






















































































































































































































































































































































































































































































































































































































Fundamental Characteristics of a Printed Antenna On 
Planar Structures with Periodic Metallic Loading 

H. Y. David Yang 
MlC 154, Dept. of Electrical Engineering and Computer Science 

University of Illinois at Chicago, Chicago, IL 60607 

In recent years, there has been significant renew interest in microwave 
applications of wave band-gap technology, particularly in two or three­
dimensional periodic structures. A few years ago, we proposed the use of 
artificial periodic materials as the integrated-circuit substrates to eliminate 
surface-waves within the frequency band-gap zone (H.Y.D. Yang, IEEE Trans. 
MTT, vol. 45, 428-435, 1997). It was concluded however that with common 
material periodic elements, complete surface-wave elimination is not easily 
feasible. The use of periodic metallic loading, due to large electric-field density 
and resonances, results in a large variation of phase constant within a short 
frequency range and surface-wave band-gap in all directions (H.Y.D. Yang, et. al. 
IEEE MTT-Symp. Digest, 2000). However due to large phase constant variation, 
the bounded modes or complex modes (in the band-gap) may easily tum into 
leaky-waves that are faster-waves with a small attenuation constant. 

This paper presents the fundamental characteristics of a printed antenna on a 
multi-layer dielectric structure with planar arrays of patches or dipoles. The idea 
is to deign a printed antenna that has high efficiency (without surface-wave) and 
high-gain (with leak-wave generation) with a thin substrate and small electric 
spacing between periodic elements. By designing the periodic substrate that 
supports fast leaky-wave within the surface-wave band-gap, we demonstrate that 
such a printed antenna is possible. Numerical analysis of the pertinent problem 
first deals with the same structure but with infinite phased arrays of (5 sources 
(the periods of the sources and periodic patches or dipoles are the same). The 
field solution of such structures can be found with a standard Floquet mode 
expansion of the field in conjunction with the moment method. Subsequently, an 
analytic array-scanning scheme (V. Galindo, IEEE Trans. AP, 424-429, July 
1968) transforms the fields due to infinite phased arrays to those due to a single (5 

source while the otherwise periodic structures are unchanged. This procedure is 
the integration of the phased array solutions over a period of 2", (for a planar 
array, it is a double integral). The quantities of interest are the far-zone radiated 
fields (power) and the periodic surface-wave fields (power) extracted from the 
total fields through asymptotic analyses similar to that for a (5 source on a 
grounded uniform slab. 

The effects of the periodic substrate to the antenna directivity, gain, periodic 
surface-wave directivity and power, and the radiation efficiency (defined 
according to the power distributions among the radiated waves and surface 
waves) are highlighted. Antenna gain measurements are performed to support 
the theory. 
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RECONFIGURABLE ELECTROMAGNETIC BANDGAP 
STRUTURES: MODELING AND EXPERIMENTS 

Richard W. Ziolkowski t, Michael Hill and John Papapolymerou 
Electromagnetics Laboratory, Department of Electrical and Computer Engineering 

The University of Arizona, Tucson, AZ 85721-0104 USA 
Tel: (520) 621-6173 Fax: (520) 621-8076 

E-mail: ziolkowski@ece.arizona.edu 

Nanometer and micron sized optical devices are currently being explored for their 
applications in a variety of systems associated with communications, data storage, 
optical computing, etc. It has been demonstrated that photonic bandgap (PBG) 
structures can be used at these sizes to form extremely narrow bandwidth filters, 
extremely small laser cavities, and extremely small waveguiding structures by a 
variety of research groups. The ability of the FDTD approach to model finite-sized 
PBG structures with the defects required to form these filters and waveguides, and 
to recover known behaviors has been demonstrated. The FDTD scheme provides a 
PBG simulation environment that is quite flexible in terms of the allowed variations 
in the PBG structure and the excitation pulses. There has also been much activity 
in the microwave area to use the corresponding electromagnetic bandgap (EBG) 
structures, for examples, as frequency filters, surface wave mitigators, and reflectors. 

One EBG structure that has received attention both in the microwave and the optical 
regimes is the woodpile PBG. We have simulated and built a finite sized log cabin 
EBG from square metallic rods. A wide bandgap region where little electromagnetic 
energy is transmitted through the structure has been demonstrated both numerically 
and experimentally. The structure has also been modeled with a set of passive 
defects by removing one partial row of rods in the center of the structure. The 
difference between the structure without and with the defects has been studied 
numerically. It has been demonstrated that a narrow microwave frequency filter can 
be achieved with the defective EBG structure. Experiments have confirmed this 
general behavior. 

A reconfigurable frequency filter has been achieved by introducing defects in one row 
of the woodpile by inserting diodes into a set of rods in that row. The diodes can 
be switched on or off. When the diodes are on, the rods are completely conducting 
and the resulting structure looks like the original passband EBG filter. When they 
are off, gaps in the bars are introduced and the passband appears. Simulations and 
experiments demonstrating this behavior will be presented. 

It has also been sbown that the EBG structures can be used successfully for waveg­
uiding environments and that additional defects can be used to actively control 
the flow of the power in the EBG structures. A millimeter reconfigurable metallo­
dielectric waveguide EBG power-divider and switch bas been successfully designed 
numerically. We are currently trying to realize a similar configuration in Duroid at 
microwave frequencies. The results from all of these simulations and experiments 
will be reviewed in our presentation. 
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Integration of Planar Antennas and Defect Resonators 
in Two-dimensional EBG Substrates 

W. 1. Chappell*, M. P. Little, 1. D. Shumpert, and L. P. B. Katehi 
Radiation Laboratory, EECS Department 

University of Michigan, Ann Arbor, Michigan, 48109-2122 

Two-dimensional electromagnetic band-gap (EBG) structures have yielded a 
number of applications for improved antenna and circuit applications. In 
particular, by fabricating a slot antenna over a reflecting back plane and filling the 
resulting parallel plate waveguide with an appropriately designed two­
dimensional EBG substrate, significant enhancements in antenna performance 
have been achieved (Shumpert, Chappell, and Katehi, IEEE Trans. Microwave 
Theory Tech., vol. 47, no. 11, pp. 2099-2104). The parasitic parallel plate 
substrate modes that radiate energy away from the antenna are trapped and the 
energy is stored within the EBG lattice. Consequently, a planar antenna with 
virtually no substrate modes is created yielding an estimated efficiency between 
85 to 90 percent. 

