helmholtz 
equation is transformed into the time domain, and note that the periodic boundary 
condition stays the same. This last equation is then solved by using a Ga1erkian 
method in space and finite difference in time. Initial results demonstrate the 
validity of this method. 
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NON-UNIFORM GRID (NG) ALGORITHM 
FOR FAST POTENTIAL EVALUATION 

A.Boag* and B. Livshitz 
Department of Physical Electronics, Tel Aviv University, Tel Aviv 69978, Israel 

The capacitance extraction problem in complicated interconnect geometries is often 
effected by a numerical solution of the integral equation, which is based on a 
representation of the electrostatic potential in terms of unknown surface charge densities. 
Discretization of the integral equation using the conventional Method of Moments 
(MoM), also referred as the boundary element method, leads to generation of a system of 
linear equations. Due to the geometrical complexity of the structures of practical interest, 
the number of unknowns N is typically quite large. To this end, the O(N3) computational 
complexity of direct MoM solvers necessitates the use of iterative schemes. When 
solving the integral equations iteratively, each iteration requires an evaluation of the 
electric potential due to a given surface charge. The classical evaluation of this potential 
at O(N) points by surface integration using O(N) quadrature points (an equivalent of 
direct MoM matrix-vector product) requires O(N2) operations. This high computational 
burden underscores the need for fast field evaluation techniques, such as the Fast 
Multipole Method (FMM), the multi scale (Multi Grid) methods and the Singular Value 
Decomposition (SVD) compression approach, all of which evaluate the potential in O(N) 
operations as opposed to O(N2) cost of the direct computation. However, the large 
constant multipliers hidden in the O(N) complexity and memory requirements of the 
above methods remain to be improved. 
In this paper, we present a novel static version of the recently proposed Non-uniform 
Grid (NG) approach (Boag et aI., IEEE Antennas Wireless Propagat. Lett., 1, pp. 142-
145,2002), which facilitates a numerically efficient evaluation of potentials produced by 
given charge distributions. The approach is based on the observation that the potential at 
a sufficient distance away from a finite size source can be interpolated from its samples 
on a spherical NG. Furthermore the number of points in the NG depends only on the 
distance of the observation domain from the source domain normalized to the size of 
latter. With this in mind, the NG algorithm relies on a multilevel domain decomposition 
of the sources, whereas the potential is computed directly for the NGs surrounding the 
smallest subdomains at the finest level of decomposition. Also, the near-field potentials 
are computed directly. Subsequently, the potentials of progressively larger subdomains 
on the corresponding NGs are computed by interpolation and aggregation. Finally, the 
potential at the observation points is computed by multilevel interpolation employing a 
hierarchy of local grids. 
The resulting hierarchical algorithm attains an asymptotic complexity of O(N) similar to 
that of the FMM. The NG approach can be considered a spatial counterpart of the FMM, 
which is relying on spectral (multipole) representation. Also note that the computational 
structure of the NG approach is related not only to that of other fast MoM analysis 
schemes, but also to that of algorithms introduced recently in the context of high 
frequency scattering, image processing, and radar imaging. The time-domain version of 
the NG technique has also been presented. 
Initial studies have shown that the NG algorithm behaves favorably in comparison with 
the FMM. The former also appears to be easier to adapt to specific geometric 
configurations and to implement, especially as an enhancement to existing MoM codes. 
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Transient analysis of scattering from deep cavities is a computationally challenging 
problem. In the frequency domain, this problem has been most efficiently tackled by 
separating the the problem into two domains, viz., regions interior and exterior to the 
cavity. Suitable solvers (either finite element based or integral equation based) have 
been used in the interior region, and these are coupled to the exterior fields using 
integral equation based methods (C. C. Lu and W. C. Chew, IEEE Transactions on 
Antennas and Propagation, 45, 1857-1862, 1997; J. M. Jin, J. Liu, Z. Lou and C. S. 
T. Liang, IEEE Transactions on Antennas and Propagation, 51, 2420-2429, 2003). 
However, in the time domain, such analysis is virtually non-existent. 

To this end, we propose a novel algorithm to solve for scattering from such cavities. 
We shall leverage off our earlier work on hybrid PO-PWTD algorithm (G. Kobidze, 
B. Shanker and E. Michielssen, Proceedings of the IEEE International Symposium 
on Antennas and Propagation, 3, 547-550, 2003). Our computational scheme pro­
ceeds as follows: the computational domain is partitioned into an exterior and an 
interior region by closing the aperture using a perfectly electrically conducting sheet 
and placing both electric and magnetic currents on either side. Such a partitioning 
now permits the analysis of both the interior and the exterior regions using the com­
bined field integral equation, and the coupling between the fields in the two regions 
is accomplished via currents imposed on the aperture. To reduce these equations 
to a discrete set, the currents are expressed using the well known RWG basis func­
tions, and their temporal signatures are represented using a set of shifted Lagrange 
polynomials. Galerkin testing in space and point matching in time yields a set of 
equations that can be solved using the marching-on-in-time method. To accelerate 
the solution procedure, the equations in the interior domain are augmented with 
the plane wave time domain method, whereas those on the outside are solved using 
our hybrid PO-PWTD algorithm. Details of this scheme as well as several numer­
ical results that demonstrate the accuracy of this scheme will be presented at the 
conference. 
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Integral equation based methods for time domain scattering analysis has faced two 
stumbling blocks; they are (i) computationally intensive, and (ii) these methods 
were largely perceived to be unstable. The former has, to a large extent, been 
alleviated by the introduction of the plane-wave time domain algorithm. Indeed, 
algorithms whose complexity scale as O(NtN.log2 N.) for scattering from surfaces 
exist. Here, Nt denotes the number of time steps used in the analysis and Ns is 
the number of surface unknowns required for modeling the surface current. This 
algorithm has now been applied to the abalysis scattering from electrically large 
perfectly electrically conducting bodies (B. Shanker, A. A. Ergin, M. Lu and E. 
Michielssen, IEEE Transactions on Antennas and Propagation, 51,628-641, 2003) 
and penetrable bodies (B. Shanker, A. A. Ergin, and E. Michielssen, J. Opt. Soc. 
Am. A, 19,716-726,2002). 

Our interest lies in analyzing transient scattering from arbitrarily shaped bodies 
that are best described as a union of regions with different electrical properties. 
Our method of analysis will be to derive Stratton-Chu equations in each region to 
relate the fields to the surface equivalent currents. Boundary conditions beetween 
regions is enforced using the scheme proposed by Medgyesi-Mitschang et. al. (L. N. 
Medgyesi-Mitschang, J. M. Putnam, and M. B. Gedera, J. Opt. Soc. Am. A, 11, 
1383-1398,1994). To obtain a set of matrix equations, we expand the currents using 
the well known RWG basis functions. The temporal dependance of these function 
is represented using a set of simple polynomials, and their convolution with the 
Green's fucntion will be performed anlaytically. Our earlier work in developing a 
similar analysis tool focused on using both polynomials and approximate prolate 
spheroidal functions to represent the temporal signature of each basis function, 
and their convolution with the Green's function was computed numerically. This 
approach suffered from a principal deficiency, viz., inaccuracies due to increased 
time step size necessary to make the marching procedure sufficiently stable. It has 
been observed (M. Lu and E. Michielssen, Proceeding of International Symposium 
on Antennas and Propagation, 1, 74 - 77, 2002; T. Abboud and T. Sayah, Centre de 
Mathematiques Appliquees, Ecole Poly technique, Technical Report R. I 390, 1998) 
that using analytical methods. to convolve the temporal signature with the Green's 
function results in considerably more accurate results. In this paper, an marching­
on-in-time (MOT) will be developed using this procedure, and will be augmented 
with the PWTD scheme. To implement the latter, multiple trees and interaction 
lists are necessary (one for each region) as the wave speed is different in each domain. 
Details of the method and numerical results that demonstrate its efficiency will be 
presented. 

345 



Fast Evaluation of Near-Field Contributions 
in a PWTD-Enhanced MOT Scheme for Lossy Media 

P. L. Jiang*, and E. Michielssen 

Center for Computational Electromagnetics 
Oepartment Electrical and Computer Engineering 

University of Illinois at Urbana-Champaign, Urbana, IL61801 

The recently developed plane wave time domain (PWTO) method (A. A. Ergin et ai, 
IEEE AP Mag. 41(4), 39-61, 1999) has been shown to drastically accelerate the solution 
of time domain integral equations (TOlEs) pertinent to the analysis of numerous 
electromagnetic scattering problems involving objects immersed in lossless backgrounds 
by permitting the rapid space-time convolution of temporary bandlimited sources with 
"free-space" time-domain Green functions. A PWTO scheme for evaluating fields 
generated by sources residing in lossy media was proposed too (p. L. Jiang, et ai, IEEE 
APS Int. Sym., 3, 22-27, 2003), but to date remains unapplied in the analysis of 
real-world problems. Indeed, while the scheme effectively reduces the computational 
cost of evaluating so-called far-field interactions from O(N; N,2) to 
O(NsN,logNs 10gN,) (N, and Ns are the number of temporal and spatial degrees of 
freedom of the scatterer current), it fails to effectively handle Green function tails in 
the near-field. As a result, our present PWTO-enhanced lossy medium TOlE solver 
still evaluates near-field interactions using classical convolution schemes at a cost of 
O(NsN,2). The near-field evaluation cost thus dominates that of computing far-fields 
and renders the overall scheme computationally inefficient. 