Recent investigations of reduced height defect resonators, created by removing a 
single element in an EBG lattice, were found to have an unloaded Q of 
approximately 700 (Chappell, Little, and Katehi, 2000 MTT Symposium). By 
integrating a two-dimensional EBG substrate containing a defect resonator with a 
slot antenna, the antenna can be coupled to another antenna for use in quasi­
optical applications or can be coupled through the defect to other planar receiver 
circuitry. By creating a defect by removing specific elements in the periodic 
structure surrounding the slot antenna, a high-Q resonance is formed. Since the 
periodic inclusions in the substrate do not allow energy to propagate through the 
EBG lattice in specific directions for a range of frequencies, energy radiated into 
the substrate at a frequency inside this band evanesces into the lattice. By 
coupling the evanescent fields of the antenna to the defect, an integrated system is 
created that provides isolation and allows the substrate radiation to be usefully 
directed. The number of periodic layers and the relative locations of the antenna 
and the defect in the EBG lattice determine the coupling between the antenna and 
the resonator. The coupling will be increased if few lattice inclusions separate the 
antenna and the resonator. Conversely, the coupling will decrease if many lattice 
inclusions separate them. Additional defects could be implemented to develop 
specific filtering responses. 

Designing appropriate EBG substrates for stronger coupling and utilizing the 
defect resonator as a feed for the slot antenna are computationally modeled and 
experimentally verified in the present work. Specifically, the coupling mechanism 
between the antenna and the defect will be investigated in an attempt to develop 
useful components for a millimeter wave front-end subsystem. 
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Surface Wave Mitigation using Photonic Bandgap Structures 

P. Keith Kelly, T. Kutrumbos, T. Lammers, M. Piket-May 
Electrical and Computer Engineering 

University of Colorado, Boulder, CO 80309-0425 

Simply speaking, photonic bandgap structures are periodic structures in which 
specific bands of frequencies are not propagated. The filtering capabilities of 
these structures make them potentially useful in applications that require passive 
mitigation of surface waves or any type of microwave transmission. In this paper 
finite-difference time-domain (FDTD) simulations are used to model PBO 
structures. A variety of photonic band gap structure applications will be discussed 
to illustrate the simulation capability. These simulations allow us to rapidly 
determine the frequency and time-domain characteristics of various PBO 
structures. Measured and simulated PBOs used as novel microstrip filters, with 
periodic holes drilled in the substrate or ground plane, will be shown. FDTD 
simulations of PBO surfaces enhancing the directivity of a microstrip patch 
antenna will be presented. FDTD simulations showing the mitigation of surface 
waves on cylindrical structures will be shown. Finally, general surface wave 
mitigation and the use of FDTD-generated band diagrams will be discussed. The 
importance of the thickness of the PBO material with respect to specific 
frequency mitigation will be shown. 
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ANAL YTICAL THEORY OF SCA TTERING 
ANOMALlIES FOR PERIODIC CONDUCTING AND 

DIELECTRIC SURFACES. 

M. I. Charnotskii 
NOAA Environmental Technology Laboratory/Science and Technology Corp. 

325 Broadway, Boulder CO, 80303 USA 
E-mail mcharnotskii@etl.noaa.gov 

Grazing Perturbation theory was introduced recently for the scattering of 
vertically polarized waves by a periodic perfectly conducting surface (M. I. 
Charnotskii, PIER, 26, pp. 1-67,2000). This theory complements the 
conventional perturbation theory and predicts a nonlinear dependence of the 
scattering amplitudes on the roughness heights for slightly rough surface in the 
presence of diffraction orders propagating at low grazing angles. Grazing 
perturbation theory revealed the existence of the intrinsic surface impedance that 
strongly affects the scattering when low grazing diffraction order is present. Here 
we discuss the extension of the grazing perturbation theory to a periodic interface 
of two media. 

We show that conventional perturbation theory fails for vertical 
polarization for good conductors when surface plasmon is exited, and for good 
dielectrics in the presence oflow grazing modes. Alternative perturbation theory 
will be presented that complements the conventional perturbation theory, and is 
accurate in the presence of surface plasmons and/or grazing modes. Similar to 
Grazing Perturbation theory we show that scattering periodic surface features 
effective impedance that depends on the geometrical and electrical properties of 
the surface. Effective Brewster angle associated with this effective impedance 
serves as a boundary between the validity regions of the conventional and new 
perturbation results. 

Our results indicate that for vertical polarization scattering amplitude of a 
periodic interface is a non-analytical function of roughness height and incidence 
angle in the vicinity of scattering anomalies. We found that conventional and new 
perturbation results can be combined in a relatively simple set of analytical 
formulas for scattering amplitudes, which compare favorably with direct 
numerical calculations. 
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An Approximation of the NLSSA Scattering Cross Section 

Shira L. Broschat 

School of Electrical Engineering and Computer Science 
Washington State University 

PO Box 642752 
Pullman, WA 99164-2752 

Numerical studies have shown that the small slope approximation (SSA) for scat­
tering from rough surfaces gives excellent results over a broad range of scattering 
angles. However, at large rms slopes and as the correlation length is increased, the 
SSA becomes less accurate, particularly at low grazing angles. At these angles 
multiple interactions at distant points on the surface affect the scattering levels. In 
an effort to explicitly include these multiple, non-local interactions, Voronovich 
introduced the non-local small slope approximation (NLSSA), a generalization of 
the SSA. He showed that the lowest-order NLSSA scattering amplitude, or equiv­
alently the T-matrix, reduces to the second-order SSA scattering amplitude under 
appropriate conditions. It also reduces to the second-order perturbation theory re­
sult in the small height limit and to the Kirchhoff approximation result for smooth 
surfaces and away from low grazing angles. Finally, Voronovich showed that the 
NLSSA generally accounts for double scattering in the high frequency limit. 