The present work aims to accelerate the evaluation of near-field interactions in TOlE 
solvers that use lossy medium Green functions. To this end, the convolution of the Green 
function and the temporal basis function, here denoted by s(R,t) , is approximated by a 
sum of complex exponentials as s(R, t) z Li=1 m ai (R)eA,(R)' where R is the distance 
between spatially impUlsive sources and observers. The pole residues ai and associated 
exponentials Ai are estimated via the generalized pencil-of-function method (Y. Hua, et 
ai, IEEE Trans. AP, 37, 229-234, 1989). Since near-field interactions are to be evaluated 
for only a small range of 0 < R < Rmax -the PWTO kernel evaluates all interactions for 
~ax :::; R- a table of residues and poles representing s(R,t) for a discrete set of R's 
can be pre-computed and s(R,t) for arbitrary R < ~ax can be obtained by spatial 
interpolation from its values at the samples that define the table. Needless to say, the 
above exponential approximation to s(R,t) permits near-field interactions to be 
evaluated by recursive convolution. This, in tum, leads to a reduction in computational 
cost provided that the number of exponentials in the above representation, m, is small. 
Unfortunately, generally speaking, m grows with N,. To keep the number of 
exponentials in the approximation to s(R,t) in check, the time span of the analysis is 
subdivided into O(log N,) subintervals of durations that scale inversely with the 
maximum temporal variation of s(R,t) and a separate table is constructed for each 
interval. In can be shown that the computational cost of the resulting near-field 
evaluation scheme scales as O(NsN,logN,), viz. subdominantly to that of computing 
far-field interactions using PWTO. 
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Although the ADI-FDTD method, in which we solve implicitly for the electric 
field and explicitly for the magnetic field (an implicit-explicit method), is stable 
unconditionally, the errors increase with increasing time step. In this work we 
solve Maxwell's equations implicitly for both the electric and magnetic fields. 
This gives us the advantage of handling problems that have a magnetic wall as 
well as ones that contain an electric wall or even ones that have heterogeneous 
boundary conditions. This opens up the capability to work for a wide range of 
different electromagnetic problems. Furthermore, the matrix that we deal with in 
this algorithm is a two-by-two block tri-diagonal matrix which is easy to handle. 
In this paper, we will investigate the stability, error, and the performance for this 
implicit-implicit ADI-FDTD method. 

The implicit-implicit ADI-FDTD method is to be applied to solve the problem of 
the transmission and reflection of electromagnetic waves at a metafilm, a two 
dimensional version of a metamaterial, placed in a rectangular waveguide. A 
metafilm can be designed from magnetic, dielectric or magnetodielectric 
materials. 

On the other hand, a perfectly-matched layer (PML) algorithm for the implicit­
implicit ADI-FDTD has been analytically calculated. The algorithm has to be 
tested to obtain the memory required to solve a problem with PML. A comparison 
of the memory required and the time consumed between FDTD, implicit-explicit 
ADI-FDTD and implicit-implicit ADI-FDTD will be made for a particular 
boundary problem. Optimization of the code and other considerations still remain 
to be done. 
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Modem vehicles come replete with sophisticated electronic communication and 
navigation systems. As these systems' clock rate and line density rises, their proper 
functioning is threatened by electromagnetic interference from onboard or external, 
direct- or (multi-conductor) cable-coupled signals. Accurate and efficient broadband 
modeling of platform-cable interactions therefore is essential to gauge the immunity of 
such systems to interference. 

Here, a new full-wave time-domain methodology for analyzing transient electromagnetic 
coupling into platform-mounted cables is proposed. To enable the analysis of large-scale 
and geometrically intricate systems, a parallel implementation of the time-domain 
adaptive integral method (TD-AIM) (A. E. Yllmaz et aI., IEEE AP-S Digest, 3, 543-546 
2003), viz. the time-domain counterpart of the frequency-domain AIM procedure, is 
used. The algorithm requires O(NtNc(logNc+log2Nt}jP) CPU resources per 
processor for analyzing electromagnetic phenomena spanning Nt time steps on P 

processors using Nc auxiliary Cartesian point sources. This accelerated parallel solver is 
far more efficient than classical time-domain integral-equation solvers, the CPU 
requirements of which scale as a ( NtN: / p), where N, - N;/3 is the total number of 
surface and cable unknowns. The solver approximates all conductor surfaces by 
triangular patches and uses Rao-Wilton-Glisson basis functions to approximate their 
current distribution. Here, we extend the previously developed TD-AIM solver with a 
view to performing accurate analysis of platform-cable interactions. While cylindrical 
surfaces can be used to model wires without introducing new solver capabilities, doing so 
invariably leads to fine spatial discretizations and elevated unknown counts; this avenue 
for analyzing cables therefore should be avoided at all costs except where dictated by the 
local geometry being analyzed, e.g., near complex junctions. Thus, a thin-wire-like 
approximation is used, instead, to model the electromagnetic interactions with cables of 
subwavelength radius. To accurately model time-domain common-mode current 
variations, surface-wire junctions are modeled in a manner that ensures current continuity 
while avoiding fictitious charge accumulation at the junctions (J. S. Zhao et aI., 
Microwave Opt. Tech. Lett., 28(3),155-160,2001). A decomposition of the wire currents 
into differential-mode (transmission-line) and common-mode components is used to 
facilitate the modeling of electromagnetic coupling to and emissions from the wires as 
well as the effect of the coupled radiation on the functionality of the driver and receiver 
electronic circuits attached at the ends of the cables. 
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The alternating-direction implicit finite-difference time-domain (ADI-FDTD) 

method is an unconditionally stable time-domain method. It allows the time step 

to be increased beyond the Courant-Friedrichs-Levy limit within the regular FDTD 

method. The successful implementation of this scheme has the potential to im­

pact the application of the ADI-FDTD method to problems where a very fine mesh 

(compared to the wavelength) is required because of the geometric details. Such 

applications are widespread in electronic circuit packaging and interconnects. 

However, we have found that the numerical errors of the regular ADI-FDTD 

method are unacceptably high, greatly limiting its application. These large nu­

merical errors are mainly due to the numerical dispersion error associated with the 

spatial discretization in the FDTD method. As is now well known, this spatial 

discretization error is only first-order accurate for discontinuous media. This large 

spatial discretization error is coupled to the temporal discretization, making the er­

ror of the ADI-FDTD much larger for inhomogeneous media than for homogeneous 

media. 
We report a novel embedded boundary method to improve the ADI-FDTD 

method. This method can be considered as an extension of the staggered upwind 

embedded boundary (SUEB) method that was developed for the explicit FDTD 

method (T. Xiao and Q. H. Liu, IEEE Trans. Antennas Propagat., in press). This 

embedded boundary method uses a uniform Cartesian grid so that the conventional 

central difference scheme is used for the regular grid points away from the material 

boundaries (embedded boundaries). The attention will focus on developing differ­

ence schemes for irregular grid points near the embedded boundary. We will show 

that with small additional cost, the derivatives near the embedded boundary can 

be obtained more accurately than the regular ADI-FDTD method. The embed­

ded boundary ADI-FDTD method correctly represents the location and problems 

caused by the staircasing approximation. Examples will be shown to demonstrate 

the application of this method to interconnects. 
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The pseudospectral time-domain (PSTD) algorithm has been demonstrated re­
markable improvement over the FDTD method in both accuracy and efficiency 
(G. Zhao and Q. Liu, IEEE Trans. Antennas Propagat., 51, 619-627, 2003). The 
multidomain PSTD method features a non-overlapping subdomain decomposition 
conformal to the material interfaces, thus no staircasing errors are present. Nev­
ertheless, accurate and effective treatment of sub domain interfaces remains a key 
subject under investigation. Inappropriate treatment of boundary conditions could 
also result in a late-time instability. Simply speaking, this can be attributed to the 
singularity phenomenon of the multidomain scheme for partial differential equations, 
in which the field at the boundary such as edges or corners may have inconsistent 
values for different subdomains. 

To enforce the boundary conditions, the multidomain scheme requires an extra 
computational step, namely subdomain patching, to reconcile the field values at the 
interface of nonoverlapping subdomains. Previously, we have developed the char­
acteristic patching condition and the physical patching condition to deal with the 
subdomain interfaces. These schemes modify the field values to satisfy the correct 
boundary conditions after the field is updated by the differential equations. How­
ever, all these techniques require the use of numerical filters in order to guarantee 
long-time stability; unfortunately, the numerical filters may cause a degradation in 
accuracy in high frequency bands. 

A recent progress in domain patching techniques for spectral methods is the 
penalty method (J. Hesthaven and T. Warbutron, J. Comput. Phy., 181, 186-221, 
2002) introduced to a spectral element framework. It is an equivalent extension of 
the well-known Discontinuous Galerkin method (DGM) to linear hyperbolic systems. 
In this work, we shall apply the Discontinuous Galerkin method to our 3-D multido­
main PSTD algorithm based on hexahedral elements, since this approach has been 
demonstrated superior stability in finite element families. The high efficiency of the 
previous PSTD scheme will be maintained by the use of Legendre nodes and Gauss 
Quadrature such that the mass matrix will be fully diagonal. The introduction of 
the DGM method will increase the robustness of the PSTD algorithm, and make it 
an efficient EM solver for large-scale applications. 
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Recently, high-order and spectral time-domain methods have received con­
siderable attention because of their potential to solve large-scale problems with 
increased computational efficiency than the lower-order methods. Of partic­

ular interest to us is the Discontinuous Galerkin Method (DGM). It provides 

a high-order spatial approximation, curved geometry flexibility, and ease for 
parallel computation. When the problem contains some curved objects, an un­
structured mesh is usually exploited to capture their curved surfaces. However, 
in the most common scenario, the unstructured mesh may reduce significantly 
the efficiency of DGM if most portion of the problem domain does not include 
curved surfaces. 

Here we introduce structured elements instead of unstructured ones in 
the problem region where no curved surfaces are present. This allows the 
Kronecker-product based computation for the structured elements, which is 
much more efficient than that for unstructured elements. Therefore, for a 
3D problem, the elements available include tetrahedrons, prisms and hexa­
hedrons. The spectral DGM is applied in each element by choosing a set of 
discrete points. Those points are distributed denser near the element bound­
ary to ensure a spectral approximation property. The field representations 
in each element are only based on these points. Then the fields within each 
element are updated separately. In order to ensure the correct boundary con­
ditions between adjacent elements, the fields discontinuities between elements 
are penalized by a face-based flux communication between adjacent elements. 
In addition, to simulate unbounded problem, a well-posed PML is used to 
truncate the computational domain. Numerical experiments show that the 
hybrid-element DGM is stable and much more efficient than the regular DGM. 
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Recent interests in modeling large-scale broadband electromagnetic prob­
lems have made the use of high-order and spectral time-domain methods more 
attractive because of their high efficiency and accuracy. However, there are 
tW\l major problems which challenge their practical applications. 

First, disparate spatial scales in different regions will degrade the efficiency 
of a high-order method if a uniform grid density is used everywhere. This 
issue arises because for regions with small electrical scales it is wasteful if a 
high-order grid is used; obviously, for these small-scale regions, a lower-order 
approximation is sufficient for the accuracy. 

Secondly, the mesh generation for a problem with complex geometry is 
challenging in a high-order method. Unlike the traditional finite-difference 
time-domain methods, the spatial discretization is much more complex for 
high-order or spectral methods because they need to accurately model the 
interfaces and boundaries. Mesh generators are normally good for a problem 
with regions having roughly the same scale, and are not ideal for mixed-scale 
problems. 

To overcome these two problems, we present an efficient and flexible pseu­
dospectral time-domain method. With the aid of interpolation, the inter­
element communication can be implemented in a flexible way. The collocation 
points across the interface between adjacent elements are no longer required 
to overlap. Therefore, it allows the accuracy order and the grid density to 
vary from element to element, in an optimal way according to the overall ac­
curacy requirement. Different regions can be meshed separately. Numerical 
tests on the stability, accuracy and efficiency of the novel PSTD method by 2D 
problems show that it has tremendous potential in solving complex practical 
problems. 
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While the discretization of the time-domain integral equations of electromagnetic 
scattering has traditionally been achieved with a Galerkin approach, the locally-corrected 
Nystrom method represents a possible alternative. The Nystrom method is inherently 
simpler as it solves for samples of the current density at points on the scatterer and has 
several advantages over a Galerkin method: It requires only the evaluation of the Green's 
function to compute most matrix elements and complex, mutipatch parametric basis 
functions are completely avoided (L. F. Canino, J. J. Ottusch, M. A. Stalzer, J. L. Visher, 
and S. M. Wandzura, Journal of Computational Physics, vol. 146, pp. 627-663, 1998). 
This paper outlines a method for the numerical solution of two-dimensional transverse 
magnetic time-domain integral equations using the locally-corrected Nystrom method 
with a predictor/corrector solution approach. 

In the spatial or temporal discretization of any equation, aliasing must be considered. For 
the spatial discretization, the use of a bandlimited incident field and a sufficient number 
of samples (in the Nystrom method) or basis functions (in a Galerkin method) per 
wavelength at the highest frequency ensures that minimal spatial aliasing occurs. 
Unfortunately, any Green's function with a temporal singularity is not bandlimited in 
time and so any temporal sampling will result in significant aliasing. Moreover, a 
temporal or spatial singularity in the Green's function is itself problematic in the 
computation of the impedance matrix elements. The locally-corrected Nystrom method 
accounts for the spatial singularity via local corrections to the impedance matrix at and 
near the singularity but it does not consider the temporal singularity. To address both of 
these problems, the Green's function can be filtered temporally. The filter function used 
in this work is based on the bandlimited interpolation function (BLIF) of Knab (J. J. 
Knab, IEEE Transactions on Information Theory, vol. IT-25, pp. 717-20, 1979). With a 
bandlimited and nonsingular Green's function, a simple linear approximation is then used 
in the temporal discretization of the current. 

Though the filtered Green's function is nonsingular and bandlimited, it is also, 
unfortunately, noncausal. To solve the system via time-marching, a predictor/corrector 
approach is used. While other methods, such as bandlimited extrapolation, are available 
to overcome this difficulty, the predictor/corrector method is the simplest approach that 
yields stable and accurate results. Another advantage of the predictor/corrector approach 
is that since extrapolation is avoided, much larger time steps result in stable simulations. 
In the predictor/corrector method, the current at the present time step is "predicted" by 
solving for the current without regard to the noncausal portion of the Green's function. 
The past values of the current are then "corrected" by solving again based on the 
predicted or future values of the current. The number of past time steps that are corrected 
is chosen to be equal to or slightly exceed the number of noncausal time steps in the 
filtered Green's function. Numerical results that verify the stability and accuracy of the 
proposed method will be presented at the conference. 
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Abstract 

We present the Sampling Biorthogonal Time-Domain Method 
(SBTD), a time-domain wavelet based full-wave numerical method 
for electromagnetic simulations. The properties of the method are 
analyzed and compared to those of Yee's FDTD, MRTD and other 
finite-difference time-domain methods in terms of approximation or­
der, stability and numerical dispersion. Using computational results 
from a number of 2D and 3D EM problems, the performance of the 
SBTD is compared with that of Yee's FDTD. It is shown that the 
SBTD method can reduce computational burden significantly. 

GeomcuyolM,,;rostripA""IIIlRArray 

Figure 1: Geometry of antenna array 

Figure 2: E-palane pattern: (a) with FDTD (b) with SBTD 
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. In recent years, Time Domain Integral Equation (TDIE) method for scattering analysis has 
received much attention and is believed to be in a mature stage, although a few problems 
concerning stability and accuracy still remain. The most widely used scheme is to discretize the 
scatterer with triangular patches and perform Marching-On-in-Time (MOT) with RWG basis 
function in space and linear interpolation in time. In this scheme, basis functions for space and 
time are decoupled to avoid time-consuming space-time integrations and the retarded time is 
accounted for only approximately. There are papers dealing with aforementioned problems but 
their approaches sacrifice computational complexities. 

The Method of Auxiliary Sources (MAS) (D. I. Kaklamani and H. T. Anastassiu, "Aspects 
of the Method of Auxiliary Sources (MAS) in Computational Electromagnetics," IEEE 
Antennas and Propagation Magazine, vol. 44, no. 3, pp. 48-64, Jun. 2002) is a variation of the 
standard Surface Integral Equation (SIE) technique and has been used successfully for 
frequency domain analysis. Unlike the SIE technique, where equivalent distributed sources are 
situated at the scatterer surface, discrete impulsive sources (auxiliary sources) located inside the 
scatterer are adopted for MAS in PEC scattering analysis. These discrete impulsive sources 
simulate the fields outside the scatterer accurately once the solution is obtained. Because of 
these sources, all the source integrals in SIE can be replaced by summations in MAS. Therefore 
MAS is computationally very efficient and simple to implement. But, there has been little effort 
to apply MAS in time domain. As far as we know, only two dimensional problem has been 
investigated (G. G. Bit-Babik et. aI., "The Method of Auxiliary Sources for Investigation of 
Pulse Scattering in Time Domain", DIPED-98 Proceedings, pp. 11-14,2-5 Nov. 1998). 

In this paper, MAS for three dimensional time domain scattering analysis is presented for the 
first time. MAS in time domain inherits all the advantages of MAS in frequency domain. 
Moreover, due to the use of spatially impulsive sources, decoupling of the basis functions for 
space and time is already done and the retarded time is accounted for exactly. Because various 
kinds of numerical error affect the stability and accuracy of the time domain solution, this 
feature is very important which means removal of one source of numerical error. In other words, 
solutions from MAS in time domain can be more accurate and stable than those from the 
standard SIE technique in time domain. 

We used implicit scheme for time marching and linear interpolation in time. And to handle 
the interior resonance problem, we adopted combined source solution, since combined field 
integral equation technique is not directly applicable to MAS formulation. 

Details ofthe method and the results will be discussed. 
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When an object is in a random medium, the conventional theory gives the 
apparent radar crosssection (ReS) of the object, which is reduced from the 
ReS in free space due to the scattering and absorption effects of the random 
medium. This reduction is represented by the optical depth of the medium. 
However, this does not include multiple scattering effects. 

In this paper, we present a multiple scattering theory of ReS in a random 
medium using scalar fields. We consider Dirichlet objects. We assume that 
the size and the surface radius of curvature of the object are greater than a 
wavelength; therefore, the Kirchhoff approximation is applicable. Also, we 
make use of the parabolic equation approximation for propagation, which 
should be applicable to many practical problems in microwave and optical 
scattering in the atmosphere and the ocean, as well as optical scattering in 
biological media. The medium is characterized by the Gaussian and 
Henyey-Greenstein phase functions. 

The formulation is based on the use of the circular complex Gaussian 
assumption. Making use of the stochastic Green's functions, ReS is expressed 
as the surface integral over the object. It consists of three terms. The first is 
the coherent component, the second represents the correlation between the 
coherent and incoherent components, and the third is the diffuse component. 
It includes the fourth-order moments, which are decomposed to the 
second-order moments by circular complex Gaussian assumption. It includes 
two effects: backscattering enhancement and shower curtain effects. Both 
phenomena have been discussed recently, but have not been included in most 
ReS studies. 