Broschat and Thorsos presented numerical results for the lowest-order NLSSA 
incoherent bistatic scattering cross section for 2-D, perfectly conducting surfaces. 
These results agreed well with "exact" Monte Carlo integral equation results and, 
in particular, were more accurate than the higher-order SSA results at low for­
ward grazing angles. However, the computational cost of obtaining these results 
was prohibitive. In this paper, we discuss an approximation to the NLSSA scat­
tering cross section that reduces the computational complexity of the integration 
substantially. The original form of the lowest-order NLSSA scattering cross sec­
tion equation requires evaluation of an extremely challenging multiple integral. 
The approximation results in a sum of three integrals of successive difficulty; the 
first integral is actually the lowest-order SSA result. Numerical results for bistatic 
scattering at low grazing angles are presented for 2-D, perfectly conducting sur­
faces and TE polarization. These results are compared with results obtained using 
the SSA and the original NLSSA, and the trade-offs for each of the three methods 
are discussed. 

0-7803-6369-8/00/$10.00 ©2000 IEEE 293 



NUMERICAL SIMULATION OF SCATTERING FROM AN IMPEDANCE ROUGH 
SURFACE AT LOW GRAZING ANGLES 

A. G. Voronovich* 
NOAAlEnvironmental Technology Laboratory. Boulder, CO 
V. U. Zavorotny 
NOAAlEnvironmental Technology Laboratory/CIRES, Boulder, CO 

Presently there is no a reliable analytical method that can successfully treat the problem of wave 
scattering from a sea surface at low grazing angles (LGA). For this reason researchers most 
frequently rely on numerical techniques. The problem of scattering of electromagnetic (EM) 
waves from a rough dielectric surface can be significantly simplified if considered for a 2-D case. 
Further simplification is possible if an impedance approximation of the exact boundary condition 
is involved. When both approximations are used the problem reduces to the solution of a single 
scalar linear integral equation with respect to a surface field. 

There are two issues related to the numerical treatment of this equation. The first issue is a number 
of unknowns. The size of a radar footprint or the dominant roughness wavelength could reach 
hundreds of meters. Then, a conventional "lambda! 10" discretization leads to 105 unknowns for 
centimeter EM waves. The linear system of such a dimension cannot be solved by a brute-force 
approach. The other issue is a calculation of the entries for the interaction matrix that might be 
very time-consuming. The approaches to the effective solution of this problem suggested recently 
are based on iterative methods (e.g., D. A. Kapp and G. S. Brown, IEEE Trans. Antennas 
Propagat., 44, 711-721,1996; D. Holliday et aI., IEEE Trans. Antennas Propagat., 44, 722-729, 
1996) that physically correspond to splitting of the total field into forward- and backward­
propagating components that are weakly-interacting in the LGA case. 

Our approach is based on the same idea. The novel elements are as follows: 

I} We use smallness of the Rayleigh parameter associated with the small-scale component of sea 
surface roughness. This allows taking into account the small-scale component of roughness by 
a perturbative approach. Then, the unperturbed roughness includes only a smooth component. 
This produces even weaker interaction between forward and backward components of the 
field. 

2} The fast-oscillating factor associated with the phase of the incident wave is extracted from the 
unknown total field at the surface. Then the reduced field becomes a slowly varying function, 
and the interval of discretization can be made significantly larger. 

3} The unknown field between discretization points is represented by the second-order 
polynomial. Hence, an evaluation of the entries of the interaction matrix reduces to a 
calculation of some "basic" integrals involving products of exponential, power, and Hankel 
functions. An effective numerical procedure has been developed for the computation of these 
integrals. 

As a result, the numerical solution of the scattering problem for X-band waves and for 100 m of 
the footprint length is performed on a standard PC for less then Y, hour. The relevance of the 
results to explanation of the HHlVV polarization-ratio anomaly will be discussed. 
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On the Calculation of Rough Surface Cross Section Under Conditions 
of Strong Multiple Scattering 

Gary S. Brown 
ElectroMagnetic Interactions Laboratory (EMIL) 

Bradley Department of Electrical & Computer Engineering 
Virginia Polytechnic Institute & State University 

Blacksburg, VA 24061-0 III 

The calculation of rough surface scattering cross section is now being routinely carried 
out by numerical means both for specific surfaces and also for single realizations from a 
class of randomly rough surfaces. Generally, such computations are accomplished using 
either plane wave or beam illumination with the particular type of illumination dictated 
by the numerical technique used to solve the scattering problem. For example, FDTD 
methods employ plane waves while moment method approaches employ a simulated 
beam illumination. For randomly rough surfaces, both approaches generally always 
assume that the scattering process is statistically homogeneous. In the case of beam 
illumination this means that moving the center of the beam around on the surface has no 
effect on any of the moments ofthe scattering process. It is less easy to define exactly 
what this means in the case ofFDTD calculations because of the unbounded nature of the 
plane wave illumination. In addition, it is frequently assumed that if the surface is 
statistically homogeneous, the scattering process will also be statistically homogeneous 
and one need not be concerned with the exact placement of a beam on the surface. The 
purpose of this paper is to discuss a situation where this assumption may, in fact, not hold 
and to consider its implications. 