As an example, we consider a square conducting plate for the object. The 
shower curtain effect shows that ReS is greater when the random medium is 
close to the transmitter. The backscattering enhancement effect shows that 
ReS is increased if the correlation between the incident and scattering waves 
is included. The angular dependence of the ReS shows that ReS becomes 
insensitive to the angular variation of the object as the optical depth 
increases. 
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A radiation treatment of a random medium having discrete particles and a transparent 
background is presented based on the stochastic radiative transfer equations. The 
radiative transfer equations treat the medium as a binary stochastic mixture and they 
account for both vertical and lateral variations in the medium characteristics (F. Malvagi, 
et a!., J. Atmos. Sci., 50, 2146-2158, 1993). The equations also permit the particles and 
the background to have different thermal temperatures. 

The stochastic radiative transfer equations are reformed based on the transparent 
characteristics of the medium background and then solved in a discrete random layer over 
a rough interface. The particles within the layer are distributed within ellipsoidal spatial 
cells of various sizes with an average height and a horizontal extent. In solving the 
equations a semi-analytic technique that accounts for mUltiply scattered radiation is 
applied (M. A. Karam, J. of Electromagnetic Waves and Applications, 17, 829 - 848, 
2003). Numerical simulations based on the solution of the stochastic radiative transfer 
equations are performed to evaluate the performance of the linear spectrum-mixing 
model LSMM. The LSMM is widely used in hyperspectral data analysis, and it assumes 
that the observed spectrum within a sensor footprint or within a pixel is generated by a 
linear combination of small number of unique constituent spectral signature known as 
endmembers. 

The numerical simulations showed that the LSMM is valid if either of the following 
conditions is satisfied. 

Both the average height and the horizontal extent of the spatial cells are very large 
The discrete random layer is either sparsely or densely populated. 

The simulations also showed that the LSMM is valid only near nadir incidence if the 
height of the spatial cells is very large, and it is valid only near grazing incidence if the 
horizontal extent of the cells is very large. The discrete random layer is considered in 
this study because it could be used to model varieties of natural media such as broken 
clouds, discontinuous vegetation, foams over sea surface, precipitation, atmospheric 
aerosols, etc. 
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To be practical, a rough surface scattering model must be easy to implement and 
easily incorporated into existing models. At the same time, it must be accurate 
enough to give useful results. Here "practical" is defined to mean (1) no more than 
N-D integration away from low grazing angles, where N represents the dimension 
of the surface, (2) no more than 2N-D integration at low grazing angles, and (3) 
accuracy to within a few dB. 

The lowest-order small slope approximation (SSA) satisfies all three criteria away 
from grazing angles, but does not satisfy the third criterion for large-scale rough­
ness at low grazing angles. The nonlocal small slope approximation (NLSSA) is 
accurate at low grazing angles, but in its original form, I-D surfaces require 5-D 
integration and, thus, the NLSSA does not meet the second criterion. Earlier, we 
introduced an approximation that reduces the integration by two dimensions while 
retaining the accuracy at low grazing angles. We refer to this as the approximate 
NLSSA (ANLSSA). However, the ANLSSA still does not satisfy the second crite­
rion since it involves triple integration. In past work, we showed that the NLSSA 
cross section can be written as the sum of the lowest-order SSA cross section and 
an additional term, the latter of which can be considered a correction term for the 
lowest-order SSA. The approximation in the ANLSSA is made only to this correc­
tion term, and the ANLSSA can still be written as the sum of two terms-that is, 
the lowest-order SSA and a correction term (which has been approximated). To 
meet the second criterion for practicality given above, an additional approximation 
must be made to the correction term. To avoid confusion with the SSA, NLSSA, 
and ANLSSA, we call the resulting approximation the enhanced SSA (ESSA). The 
ESSA cross section is written as the sum of the lowest-order SSA cross section and 
the new correction term. Previously we proposed a scheme for a practical rough 
surface scattering model based on the ESSA. In this scheme, the SSA result is used 
away from low grazing angles where it is accurate and where the correction term 
makes no contribution. The correction term is added only at low grazing angles 
where it makes a contribution. 

To reduce the integration complexity of the correction term, the correlation func­
tions C(x) in the innermost integrals have been approximated by the first three terms 
of the Taylor series expansions about x = O. Initial numerical results using a Gaus­
sian roughness spectrum based on this approximation will be presented and dis­
cussed. 
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The frame-base beam-summation method is a rigorous technique that decomposes 
any field in an aperture of a real or virtual (Le., induced) source to a phase space 
set of beam propagators that emerge from a discrete set of points and orientations 
in the source domain. Using Windowed Fourier Transform (WFT) frames with 
Gaussian windows enables the complete and accurate decomposition of any source 
in the aperture to a set of simple Gaussian beams (GBs) that, unlike plane wave 
basis functions, can be easily and efficiently propagated in inhomogeneous media. 

The implementation of the GB procedure in rough surface scattering applications 
is managed by decomposing the incident and scattered fields into sets of GBs that 
are connected via GB-to-GB scattering matrices for the coherent and non-coherent 
fields. The rows of each matrix represent the scattered GB fields (coherent or 
non-coherent) due to a single incident GB. These scattering matrices are the GB 
equivalent of the scattering cross section of plane waves in the conventional spectral 
analysis of rough surface scattering. They provide the phase space representation 
of the local rough surface scattering mechanism, which can be extended thereby to 
non-plannar/non-stationary boundaries. One can now use the GB-to-GB scattering 
matrices in the overall problem of an inhomogeneous medium with rough surface 
boundaries, by propagating the GBs easily within the medium and using the scat­
tering matrices to acquire the relevant GBs scattered from the rough surfaces. 

Explicit results for the scattering matrices are calculated for weakly perturbed rough 
surface with Gaussian spectrum, and for a plane-parallel rough-surface waveguide. 
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Scattering of electromagnetic waves from multilayer rough surfaces has numerous 
applications including estimation of multiyear sea-ice depth, detection of 
subsurface characteristics for planetary applications, detection of oil spills on 
oceans, and estimation of multilayer soil moisture to varying depths. So far 
analytical methods have focused on a single rough surface, while multilayer rough 
surfaces have been treated by numerical techniques like the Steepest Descent Fast 
Multipole Method (SDFMM) or the FDTD. While the numerical techniques are 
capable of producing accurate results for these complex problems, their utility can 
often be undermined by the very high computational demand and long run times. 
As a result, their ultimate use in inverse scattering, the main goal of the 
applications above, is hindered. An analytical solution for the multilayer rough 
surface scattering problem could greatly benefit the efficiency and speed of the 
geophysical product calculations, and essentially lead to real-time geophysical 
product generation from remote sensing instruments. In this paper an analytical 
method to calculate the bistatic scattering coefficients of a three-layer rough 
surface is introduced. The problem deals with a three-region dielectric structure of 
which the top and bottom ones are half-spaces. The two boundaries are 
considered zero-mean stationary random processes. All layers are considered 
lossless and homogeneous. While most analytical methods on rough surfaces use 
dyadic Green function and the Extended Boundary Condition Method, in this 
paper we simply represent all fields in spectral domain with unknown 
coefficients. Small Perturbation Method is used to represent these unknowns in 
the form of convergent series. Boundary conditions are then applied to fmd a 
system of linear equations to solve for the zeroth and first order coefficients. The 
Method of Stationary Phase is used to calculate the fields, which leads to finding 
a closed form solution for bistatic scattering coefficients. The results are first 
compared against canonical cases of smooth surfaces. Results are then validated 
using those from numerical techniques for the general case of· two rough 
interfaces. The solution derived here is planned to be extended to the general case 
of an N -layer rough surface problem. 
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Numerical methods have been widely used to analyze microw~tve scattering frpm roug!). sunages. 
Finite computational resources dictate that the sUrface must be artificiallY truncated.- If tlie 
artificial surface edge is not treated properly, they may induce non-physical diffraction that 
could mask scattering from the actual rough-surface features of interest. Several methods have 
been proposed previously to solve this problem. In this paper a half-space Green's function 
formulation is proposed, to simulate rough-surface scattering with plane-wave incidence. In this 
formulation there is a smooth transition from the finite rough surface to an infinite half-space 
background. As discussed in this talk, such an approach has demonstrated good performance in 
minimizing edge effects. Compared with the traditional resistive-taper rough-surface 
termination, this method has the advantage of no extra artificial extended area (and hence a 
reduced number of basis functions). Moreover, since a combined-field integral equation (CFIE) 
may be used with this method, the half-space formulation has a significant advantage vis-a-vis 
the electric-field integral equation (EFIE) required by the resistive taper. Both the EFIE 
resistive-taper and CFIE half-space formulations are considered here, each solved via the 
multilevel fast multipole algorithm (MLFMA). The CFIE is generally better conditioned than 
the EFIE, yielding faster convergence of the iterative matrix solver used in the MLFMA model. 
We compare the numerical results of the half-space and resistive-taper MLFMA formulations, 
with good agreement observed. However, for the reasons indicated above, the CFIE-based 
half-space formulation is computationally more efficient, in both CPU and RAM. 

To consider rough surfaces of size beyond the capabilities of a rigorous MLFMA formulation, 
we also consider a high-frequency analysis. In particular, a ray tracing method is investigated, 
and validated where appropriate via the MLFMA. The ray tracing used in this paper is a 
combination of traditional ray tracing and PO (physical optics). 

In these studies large-scaled rough surfaces are generated by using a Bretscheider wave 
spectrum. The Bretscheider wave spectrum is well matched to the water-tank surfaces for which 
scattering measurements were also performed. The numerical and measured scattering data are 
compared in the talk. For the surfaces consider, and for these forward-scattering studies, the 
numerical results show that the ray-tracing method performs well even when the incidence 
angle tends to grazing. The two MLFMA formulations and the ray-tracing model are compared 
to wideband high-frequency measurements performed in the large water-tank scattering 
measurements. 
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The prediction of the radar scattering from a realistically large and complex target 
such as a ship on a rough sea surface is very challenging. Numerical methods 
such as the generalized forward-backward method (M.R. Pino, L. Landesa, J.L. 
Rodriguez, F. Obelleiro and R. J. Burkholder, IEEE Trans. Antennas Propag., 47, 
961-969, 1999) must model the target plus a large portion of the sea surface. This 
makes the computational domain extremely large, and becomes intractable for 3D 
targets at radar frequencies. On the other hand, efficient numerical methods for 
just the rough surface scattering are well-developed, such as the canonical grid 
method (1. T. Johnson, IEEE Trans. Antennas Propag., 46, 297-302, 1998) and 
simple physical optics. Likewise, efficient numerical solutions for the scattering 
by large 3D targets are also available, such as the multi-level fast multipole 
method (J. M. Song, C. C. Lu and W. C. Chew, IEEE Trans. Antennas Propag., 45, 
1488-1493, 1997). It is therefore of interest to decouple the rough surface from 
the target so that each region may be dealt with separately. 

The approach used here is based on a reciprocity formulation for computing the 
electromagnetic scattering from a target on a rough surface. This approach has 
been used previously for targets above a rough surface (T. Chiu and K. Sarabandi, 
IEEE Trans. Antennas Propag., 47, 902-913, 1999), and for jet engines inside 
long inlet ducts (P. H. Pathak and R. 1. Burkholder, IEEE Trans. Microwave 
Theory Techniques, 41, 702-707, 1993). The target backscattered electric 
field ES (i') at an arbitrary point F is given by an integral over the outer 

surface ST of the target as 

ES(F). pi = f[ES(F') X H' (F') - E'(F') x k(F')]. iidS' 

where ES (F'), HS (F') are the target-scattered electric and magnetic fields on ST . 

E' (F'),H' (F') are the incident electric and magnetic fields onST due to a dipole 

test source p' at F with the target absent, and are found using a rough surface 

scattering code. ES(F'),HS(F') are found by illuminating the target with the 

incident fields E'(F'),H'(F') and solving the local scattering problem of the 
target in the presence of the rough surface. This paper will discuss ways to solve 
the local scattering problem approximately without considering the entire rough 
surface. Numerical results will be presented which compare the accuracy of the 
decoupled approach with the full surface/target model. 
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Even though in the past, scattering calculations have focussed on the backscatter 
component, in recent years there has been an increased interest in calculating 
bistatic scattering from targets and natural surfaces. Methods for bistatic 
calculations have followed the techniques used for backscatter calculations, where 
a single incidence and scattering direction are identified and the scattering 
components are calculated in these directions. However, ideally bistatic scattering 
calculations should calculate the bistatic scattering components in all possible 
scattering directions. 

For periodic surfaces, the scattering components can be calculated exactly since 
the solution involves a discrete set of scattering modes known as Floquet modes. 
However, this set includes an infinite set of evanescent modes, which do not carry 
any power but are necessary to match the boundary conditions at the periodic 
surface. In practice, the series of evanescent fields is truncated at a point beyond 
which the contributions from these modes are negligibly small. The number of 
evanescent modes varies according to the roughness of the surface. For 
calculations of scattering from slightly rough to moderately rough surfaces, the 
number of evanescent modes may be small. However, for more complicated 
surfaces, a large number of such modes may have to be included. Furthermore, 
due to their exponential dependence, the computation of evanescent modes and 
their projections are generally tedious and may result in significant computational 
errors due to the large fluctuation in their values. 

In this paper, a technique, which eliminates the need to compute the evanescent 
modes, is presented. The evanescent modes are not simply substituted out, but 
instead they are factored out of the calculations by projecting the boundary 
conditions onto a subspace, which is orthogonal to all the evanescent modes. The 
method is exact and generates results, which are consistent with more established 
methods. Results from this method are compared with results from those from 
other methods and found to be similar. Since the number of propagating modes is 
finite, the computation speed is significantly faster. In addition, the elimination of 
the fast-changing, evanescent modes also improves the accuracy of this method. 
For lossless media, it is shown that the scattering components can be related to the 
incident components through a unitary linear transformation. This unitary 
transformation defines a model that provides the bistatic scattering components in 
terms of all possible incident scattering components. Several examples of bistatic 
scattering from ocean and terrain like surfaces are presented. 
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The electromagnetic wave nonlinear propagation in the absorbing 
media, including of random discrete inhomogeneities, is explored. The 
media is contained of semitransparent object in a view of sphere, cylinder 
and parallelepiped. There is supposed that the typical sizes of objects more 
large than the length of electromagnetic wave. In this paper we consider the 
model of electromagnetic signal multiple interaction with discrete 
inhomogeneities chaotically disposed in the media. 

The results of solving the problem of nonlinear electromagnetic 
wave interaction with stratified random discrete media are presented in 
paper (V.G. Spitsyn, IEEE AP-S International Symposium, 4, 398-401, 
2003). Method of Monte-Carlo is used for solve this task in indicated 
publication. However, for the realization of numerical experiments it is 
necessary a very large time of computation (V.G. Spitsyn, Modeling of 
radiowave scattering on the ionospheric plasma disturbances, created of 
space vehicle, Tomsk: Publishing House "STT", 2002). That is why we 
explored the possibility of application the optimization methods for solve 
this problem. 

There is constructed the artificial neural network, which described 
the state of random discrete media. The determination of neural network 
topology is realized on the base application of genetic algorithm (Y.R. Tsoy, 
Proc. of 7-th Korea - Russia International Symposium on Science and 
Technology, 3, 181-187, 2003). In the process of modeling of nonlinear 
electromagnetic signal propagation across the neural network is occur the 
changing of parameters and topology of neural network. In the result of 
calculation we received the distribution of wave absorption coefficient in 
media and the distribution of energy scattering and absorbing signal into 
media in dependence of time interaction. 
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Magnetic resonant imaging (MRI) has many advantages over the X-ray, ultrasonic and 
other images. The resolution and signal to noise ratio of the MRI are superior, because 
in the MRI no inverse scattering is involved. The FR coil of the MRI plays an essential 

role in the quality of the images. When commercial software is employed to analyze the 
RF coil, the slow convergence and high computational cost may be unacceptable. In the 
paper we present a technique that analyzes the RF performance of the coils in a simple 
manner, yet with high accuracy. We computes the desired 2nd resonant frequency of 
the harmonically rotating fields (referred to as the Bl) in terms of the configuration, 
geometry and material properties. ·We then evaluate the uniformity of the magnetic flux 
density with the field of view (FOV) and the display the vector fields, Finally, we present 
the way to optimize the system design the provides the maximum Bl under certain 
constrains. 
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Microwave radiation has so far shown promise for noninvasive imaging 
(detection) and treatment in medicine, from cancer detection to hyperthermia. 
Pulsed microwave probing has been used or suggested for a range of biomedical 
applications. A key element in this methodology is a suitably designed antenna 
structure, either as a single element or in an array configuration. 

In this work, we present a comparative study of several broadband antennas 
reported in the literature. These include resistively loaded dipole, bowtie and 
conical antennas, folded unipole antenna and the slotline-bowtie hybrid. Each 
one of these structures is modeled and numerically tested using the SEMCAD 
FDTD-simulation software, which allows us to incorporate detailed models of the 
human body in the simulation. These SEMCAD models include more than a 
hundred different distinguished tissue types. 

The testing procedure involves antenna simulation within a series of geometries 
and source excitations of interest. For example, the behavior of each antenna is 
evaluated for several possible locations (close to the head, adjacent to the human 
breast, in the mid-thigh section). In addition, various pulse widths and shapes, as 
well as continuous waveforms, are used for source excitations. Further, it is 
known that the impedance and characteristics of an antenna lying in the vicinity 
of the air-substrate interface exhibits large variations with the distance of the 
antenna from the interface. Therefore, the distance of antenna from the human 
body is also taken as a parameter in our numerical studies. Finally, in studies 
where the partiCUlar human anatomy allows, each antenna element is examined 
for its suitability for an antenna array. 

The modeling outputs used as measures (in various combinations of the above­
mentioned parameters) for this comparative study include transmitting and 
receiving antenna characteristics and the distribution of power deposited in the 
nearby tissues (SAR). 
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Abstract 

Hyperthermia is defined as the therapeutic use of temperatures above 41°C, where the 
goal of this therapy is to deposit heat in cancerous tissues. Heat can inactivate cells, 
cause tumor regression, and enhance the action of many anticancer drugs, all of which are 
desirable for cancer therapy. Recent success in the hyperthermia clinic has accelerated 
the development of technology of electromagnetic applicators. The purpose of this work 
is to develop electromagnetic hyperthermia applicators to treat the intact breast in patients 
with locally advanced breast cancer (LABC). To achieve this goal, the effects of a three­
dimensional arrangement of antennas and frequency on temperature distributions and 
power deposition that can be achieved in regional hyperthermia using an electromagnetic 
phased array are investigated. The antennas are end-loaded dipoles, and all calculations 
are performed using the finite element method. After the mesh is defined, the electric 
field is computed for each antenna and then superposed. This applicator is tested using a 
simulated breast phantom. To model this phantom, the thermal and electromagnetic 
properties of normal breast tissue and tumor are applied to a geometry model in 
FEMLAB. This model is placed inside the applicator, which is a tank filled with 
deionized water, and then power deposition responses generated are evaluated for the RF 
phased array prototype. Results of simulated power depositions in a 3-D breast model 
containing a tumor and normal tissue will be presented for a 4-channel RF array 
prototype. These results, which predict power depositions with the finite element 
method, will impact future array designs and treatment strategies for LABC patients. 