For low grazing scattering from certain classes of rough surfaces, it is very probable 
that multiple scattering will occur. Under the additional constraint of back scattering, 
multiple scattering becomes particularly important because it can give rise to scattered 
energy in a direction that frequently has no other source of energy. For example, in the 
case of high frequencies and horizontal polarization, the conventional mechanism of 
Bragg resonance scattering is very weak yet there is frequently a very strong scattered 
signal. This strongly suggests the mechanisms of wedge diffraction, resonant wave 
packet diffraction, or incipient wave breaking. While each of these sources of wave 
scattering acting alone is a source of back scattering, they may also be involved in 
multiple scattering on the surface. That is, energy forward scatters from one point on the 
surface to the location of these features and then is scattered a second time into the 
backscatter direction. IfFDTD or moment method techniques are used to calculate 
scattering from such surfaces, these multiple scatterings will be averaged into the 

ensemble-averaged <T0( (};, -(};) for the surface. However, if a short pulse radar is used to 

measure the same quantity, one may well get a different result because the multiple 
scattered component will appear in a "range bin" that is different from the one it 
originated in. While averaging may smear this effect out, such is not always the case. 
This is the problem that this paper will address. 
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Low-Grazing Angle Backscatter from 2D 
Targets on a Time-Evolving Rough Sea Surface 

Robert J. Burkholder', M.R. Pinol, and F. Obelleiro1 

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

E-mail: burkhold@ee.eng.ohio-state.edu Phone: (614) 292-4597 

1 Universidad de Vigo, Dpto. Tecnologias de las Comunicaciones 
ETSE Telecomunicacion, Campus Universitario, 36200 Vigo, Spain 

The low-grazing angle (LGA) electromagnetic backscatter from a PEe tar­
get on a rough sea surface may vary significantly as the surface evolves with 
time. To study this phenomenon numerically, the generalized forward back­
ward (GFB) method is used to compute the backscatter from a 2D target on a 
very long rough surface (M.R. Pino, L. Landesa, J.L. Rodriguez, F. Obelleiro, 
and R.J. Burkholder, IEEE Trans. Antennas Propag., 47, 961-969, 1999). 
The surface is randomly generated using the Pierson-Moskowitz ocean wave 
spectrum for a given wind speed, and evolves with time according to a linear 
gravity wave dispersion relation. The GFB method computes the plane wave 
backscatter (2D radar cross section, RCS) from the target at isolated instants 
in time for a given LGA of incidence. The ReS is then plotted as a function 
of time. 

The LGA case is particularly interesting to study because the incident field 
that illuminates the target (including the reflection from the sea surface) is 
nearly coherent, even for relatively high wind speeds. Therefore, the time 
variation in the ReS of the target must be due to the locally changing sea 
surface in the vicinity of the target. As the numerical results will show, the 
primary trend in the RCS vs. time plots is directly related to the height of the 
target as it moves up and down with the large scale waves, with the minima 
and maxima corresponding to troughs and swells, respectively. The small scale 
waves have a less noticeable effect. However, in these results the target is not 
allowed to roll with the waves. Additional numerical results will show that the 
variations caused by the rolling of the target are usually more significant than 
that caused by the time changing sea surface for LGA cases. The RCS vs. roll 
angle is computed for the target on an infinite flat surface, which is easy to 
compute using image theory. In reality, since most targets on the sea surface 
will roll with the waves, the roll angle plot provides a very important tool for 
predicting the variation of the ReS of a ship on a rough sea surface. 

The results of a Monte Carlo study of the RCS as a function of wind speed 
and elevation angle will also be presented to introduce the LGA region. 
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A Multilevel FB/NSA Algorithm for the Computation of Scattering from 
Extremely Large-Scale Rough Surfaces 

D. Torrungrueng* and J. T. Johnson 
Ohio State University 

Dept. of Electrical Engineering 
ElectroScience Lab. 
1320 Kinnear Rd. 

Columbus OH 43212 
Tel: (614)292-7981 
Fax: (614)292-7297 

dtg@lenz.eng.ohio-state.edu 
jtj@silver.eng.ohio-state.edu 

The forward-backward method with a novel spectral acceleration algo­
rithm (FB/NSA) has been shown to be a very efficient iterative method of 
moments for the computation of scattering from both one-dimensional (1-
D) and two-dimensional (2-D) rough surfaces. The method creates only one 
large group of source elements for the weak interaction computations. This 
source group enlarges as the forward or backward sweep proceeds and recur­
sively builds up the plane wave spectrum associated with the NSA algorithm. 
Thus, for fixed surface roughness statistics, the operation count and memory 
storage requirement of the FB/NSA method is O(N) as the surface size in­
creases. 

Preliminary studies based on the physical optics (PO) approximation and 
the flat surface assumption show that the given 1-D NSA parameters (see 
H.-T. Chou and J. T. Johnson, Radio Sci., 33, 1277-1287, 1998) yield in­
accurate results for the case of extremely large-scale surfaces. Inaccuracy 
comes from the fact that the 1-D plane wave spectrum of a source group 
far separated from the receiving element is rapidly decayed along the de­
formed contour away from the origin in the complex angular domain, which 
requires higher sampling rates. In this paper, the original FB/NSA method 
is modified to obtain accurate results for the computation of scattering from 
extremely large-scale rough surfaces. Analytical results based on asymptotic 
evaluations of the radiation integral associated with the PO and flat surface 
assumption suggest that the very large weak region associated with extremely 
large-scale surfaces needs to be decomposed into more than one week region, 
and appropriate 1-D NSA parameters must be determined for each separate 
region to gain better accuracy. Comparison of results obtained from the orig­
inal FB/NSA method and the multilevel FB/NSA algorithm shows that the 
latter yields more accurate results than the former indeed. 
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Numerical Simulations and Backscattering Enhancement Study of 
Electromagnetic Waves from One-Dimensional Random Rough Surfaces 

Using the FB/NSA Method 

D. Torrungrueng* and J. T. Johnson 
Ohio State University 

Dept. of Electrical Engineering 
ElectroScience Lab. 
1320 Kinnear Rd. 

Columbus OH 43212 
Tel: (614)292-7981 
Fax: (614)292-7297 

dtg@lenz.eng.ohio-state.edu 
jtj@silver.eng.ohio-state.edu 

The forward-backward method with a novel spectral acceleration algo­
rithm (FB/NSA) has been shown to be a very efficient iterative method of 
moments for the computation of scattering from one-dimensional perfectly 
conducting and impedance rough surfaces (H.-T. Chou and J. T. Johnson, 
Radio Sci., 33, 1277-1287, 1998). Basically, the NSA algorithm is employed 
to rapidly compute interactions between widely separated points in the con­
ventional FB method, and is based on a spectral domain representation of 
source currents and the associated Green's function. With the recursive 
property of the plane wave spectrum associated with the NSA algorithm, it 
can be shown that, for fixed surface roughness statistics, the computational 
cost and memory storage of the FB/NSA method is O(N) as the surface 
size increases. In addition, The FB/NSA method is still very efficient for 
moderately-rough large-scale surfaces. This makes studies of backscattering 
enhancement from large-scale surfaces, as are required in low-grazing-angle 
(LGA) scattering problems, tractable. 

In this paper, variations in the level and angular width of back scattering 
enhancement with incidence angle, surface material (impedance or perfect 
electric conductor), polarization, and surface statistics are investigated. In­
cidence angles ranging from normal incidence ( 0°) to LGA incidence ( 85°), 
and very rough surfaces with a Gaussian spectrum (CTh 2: 0.5A and CTs 2: 0.5, 
where CTh and CTs are the rms surface height and the rms surface slope, respec­
tively), are considered in this study. Although the FB/NSA method is a very 
efficient iterative technique, the numerical problem of interest is still compu­
tationally intensive. Parallel computing techniques are incorporated into the 
1-D FB/NSA method, primarily to perform the Monte-Carlo simulations in 
parallel. 
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Challenges of the Wireless Services Provider 

Jon Steadman 
Tritel Communications, Inc. 

In recent years the wireless communications industry has exploded with activity. 
With new spectrum opportunities opened up by the Federal Communications 
Commission (FCC) increased competition for wireless services has become prevalent 
throughout the United States. Similar growth is experienced throughout much of the 
world, with rapid expansion throughout many third world countries. With this increased 
competition, the Wireless Services Provider is challenged with staying on the cutting 
edge of technology while maintaining operating and capital costs within financially 
competitive bounds. The FCC mandates coverage objectives, which the Wireless 
Services Provider must meet. In addition, wireless subscribers demand more and more 
services, including both voice and data. To meet the requirements of the regulatory 
bodies and the demands of the competitive marketplace, the Wireless Services Provider 
must rely on technology advancements in the area of antennas, integrated components, 
computer aided design tools, and signal processing software. A convergence of 
technology is underway to bring all communications solutions together in a single 
package. It is the challenge of the Wireless Service Provider to provide the solutions cost 
effectively and reliably to an increasingly wireless world. 
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Adaptive Integrated Transceivers for Consumer Products 

L. Leyten and G. Dolmans 
Philips Research 

Within our department we are doing research on improving the circuits of wireless and cordless 
products for the consumer market. The constraints for these circuits are mainly low cost, small size and low 
power. The performance of the individual circuits is only a few dB's from theoretical limits, like thermal 
noise floor and 100% power added efficiency. We are still improving on the performance and technology of 
individual circuits, but it becomes more difficult to do this within the constraints given by the consumer 
market. We identified the inclusion of adaptive algorithms, especially diversity, in the front-end part as one 
ofthe possibilities to overcome this problem. Implementation of antenna diversity results in approximately 6 
to 9 dB's extra in the link budget at the expenses of more complex circuitry. This amount ofimprovement is 
significant with respect to that obtainable in other ways. By compromising between the performance and 
complexity of an adaptive transceiver we have contributed to a product for the consumer market, the Kala 
DECT handset of Philips, which has a better performance than previous products. 

The implementation of many concepts for adaptive transceivers, like diversity or space-time 
processing, into consumer products requires specific tools and capabilities. The selection of candidate 
concepts can be made using stochastic models of the radio channel and the transmitted data. The use of 
stochastic models becomes less optimal when implementation issues, like resolution, processing-speed and 
antenna-array size are considered. As a consequence we have developed a deterministic model of the radio 
channel that enables us to analyze the various implementation issues. With this model we obtain relevant 
information on, for example, antenna characteristics, the effect of user movement on performance, the speed 
of adaptation, resolution, etc. 

The current status of radio channel modeling is such that not all relevant parameters can be included. 
Therefore measurements are needed to evaluate the performance of a specific implementation. Several types 
of measurements can be identified, each measuring different parameters. We have developed a measurement 
set-up consisting of a computer controlled scanner, personal computer and a network analyzer. This set-up is 
used to obtain the received voltage as a function of antenna characteristics and location and to obtain the 
actual performance of the adaptive transceiver in a realistic propagation environment. 

When an algorithm can be implemented by adaptive circuitry, then this adds to the overall complexity 
of the transceiver. Care should be taken not to interfere with the system protocols and to integrate the 
circuits at a suitable position within the total architecture. Performance loss when combining the adaptive 
circuitry with other control loops, like an automatic gain control loop or the offset compensation circuitry 
must be avoided. We have studied some of these issues for the implementation of an equal-gain combiner. 
Finally, we have also been involved in the development of new technologies that are suitable for the 
integration of adaptive transceivers. 

In the presentation, novel concepts in the challenging area of radio channel modeling and 
measurement, IC technology, architecture and circuits for cellular and wireless consumer products will be 
discussed. 
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Nominal Radio Frequency System Design Process 

Monty Murdock 
Galaxy Engineering Services 

The rapid growth of the wireless industry presents several opportunities and 
challenges to Electrical Engineers who have found a home in the wireless industry. 
Engineers are not only faced with the challenges of developing analytical solutions to the 
growing wireless industries needs, but are also faced with developing practical solutions. 
The true goal of a wireless design is to take a specific technology platform with inherit 
characteristics and develop a consumer product that provides quality service. The 
Nominal Radio Frequency System Design Process must take into account a wide variety 
of variables in order to achieve this goal. 