367 



FDTD Analysis of a Gigahertz TEM Cell for 
Ultrawideband Pulse Exposure Studies of Biological Specimens 

ZhenJi, Susan C. Hagness, John H. Booske 
Department of Electrical and Computer Engineering 

University of Wisconsin-Madison, 1415 Engineering Drive, Madison, W153706 

Satnam Mathur 
McKesson BioServices, Brooks City-Base, TX 78235 

Martin Meitz 
Department of Radiation Oncology 

University of Texas Health Science Center, San Antonio, TX 78229. 

A Gigahertz TEM (GTEM) cell has been designed and adopted for ultrawideband 
(UWB) baseband electromagnetic pulse (EMP) exposure studies of biological 
specimens. The objective of recent experiments is to examine cellular and 
molecular responses occurring after exposure of mammalian cells to high average 
peak power EMPs (~ I ns pulse width). In these experiments, the GTEM cell is 
loaded with T-25 flasks containing cells suspended in culture media. Important 
information about the spatial uniformity and temporal transients of 
electromagnetic fields within the media in the flasks is very difficult to obtain 
experimentally. Finite-difference time-domain (FDTD) simulations are regarded 
as a practical means of acquiring the required dosimetry information. 

The objective of this study is to obtain transient dosimetry information in a 
GTEM cell loaded with T-25 flasks containing cell culture media. The first phase 
of this study has focused on developing a realistic three-dimensional FDTD 
model of the unloaded GTEM cell and validating the simulation results by 
comparison with experimental measurements of the electric field pulses at several 
points within the GTEM celL The experimentally generated waveform is 
approximated in the FDTD simulations using a double exponential pulse with a 
width of ~ I ns. The time-domain vertical electric fields are recorded at several 
sampling points along the horizontal floor of the empty GTEM celL 
Experimental waveforms were measured at these same locations using an 
asymptotic conical dipole D-dot sensor. The FDTD-computed waveforms agree 
well with the experimental measurements. The second phase of this study 
involves computational studies of the GTEM cell loaded with T-25 flasks. Here, 
FDTD simulations are conducted to evaluate field distributions in space and time, 
as well as SAR distributions, inside the cell culture medium. In this talk, we will 
highlight the key results of these dosimetry studies. 
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Rectangular waveguide material characterization measurements using a reduced-aperture 
sample holder have recently been introduced in order to alleviate sample-size fabrication 
difficulties for low-frequency applications. This modal analysis based technique has now 
been expanded to accommodate multi-layered sample environments in order to support 
large flimsy materials or allow for samples that do not completely fill the longitudinal 
extent of the holder. In addition, since uncertainties in test sample thickness and 
placement are predominantly encountered in material characterization measurements, a 
differential error analysis is performed to determine associated error bounds. 

A wave transmission matrix approach was employed to model the multi-layered sample 
holder region (R.E. Collin, Field Theory of Guided Waves, IEEE Press, 1991). The 
complex field amplitudes of the first layer are related to those of the Nth layer through the 
cascaded product of individual 2 x 2 matrices that describe the incident and reflected 
waves in each layer. The differential error analysis on the material parameters is based 
upon a Taylor series expansion about the nominal test sample thickness f.o and 

placement Po. For example, the associated error bound for the real part of the 

permittivity s' is given by 

where the derivatives are computed numerically and the Triangle Inequality is used to 

obtain an approximation to the worst case error bound IL1S'I:::; IL1Sel + IL1S~I. 

Experimental results for a magnetic absorbing material that doesn't completely fill the 
longitudinal dimension of the sample holder will be presented to verilY the wave 
transmission matrix methodology. It will also be demonstrated that the deviations 
between ideal full-aperture and reduced-aperture measurements are readily explained by 
the uncertainties in test sample thickness and placement. 

t The views of the co-authors expressed in this article do not reflect the official policy 
of the U.S. Air Force, Department of Defense, or the U.S. Government. 
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In this paper, we introduce the Matrix Pencil (MP) method for the purpose of 
frequency domain analysis. Based on Harmonic modeling, any signal can be expressed in 
the form of sum of complex exponentials. It has been shown that the MP method can 
estimate both amplitudes and frequencies of the signal in noise (Y. Hua and T. K. Sarkar, 
Matrix pencil method for estimating parameters for exponentially damped/undamped 
sinusoids in noise, 1990). When the signal is corrupted by noise, signal and noise spaces 
can be separated via the Singular Value Decomposition (SVD). By setting enough 
number of dominant frequencies, i.e. number of largest singular values, we can get 
similar result as when using the Fast Fourier Transform (FFT). One aspect of the MP 
method is that there is no limitation of spectral sampling interval which is limited by the 
length of the sampled signal in the FFT. Therefore, close frequency components can be 
estimated with less number of samples. 

We analyzed sample signals using the MP method with window size of 400 
samples, and compared the results with the FFT with 1921 samples using measured data. 
The results were similar for both cases except that the MP method gave the more accurate 
frequency information than the FFT. However, since the number of estimated frequencies 
in the MP method is proportional to the window length, the results from the MP method 
showed less number of data than the other. We also applied the small length window to 
the data, and observed only some important frequency of the signal. It turns out that 
resonant frequencies could be estimated although the window length is smaller than the 
signal waveforms. Therefore, it is possible to reveal some information about the signal 
with a limited number of samples. 

The Matrix Pencil method is an alternative tool for high accuracy spectrum 
analysis and it can also be used to estimate the resonant frequencies of targets of interest 
using very few samples of the signal. 
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Pipelines are generally safe modes of transportation and are used to transport bulk 
of natural gas and hazardous liquids. Breaches in these pipelines pose a high risk 
to the lives and property of individuals and also generate hundreds of millions of 
dollar loss of the products carried in these pipelines. The federal government 
(Department of Transportation) and federal Office of Pipeline Safety (OPS) 
enforces on implementing an effective monitoring system that can save lives, 
millions of dollars a year in mishap losses, pipeline failure and vandalism, and 
losses due to potential terrorist activities. In current pipeline monitoring systems, 
there is a significant delay in identification and location of breach and all these 
processes involve high cost. Also no acceptable automated notification system has 
been designed, which in turn increases delay in notification and place significant 
burden on the resources of local public safety agencies. These objectives 
demonstrate the need to develop a real time monitoring system that can detect and 
locate a pipeline breach and thereby identify the geographic region of the hazard 
generated. 

In this paper, we propose a remote microwave measurement system for pipeline 
integrity monitoring. The system uses the pipe interior as a microwave 
transmission line (waveguide) and transmitters/receivers (transceivers) are used to 
monitor the pipe continuity. This system will detect small changes in signal 
transmission related to pipe wall penetrations/ruptures; after a breach is detected, 
the system applies time-domain reflectometry techniques (similar to radar 
imaging) to determine the relative location of obstruction or breaches in the 
pipeline. Upon detection of failure, it geo-locates the breach and provides 
telecommunications capabilities to notify and mobilize the response team within 
minutes of the event. An important attribute of this system is that the 
measurement will not disturb the gas medium being transported. Also the 
mechanical design of the transceivers will allow "hot installation" in a fully 
operational pipeline without the need to shut down. This will increase the 
potential application to existing (operating) pipelines without the need to shut 
down the gas and in tum has high application value. 
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SAW duplexers are very important components in the analog or digital mobile phone 
system. A duplexer has three ports - the receiver output, the transmitter input and the 
antenna ports (T. Makkonen, S. Kondratiev, V. P. Plessky, T. Thorvaldsson, J. Koskela, 
J. V. Knuuttila and M. M. Salonaa, IEEE Trans. Ultrason., Ferroelect., Freq. Contr., 48, 
3, 652-665, 2001). Most critical electrical requirements for a duplexer are very low loss 
in the transmitter and receiver filter paths and high isolation between them. The insertion 
loss for the receiver band sets the noise figure and degrades the sensitivity of the receiver. 
On the other hand, the insertion loss of the transmitter band has direct impact on the 
battery life of the radio. 

In this paper, we discuss the effect of inner ground plane on the isolation between Tx and 
Rx band in SAW duplexer package. Good isolation is achieved by reducing the coupling 
between transmitter and receiver channels. For the KPCS duplexer package, the chip is 
mounted on the inner ground plane which is a big metal piece. If we cut the center part of 
the inner ground plane, part of the fields above the inner ground plane will be absorbed 
by dielectric material. Then the isolation can be improved. Through the analysis of the 
field distribution, we cut different shapes on the inner ground plane to investigate the 
effect on the isolation improvement. Finally, we find cutting "x" shape from the center of 
inner ground plane can give us the best isolation. Fig. 1 shows the inner view of the 
package with the modified inner ground plane. The isolation can be improved from 1.73 
to 1.76 GHz at Tx band and 6.3 dB improvement is achieved at 1.75 GHz as shown in 
Fig. 2. At the same time, the performance in passband can keep the same. 

Fig. 1. Inner view of the package with 
the modified inner ground plane. 
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Accurate Modeling and Design of Printed Circuit Testing Board 
for SAW Duplexer Measurement 

Hao Dong", Thomas X. Wu', Kamran S. Cheema2
, Benjamin P. Abbott2 

I University of Central Florida, Orlando, FL 32826 
2 SA WTEK, Inc., Apopka, FL 32703 

The electrical properties of SAW duplexer largely depend on electromagnetic effects of 
chip layout, bonding structures and package. But with smaller size, higher frequencies 
and increased performance requirements, the printed circuit testing board (PCTB) has 
significant impact on the measurement of electrical characteristics of the duplexer (F. M. 
Pitschi, J. E. Kiwitt, K. Ch. Wagner, H. Bilzer, P. Schuh and W. Menzel, 2003 IEEE 
Ultrasonics Symposium, 401-406, 2003). For SAW duplexers, a key specification is the 
rejection which has to reach 60 dB levels. Therefore, the analysis and design of the PCTB 
become more important. 

In this paper, we discuss accurate modeling and design of the PCTB for SAW duplexer. 
The full-wave analysis is used to model the PCTB. The port definition and boundary 
setup are discussed. The comparison between simulation and measurement results is 
shown to prove the validity of our model. Based on this model, we investigate the PCTB 
substrate material, layer stack and exemplify the impact of PCTB on the measurement of 
electrical characteristics of the SAW duplexer. In order to reduce the impedance among 
the metal layers and reduce the coupling among the feeding transmission lines, periodic 
vias are made in the PCTB. The effects of plating vias and solid vias are compared. The 
position and number of the vias are investigated to minimize the reflections, losses and 
cross-talk. Fig. 1 shows the measurement setup for SAW duplexer on the PCTB. In this 
structure, the plating vias are used to reduce the impedance and cross-talk. This empty 
PCTB has excellent isolation among three ports. 

Transmitter Port 
Receiver Port 

Antenna Port 

Fig. 1. Measurement setup for SAW duplexer on the printed circuit testing board. 

373 



Analytical Modeling of Planar Coil Inductor on a Ground Plane 
Using a Segmentation Technique 

Marie Yvanoff and Jayanti Venkataraman, Rochester Institute of Technology, NY. 

The inductor has become a critical component in RF circuits. The prediction of its behavior over a broad 
range of frequencies is very important. Analyzing and modeling the inductance introduces many 
difficulties. At present, it has been done by full wave solvers and approximate quasistatic analysis, each 
with its own advantages and limitations. However, there is still a critical need for a simple closed form 
expression for the design of an inductor that includes ground plane and material parameters. 

In this work, a segmentation method is used that is based on dividing the geometry of the inductor into 
rectangles and combining the characteristics of the segmented elements by an interface network that 
includes spacing, line width, dielectric characteristic and ground plane. By this technique, simple 
expressions have been developed that require a very short computational time. As an example, a 2-tum 
inductor shown in figure I a has been segmented. The segments are connected via interconnecting ports that 
are different from the excitation ports I and 2 (figlb), using an interfacing network (figlc). The Z-matrices 
(ZI, Z2 .... Z7) corresponding to the individual segments are computed with the ground/power plane model 
(G. Lei, et al. "Wave model solution to the Ground/Power Plane Noise Problem" IEEE, April 1995). 

The resulting Z matrices are transformed to S-matrices in order to combine the segments through the 
interface network. The resulting S matrix of order of2 x 2 is converted to the Z matrix using eq. (I): 

[Z]=([U]-[S]t' (Zo[U]+Zo[sD (I) 

At portl, the input impedance with port 2 terminated by ZL is: Z. = Z _ Z12Z21 
m 11 Z22+ ZL 

(2) 

The reactance of the inductor (figla: E, =4, d,ub,"",=5J.lm, cr = inf, s = 2mm, w=2mm, a=b=20mm) and the 
corresponding S II and S 12 as a function of frequency are shown in fig2a and b and have been compared to 
full wave solvers. Comparison of theoretical and measured results will be done for a wide range of 
inductors at different frequencies. Based on these results, the validity of the elements of the Z-matrices and 
the interface network will be investigated for different spacing and coupling effects. 

Figla: 2 tum planar Inductor 
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Capacitive-Inductive-Capacitive Configurations in a Strip Line 
for Multi-Layered BPF Applications 

Yasushi Horii 
Kansai University, 2-1-1 Ryozenji Takatsuki, Osaka 569-1095, JAPAN 

Phone & Fax: +81-726-90-2476, E-mail: horii@res.kutc.kansai-u.ac.jp 

In recent years, multi-layered fabrication techniques have been advanced drastically with 

the progress of low temperature co-fired ceramic (LTCC) technology, and various kinds of 

high performance devices have been developed and miniaturized. In such a movement, this 

paper proposes a novel multi-layered band pass filter having two small capacitive­

inductive-capacitive configurations in a strip line substrate (CIC-BPF). 

Fig.1 shows geometry of the CIC-BPF, which includes two CIC-Iayers and an I/O-layer. 

Each CIC-Iayer is composed of two 12x4mm' capacitive patches and a 0.5mm meander­

like inductive line so as to work as a resonant element. In the I/O layer, a parasitic element 

with 7xlmm' is added to control frequencies of transmission zeros. Relative permittivity 

of all substrates is e, = 2.62. 

Scattering characteristic of the CIC-BPF, calculated by the FDTD method, is presented 

in Fig.2 (a). Comparing with a non-parasitic model by black ink, the CIC-BPF with a 

parasitic element shows narrower passband characteristic of BW.3dB= 10.5% and clear 

transmission zeros at 0.60GHz and 1.61GHz across the passband. Experimental result of 

the handmade prototype model fabricated on a Rexolite2200 substrate is also presented in 

Fig.2 (b). Though unacceptable errors are observed 

in experiments due to the tolerance occurred in the 

handmade process, the concept of the CIC-BPF 

can be validated. This filter configuration is 

suitable for developing a new type of LTCC BPFs 

in the shielded form. 

Parasitic element (Unit: mm) 

Fig. I Geometry of a CIC-BPF. 
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FDTD Simulation of Scattering from Objects with Double-Negative Material Characteristics 

J.F. Ma, Wenhua Yu, T. Su and R. Mittra 
Electromagnetic Communication Laboratory, 319 EE East 

The Pennsylvania State University, University Park, PA 16802 
Email: rajmiffra@ieee,org 

With appropriate modifications, the FDTD can handle both the electric and magnetic types of 
dispersive media, It has also been used to study double negative materials (DNG) [R, Luebbers, 
APSfURSI 2003], where waves propagating across an air-DNG interface and radiating within a 
DNG shell have been investigated, In this paper we extend the FDTD analysis to the simulation of 
scattering from objects with DNG property, and present some preliminary results for the problem 
of EM scattering from canonical objects filled with DNG, 

We consider a dielectric sphere for our example, and begin by computing the backscattering 
RCS of a dielectric sphere with a dispersive permittivity and constant permeability, We then 
compare the results to that derived by using the analytical formula, and see from Figure I that the 
agreement is good, Next, we repeat the problem for the case of a constant permittivity and 
dispersive permeability and again the results are found to agree well (see Fig,2), In the two cases 
simulated above, a single pole-pair Lorentz model (with different parameters) is assumed for the 
dispersive nature, The real part of the permittivity becomes negative in the frequency range of 26 
to 38 GHz, while the real part of the permeability goes negative between 26 and 34 GHz, When 
the both permittivity and permeability are dispersive, the material becomes a DNG in the 
frequency range where the real parts of both the permittivity and permeability are negative, Figure 
3 shows that the FDTD simulation results for the backscattering RCS of a doubly-dispersive 
dielectric sphere vs, frequency, along with the analytical result for the same, The sphere becomes 
DNG in the frequency range of 26 to 34 GHz, Caution must be exercised in choosing the correct 
sign of the wave number in the DNG range when computing the analytical result, as has been 
pointed out previously in the literature, We found that same care should also be used in choosing 
the sign of the wave number for frequencies close to the DNG region; otherwise the imaginary 
part of wave number might be positive and, hence, the result would be non-physicaL We note 
from Fig, 3 that the RCS does not exhibit an abrupt change in the DNG range, and the simulated 
results agree well with the analytical one, 
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Fig, I Dispersive permittivity sphere with flr=1.0 and sigma=O.O. Lorentz parameters are: 
Ei inf=2,5. Ei s=6,0. w=25 Ghz. 0=0,1 w 

Fig, 2 Dispersive permeability sphere with 8,=1.0 and sigma=O,O. Lorentz parameters are: 
fl_inf=L5, fl_s=3,0, w=25 Ghz, 0 =0.1 w 

Fig. 3 Doube dispersive sphere, Lorentz model parameters: Ei inf=1.5, Ei s=3.0, wl=25 GHz, 
ol=O.lwI, fl_inf=2.5, fl_s=6,0, w2=25 GHz, 02=0.1W2 - -
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Modeling High Contrast Metamaterials with 
Variable Higher Order Basis Functions 

B. c. Usner*, K. Sertel, J. L. Volakis 
ElectroScience Laboratory, Department of Electrical Engineering 
The Ohio State Univ., 1320 Kinnear Rd., Columbus, OH 43212. 

Current work on antenna miniaturization sugg~sts thilt high contrast compo~ites cl\ll !eaq 
to miniature and often broadband designs (Kiziltas' et. aI., IEEE io'03 Ant. Prop. 'Irit: 
Symp., voU, pp.485-488). However, accurate modeling of high contrast composites poses 
significant computational difficulties (Jin and Volakis, IEEE MTT-T, vol. 37, pp. 1641-
1645, 1989). In general, the presence of IErl acts as an error amplifier. That is, to achieve 
a field solution accuracy 6, the corresponding accuracy of the numerical method must be 
6/1Erl. Thus, for large values of IErl, accurate geometric modeling along with increased 
field resolution is necessary. 