The Nominal Radio Frequency System Design Process discussed will overview the 
methodologies developed to incorporate variables such as equipment specifications, 
market coverage objectives, traffic loading, design tool limitations, land use zoning 
restrictions, Federal Communications Commission guidelines, Federal Aviation 
Administration guidelines, and the limited availability of spectrum. 
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Planning Commercial Broadband Fixed Wireless Networks 

Paul Cutler 
Cisco 

Fixed wireless is becoming more popular as an option for broadband internet 
access, as well as voice and (in the future) video serviees. Like today's mobile wireless 
networks, fixed wireless network technologies and architectures come in a variety of 
shapes and sizes. This paper will present a brief overview of the fixed wireless market 
and associated technologies. General fixed network architectures and structures will be 
discussed and compared to current and future mobile network architectures. Propagation 
characteristics of OFDM (orthogonal frequency division multiplexing), a popular 
modulation/multiplexing technique used by some leading hardware vendors will be 
briefly discussed and compared to traditional TDMA, GSM, and CDMA schemes used in 
today's mobile networks. 
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Dual Polarized Antenna Performance 

Richard Smith 
Allgon Enterprises, Inc. 

The dependence of the orthogonality to the cross-polar discrimination level for dual 
linearly polarized antennas as well as their function in a wireless network is presented. 
Most of the cross-polarized, dual polarized, antennas being deployed in wireless 
networks are slant 45 polarized. The multi-path in an antenna range and the phase 
stability of the range playa large part in accurately determining the orthogonality of the 
antenna. For linearly polarized antennas, this work will show that the orthogonality or far 
field coupling of the antenna can be reduced to measuring the cross-polar discrimination 
angle by angle over the desired field of view. This result will further demonstrate that 
measuring the radiation properties and the impact on the wireless network for 
conventional horizontal and vertically polarized antennas is far less demanding from an 
antenna characterization stand point. 
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Antenna Technologies 
For 

Wireless Applications 

Steven C. Olson 
Director of Engineering 

Ball Wireless Communications Products 
Broomfield, CO 
solson@ball.com 

(phone) (303) 533-7202 
(fax) (303)533-7112 

The most difficult challenge that an antenna designer has in today's commercial wireless 
market is antennas are becoming a commodity product. Commercial antenna manufacturers are in 
an extremely competitive market where the selling price continues to fall and yet the expected 
performance requirements are increasing. Therefore, the technical challenge is to design antennas 
using technologies that can provide superior performance, are low cost, use minimal components and 
are simple to manufacture. 

Antennas contribute only a small amount to the overall system cost but they playa key role in 
providing the initial interface between mobile or fixed users and the wireless base station 
infrastructure. This is true whether an antenna is used in a conventional mobile base station, wireless 
local loop, or 'smart antenna system' application. Careful selection of antenna technologies is 
critical in maximizing system performance. These issues become an even bigger concern after the 
infrastructure is in place and the network capacity continues to increase. In this paper several 
important antenna characteristics and technologies will be discussed that service providers should be 
concerned with. 

Critical radio frequency (RF) antenna characteristics such as VSWR, gain, beamwidth, pattern 
shaping and control, and passive intermodulation (PIM) will be addressed. Various design 
approaches and performance tradeoffs will be presented. To ensure excellent RF performance the 
RF design must be well thought out with mechanical design integrity and low cost assembly in mind. 

Zoning is becoming a greater concern as the number of antenna deployments is increasing. 
Even though communities want excellent wireless coverage they are demanding that the number of 
antennas be minimized or concealed. Many of these issues are being addressed by implementing 
dual slat polarized and/or dual band antenna technologies. Smart antenna technologies are becoming 
more important as systems are reaching capacity limits. Smart antenna approaches very from simple 
switched beam arrays to complex adaptive antenna systems. 
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CONFIDENCE LIMIT TESTING: THE KEY TO EFFICIENT 
CDMA MOBILE RECEIVER TEST 

Ken Thompson and Marv Wagner 
Agilent Technologies 

Modem commercial communication systems employ digital modulation and protocol 
techniques. This allows maximum bandwidth utilization and user security for service 
providers and consumers. It also creates a challenge for equipment manufacturers & test 
equipment suppliers. Equipment manufacturers want to minimize test time to reduce the 
manufacturing cost of their appliances. Test equipment suppliers are then challenged to 
create solutions that minimize test time without sacrificing thoroughness of testing. 

This paper will explore one technique that has been developed to reduce test time 
without sacrificing test quality, the use of Confidence Limits in error rate testing. Frame 
Error Rate (FER) testing of CDMA mobile appliances in commercially available test 
equipment will be used as an example of this technique. 
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Recent Advancements in Coaxial Cable and Connector Development 

Ron Vaccaro 
CommScope Inc. 

With site build schedules being compressed, installers and system providers are 
looking for products which allow the job to go in faster and be more reliable in the long 
run. Recent developments in smooth-walled coaxial cable and advancements in 
connector designs have addressed these issues. These new products allow for reduced 
assembly variability associated with connectors and improved environmental and 
electrical performance of the cable. 
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Planar Microstrip Vagi Array with Notched Parasitic Elements 

Richard Q. Lee 

NASA Glenn Research Center 
Cleveland,OH44135 

A planar microstrip Yagi array consisting of a single driven element, a single 
parasitic reflector element and two parasitic director elements was introduced in 
1991 for mobile satellite vehicle application (IEEE Trans. Antennas & 
Propagation, vol. 39, No.7, 1024-1030, 1991). Unlike the conventional Yagi-Uda 
array which is used primarily for gain enhancement, this array is designed to 
produce a directional beam within the angular region between 20° and 
60° elevation. The beam is steered away from its broadside direction through 
mutual coupling of electromagnetic energy from the driven patch to the parasitic 
patches. In order to produce a beam in a specified direction, proper phase settings 
of all the parasitic elements, both the reflector and the directors, are required so 
that radiation from each element are added up coherently. In the case of the Vagi 
array reported earlier, correct phase delay of each parasitic element was achieved 
by proper variation of the element size and element spacing. It has been reported 
that proper phase delay can also be obtained by introducing slots or notches in the 
antenna element (John L. Kerr, Antenna Applications Symposium Proceedings, 
1977). A slot cut on a microstrip antenna causes the surface current to flow 
around the slot resulting in a longer current flow path, a decrease in the resonant 
frequency, and consequently, a phase delay. In this work, we study, both 
analytically and experimentally, the scanning capability of a planar microstrip Yagi 
array using notched parasitic elements as directors and reflector. The microstrip 
Yagi array of square patches has two directors and one reflector. Preliminary 
results indicate that a directional beam 45° from its broadside direction can be 
obtained with notches cut along the radiating and non-radiating edges ofthe 
directors and reflector respectively. Based on simulated results, a gain of over 
7 dB; was observed at 45° elevation with proper element spacing and slot 
dimensions. Detailed results will be presented and discussed. 
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USING SMALL HOLES TO ACIlIEVE D UAlrBAND 

REDUCE-SURFACFrWAVE ANTENNAS 

Vickie B. Davis, Jeffery T. Williams, David R. Jackson, and Stuart A. Long 
Applied Electro magnetics Laboratory 

Department of Electrical and Computer Engineering 
University of Houston 

Houston, TX 77204-4793, USA 

The shorted-annular-ring (SAR) reduced-surface-wave (RSW) microstrip patch antenna was 
introduced in 1993 [IEEE Trans. Antenn!,s Propagat .• vol. AP-4I. pp.I026-1037. Aug. 1993]. This 
antenna consists of an annular ring microstrip patch that is shorted to the ground plane along the 
circular inner boundary. This design significantly reduces surface- and lateral-wave excitation 
compared to conventional microstrip patch antennas and, therefore, has a higher radiation efficiency. 
Later, a modification of this design was made to achieve dual band performance. In this case the 
circular inner boundary was made elliptical. Results from this study demonstrated the band 
separation, isolation, and continued RSW characteristics ofthe dual-band structure [1996 USNC/URSI 
Radio Science Meeting Digest. Baltimore. MD. p.150]. 

In this presentation, we investigate a different method for achieving dual-band performance. This 
method entails drilling a small hole in the substrate under the patch, leaving an air-filled void in the 
patch cavity. The circular hole in the substrate produces two orthogonal modes, with one mode 
resonant at a frequency higher than the other (unperturbed) mode. This method allows for an accurate 
prediction of the dual resonant frequencies for very small band separations, such as those necessary 
for achieving circularly-polarized patch designs. In this case both modes are excited by feeding the 
antenna along an axis that is at an angle of 45 0 with respect to the axis on which the hole is placed. 
The hole radius is then chosen to giv~ the necessary band separation to achieve circular polarization. 

One technique that has been used to analyze and design this structure is based on perturbation theory. 
The agreement between this theory and experiment (two different measurements) is shown in the 
figure below for a RSW design on a grounded duroid substrate (thickness h ~ 0.0635 em, permittivity 
€,-~ 10.8). 

As with the previous dual-band method, there is little degradation in the RSW performance for the 
band separations studied. This will be demonstrated by examining the radiation patterns ofthe RSW 
antenna on a finite-size ground plane. The RSW antenna patterns show much less back radiation and 
front-side pattern rippling than do the patterns of a conventional patch, due to less edge diffraction 
from surface and lateral waves. The present method has the advantage of allowing for easier 
manufacture, compared to the previous elliptical-boundary method. 
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MATCHING ANTENNAS OVER HIGH IMPEDANCE GROUND PLANES 

G. Poilasne and E. Yablonovitch 
Electrical Engineering department, University of California at Los Angeles, 

Los Angeles, CA, 90095, USA 
Poilasne@ee.ucla.edu 

Wireless systems are now widely used in communication. In order to improve 
their performance and their efficiency, antennas are taking a growing place. Because of 
their small dimensions, planar antennas are usually used. And to obtain a 3dB 
improvement of the radiated field, a metallic sheet maybe used as reflector or ground 
plane. Unfortunately, two important limitations appear when the antenna is placed close 
to the reflector. Firstly, good performance is obtained only when the distance is a 
quarter of the wavelength, which does not correspond to a planar antenna anymore. 
Secondly, surface waves excited by the antenna propagate along the ground plane and 
are diffracted by the edge. These surface waves create ripples in the radiation pattern 
and increase the backward radiated field. 

These two issues can be solved using a High Impedance Ground Plane. These 
textured structures -Fig.l- introduced by D. Sievenpiper et al. (IEEE MIT, Vol.47, 
n.ll, Nov. 1999, pp.2059-2074) are based on the behavior of Photonic Band-Gap 
materials. They allow to reduce drastically surface waves. Moreover, as they behave 
like a perfect magnetic wall, antennas can be placed right on their top. Therefore, the 
radiation pattern presents a better front to backward radiated field ratio without any 
ripples. 

While these high impedance ground planes show a lot of promise for all 
wireless applications, stilI a lot of issues remain. The antenna matching is one of these. 
On one hand, at frequencies within the band-gap, the structure is resonating. On the 
other hand, antennas like dipole or loop resonate as well. When the two elements are 
placed very near, the action of the ground plane on the antenna changes the radiation 
characteristics, especially the input impedance. New laws can be determined in order to 
match antennas on such ground planes. The strong influence of the ground plane on the 
antenna demonstrated by numerical and experimental results also means that size 
reduction can be obtained as the resonant frequency of the radiating element can be 
trapped inside the band-gap. Fig.2 presents the smith chart of a loop antenna over an 
HIGP. In these case, the loop diameter is 2/3 of the wavelength. 
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08 

Fig.I: High Impedance Ground Plane Fig.2: Smith chart of loop antenna input impedance 
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Array Performance of a New Annular­
Ring Microstrip Antenna Element 

G. Mayhew-Ridgerst, 1.w. Odendaal: and 1. Joubert: 

t Vodacom (Pty) Ltd, 082 Vodacom Boulevard, Midrand, 1685, South Africa 

: Centre for Electromagnetism, Department of Electrical and Electronic Engineering, 
University of Pretoria, Pretoria, 0002, South Africa 

Microstrip patch antennas have found widespread application during the r~cent 
past as a result of their many salient features. Of particular interest here is the 
annular-ring antenna which, when operated in its fundamental TM 11 mode, is smaller 
than most of its other counterparts. Unfortunately this mode is associated with a very 
high and inductive input impedance and is therefore seldom used in antenna 
applications. The current authors have however recently reported on a new feeding 
mechanism that overcomes the aforementioned matching problem and also offers 
enhanced impedance bandwidth performance. 