Typically, to increase field resolution within high contrast regions one increased mesh 
density. However, this approach is not well suited for integration with design algorithms 
where many different material configurations must be considered. For example, refining 
the mesh globally can unnecessarily increase the total number of unknowns needed for an 
accurate solution. Additionally, local regridding around high contrast regions require new 
meshes for different material configurations making numerical design methods intractable. 
To avoid regridding, in this paper we propose high order basis functions whose order can 
be adjusted for higher accuracy. Specifically, hierarchical basis functions are analyzed to 
allow for dynamic upgrading of the order depending on accuracy. Traditionally, hierar­
chical basis functions have been avoided due to their tendency to cause ill-conditioning 
of the system matrix (Volakis et. aI., Finite Element Method for Electromagnetics, IEEE 
Press, 1998, p.62). However, recently introduced hierarchical basis functions (J0rgensen 
et. aI., IEEE 2002 Ant. Prop. Int. Symp., vol. 4, pp. 618-621) produce well conditioned 
system matrices even for expansion orders of ten or more. These basis functions were 
also shown to be very efficient even for a volume integral equation for the scattering from 
inhomogeneous dielectric objects (Kim et. aI., IV Int. Conf. on Ant. Theory and Tech., 
vol. I, pp. 113-116,2003). 

This work generalizes these hierarchical basis functions for volume integral equation 
formulations to study high contrast composites (Sertel et. ai., IEEE 2003 Ant. Prop. Int. 
Symp., vol. 3, pp. 2-5). The advantage of this approach is that both dielectric and magnetic 
materials can be modeled using only a single vector field unknown within each volume 
element. The use of both curl-conforming and divergence-conforming basis functions will 
be examined for the representation of the electric field intensity. Our analysis will be also 
compared with standard volumetric techniques (both FE-BI and VIE) employing linear 
expansion functions. Numerical results will be given for the scattering from composite 
targets containing high contrast ratios, as well as the extension of this method to compute 
antenna gain and impedance properties in the presence of sophisticated material designs. 
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Computing Bulk Effective Permittivity 
From Thin Film Simulations 

Keith W. Whites* and John Preheim 
Department of Electrical and Computer Engineering 

South Dakota School of Mines and Technology 
501 East Saint Joseph Street 
Rapid City, SD 57701-3995 

(whites@sdsmt.edu) 

There are many techniques available for computing the quasi-static effective 
permittivity, e.ff, of a composite material formed by periodically loading a host 

material with electrically small inclusions. For particles of separable shape, it is possible 
to employ T-matrix methods and obtain accurate e.rr values at essentially any realizable 
volume fraction. Results for two-phase metallic spheres are available in the literature (R. 
C. McPhedran and D. R. McKenzie, Proc. R. Soc. Lond., A. 359,45-63, 1978), as well as 
for multi-phase cylinders (F. Wu and K. W. Whites, Etectromagn., 21, 97-114,2001) and 
spheres (K. W. Whites, J. Appt. Phys., 88, 1962-1970,2000). 

In the case of complex-shaped inclusions (Le., those that have a non-separable shape), it 
is also possible to obtain accurate values for e.ff, though often at a much higher 
computational expense. These methods include integral equation solutions for cylindrical 
particles (B. Sareni, et at., IEEE Trans. Magn., 33, 1580-1583, 1997), as well as three 
dimensional particles (K. W. Whites and F. Wu, IEEE Trans. Microwave Theory Tech., 
50,1723-1729,2002) 

There are two assumptions common to all of these techniques. The first is that space is 
completely filled by the periodic placement of particles. The second is that an excitation 
is provided to produce a uniform effective polarization density throughout this space. 

While these are fairly banal assumptions, they are conditions not usually available in 
commercial computational electromagnetics packages. Such software has become 
extremely powerful in the simulation of EM scattering by complex-shaped objects in 
complicated environments. It would be advantageous to apply these tools in the 
computation of quasi-static effective permittivity for artificial electromagnetic materials. 

In this paper, we will describe a technique we have used to compute the quasi-static e.ff 
for electrically-thin films of periodically located particles .with potentially complex shape. 
From the uniform plane wave scattering by these thin films, we have been able to 
accurately extract the bulk quasi-static e.fffrOm films that may only be 10 particles thick. 

As an example, a lattice of metallic "cone-needles" as 
shown in the figure was simulated in Microwave 
Studio from CST, Inc. This is a commercially 
available simulation package that uses the finite 
integration technique. At a volume fraction of only 
12%, 8"eff =13.9 along the particle axis, which compares to only 8"eff =1.4 for 
conducting spheres at a similar volume fraction. This approach has been validated to less 
than I % difference in e.ff for lattices of metallic spheres and cubes using results from the 
references listed earlier. 
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Averaged Transition Conditions for Electromagnetic Fields at a Uniform 
Periodic Distribution of Small Scatters 

Mohamed A. Mohamed* 
Edward F. Kuester 

Dejan Filipovic 
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425 UCB, Boulder, CO 80309-0425 
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Christopher L. Holloway 
National Institute of Standards and Technology 

Electromagnetics Division 
U.S. Department of Commerce, Boulder Laboratories 

325 Broadway, Boulder, CO 80305 

Melinda Piket-May 
Department of Electrical and Computer Engineering 

University of Colorado 
425 UCB, Boulder, CO 80309-0425 

A meta film, the two-dimensional equivalent of a metamaterial, is a distribution of 
electrically small scatterers in a surface. In a previous work of the authors, 
generalized sheet transition conditions CGSTCs) for the average electromagnetic 
fields across a random metafilm characterized by electric and magnetic 
polarizability densities were derived. The GSTCs are expected to have wide 
application to the design and analysis of antennas, reflectors and other devices 
where controllable scatterers are used to form a "smart" surface. In this work the 
GSTCs for a uniform periodic distribution of scatterers is derived. A comparison 
between the plane wave transmission and reflection coefficients of random and 
uniform scatterer distributions in the metafilm in the limit of small scatterer 
separation is presented. In addition, the dependence of reflection and transmission 
coefficients on incidence angle will be examined using an implementation of the 
GSTCs in the finite element method. 
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Wave Propagation through Chiral Periodic Structure with 
Arbitrary Shape 

Xiaomin Yang* and Thomas X. Wu 
Department of Electrical and Computer Engineering 

University of Central Florida 
Orlando, FL 32816 

Attention has been focused on electromagnetic chirality (D. L. Jaggard, A. R. Mickelson, 
and C. H. Papas, Appl. Phys., 1979, vol. 18), and its potential applications to microwave, 
millimeter wave and optical wave devices. In this paper, we investigate wave propagation 
through chiral periodic structure with arbitrary shape. The structure is composed of a 
chirallayer with dielectric constant Ii and chirality parameter K as shown in Fig. 1. The 
upper air-chiral boundary is arbitrarily curved, while the lower boundary is flat. 

Although perturbation theory and coupled-mode theory have been used to analyze chiral 
periodic structure (K. M. Flood and D. L. Jaggard, IEEE Journal of Quantum 
Electronics, 1994, vol. 30, pp. 339-345), those are approximate methods and can only be 
used for low frequency applications. In our analysis, we use rigorous mode-matching 
method to solve the problem. Staircase approximation is introduced to change the curved 
structure to a multilayer structure. The field solutions in the uniform air regions and 
unbounded air-chiral periodic array have been derived. Mode-matching method is used at 
the boundaries to calculate the scattering characteristics. Numerical results are displayed 
to explain the underlying physical properties of the chiral periodic structure. We have 
investigated and explained Wood's anomalies at high frequencies by the excitation of 
leaky waves guided along the periodic layer. The influence of frequency, chirality 
parameter, incident angle, curve shape and period are discussed. We have also found the 
chiral periodic structure can be used as both a frequency selective device and a mode 
conversion device. 

Fig. 1. A chiral periodic structure. 
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Scattering of a Plane Wave by Two Strongly Coalescing Perfectly Conducting 
Spheres 

Robert H. MacPhie* and Cintia Man 
Department of Electrical and Computer Engineering 

University of Waterloo, Waterloo, ON N2L 3G 1 Canada 
E-mail: r.macphie@ece.uwaterloo.ca 

Almost a century ago Mie obtained the solution for the scattering of a plane 
electromagnetic wave by a sphere (Ann. Physik, 25, p.377, 1908). He made use of 

potential functions leading directly to the spherical multipole fields M~: (r, 8, <l> ) and 

N~J(r ,8, <l» scattered by the sphere. More recently, Bruning and Lo solved the problem 

of plane wave scattering by two separated spheres (IEEE Trans. AP-19, p.378, 1971) by 
using two sets of multipole fields scattered from each sphere. 
In this paper we consider two strongly coalescing spheres of equal radius a with center to 
center spacing of d<a as shown in the diagram below. However, instead of using two sets 
of scattered multipole fields originating at the centers 0 and 0' of spheres A and B 

respectively, we consider only multipole fields N~~ and M~: from sphere A. 

The plane wave is expanded as a sum of multi pole fields N~~ andM~~. We require that 

the total tangential E-field vanish on the partial spherical surfaces of both sphere A and 
B. To express the multipole fields from sphere A in the coordinates of sphere B we use 
the Translation-Addition Theorem (Stratton, Electromagnetic Theory, p.563, 1941). Then 
Galerkin's Method leads to a set oflinear equations for the scattered field amplitudes. 
Unlike the cases of single or separated spheres, the multipole field products, when 
integrated over the two partial spheres are not orthogonal. However, we have obtained 
closed form expressions for the integrals which are valid for any separation d. Numerical 
results will be presented for various sphere sizes and separations. 
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