The new feeding mechanism is based upon a rectangular strip that is capacitively 
coupled to the ring and fed by a probe. This strip is situated on the same layer as the 
ring and therefore the entire structure can be supported by a single substrate. 
Matching is accomplished by varying the length of the strip as well as the gap 
between the strip and the ring. The length of the strip is used to control the input 
reactance while the gap between the strip and the ring is used to control the input 
resistance. Tuning of the input impedance is also very easy. It can be accomplished 
by merely trimming the sides of the rectangular strip. 

Numerical modelling have shown that the co-polar radiation patterns of the new 
structure correspond very well to those of a conventional probe-fed annular-ring 
antenna, while the cross-polar radiation patterns are only marginally higher. The 
bandwidth is also somewhat wider than that of the conventional probe-fed annular 

ring. 
As this element is physically smaller than a rectangular or circular patch, it should 

be well suited for many array applications. Its behaviour and performance in different 
array configurations will therefore be presented. It is also very easy to construct a 
dual-polarised array by simply feeding each ring with two rectangular strips, one for 
each polarisation. The cross-polarisation levels can be reduced by using symmetrical 
feeds or by appropriate rotation of the individual array elements. A problem that 

however still needs some attention, is the generation of ±45° polarisation together 
with low cross-polarisation levels by making use of a vertical array. These 
requirements are often found in the wireless communications environment and is 

currently the topic of further investigations. 
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A Circular Polarized Dielectric-Loaded Patch Antenna 
for Mobile Satellite Applications 

A. Ittipiboon*, S. Stout+, A. Petosa, J.S. Wight+ 

Communications Research Centre, 3701 Carling Avenue, P.O. Box 11490, 
Station H, Ottawa, ON, Canada K2H 8S2 

+ Carleton University, 1125 Colonel By Drive, Ottawa, ON, Canada, KIS 5B6 

Antennas for L-Band mobile satellite terminals are required to meet challenging 
design specifications. In order to cover both receive and transmit channels, they 
must have a fairly broad bandwidth (8 - 10%). Also, antennas must have good 
coverage at low elevation, since in North America, geo-stationary satellites appear 
low to the horizon (at about 30 elevation). In order to combat de-polarization 
effects through the atmosphere, the mobile satellite systems all operate with 
circular-polarized signals hence circularly-polarized antennas are needed. Since 
these antennas are intended for a consumer or commercial market, they are also 
required to have a compact size, and low profile, at a reasonable cost. 

Several antennas have been proposed as candidates for mobile satellite 
communications, such as stacked microstrip patches, short quadrifilar helices, or 
dielectric resonator antennas. However, a single-layer microstrip patch had not 
been found suitable, due to its inherently narrow bandwidth performance, and its 
large size at L-Band. 

A new dielectric-loaded microstrip patch antenna was recently introduced to 
address some of these challenges (Stout et ai, USNCfURSI 1999, Orlando, FLA, 
pp. 322). The structure consisted of a microstrip patch antenna, having a relatively 
thick air substrate so it could meet the required bandwidth. Instead of a probe 
feed, a microstrip feed slot aperture was used to excite the patch, in order to 
reduce unwanted cross-polarization radiation associated with probe feeds. The 
slot was loaded with a thin layer of high-permittivity dielectric material to achieve 
strong coupling between the feed and the patch. The sides of the patch were also 
loaded with high-permittivity dielectric material, to reduce the resonant frequency 
of the patch and make it more compact. Results of a linearly-polarized prototype 
antenna were presented, which demonstrated a bandwidth of 8% and a size 
reduction of30%. 

In this work, this new antenna configuration is successfully extended to produce a 
circular-polarized antenna, consisting of two dielectric-loaded slot apertures as 
well as additional dielectric loading to reduce the patch dimensions. Details of the 
patch configuration and a summary of the radiation performance will be presented 
at the conference. 
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MODIFIED COMPACT PRINTED DISC ANTENNAS FOR HIPERLAN 
E. M. Ibrahim, R. A. Abd-Alhameed, N. J. McEwan and P. S. Excell 

Electronic and Electrical Eng. Dept., Bradford University, UK 

A novel conical beam antenna design was proposed with introduction of a central cylindrical connection to 
ground (see Fig. I and 2). This reintroduces the need for a through - board connection, which is somewhat 
undesirable in terms of manufacturing costs. However; a fairly inexpensive method may be to metalIise or 
through - plate a hole punched in the substrate. As would be expected, there are significant reductions in 
bandwidth (see Table 1) and a moderate reduction in radiation efficiency, and these are almost inevitable 
penalties of miniaturising an antenna that is realised with normal metallic conductors. The major advantage is 
however a great reduction in antenna size. The reduced size patches show a larger effect of the fringing field 
effect on the resonant frequency, for the same outer radius. A significant difference between the normal disc 
and reduced size disc is that the peak radiation of the conical beam (see Fig. 2) occurs at a lower elevation. 
This might degrade overall performance in cluttered environments where ceiling reflections dominate the 
coupling, and improve it in more open layouts. The reduced size construction provides a useful degree of 
freedom in design, since by varying the diameter of the central post, the elevation of peak radiation can be 
varied continuously to suit the application and the propagation conditions. More propagation data are needed 
to show what the best values are likely to be in practice. So far the compact disc antenna has only been 
realised in probe fed form, though a uniplanar form appears feasible. 

~~~--------~. 2b 

Fig. I. The modified disc antenila geometry. Fig. 2. Measured pattern for reduced size patch A 

Table 1 The geometry and performance of the prototype disc antennas 

Prototype a(mm) b(mm) Measured Predicted Return loss Bandwidth (%) at 
frequency frequency (dB) VSWR::;2 
(GHz) (GHz) 

A 7.5 1.9 5.19 5.98 21 1.8 
B 18 9 5.095 4.86 44.693 3.61 
C 20 4 2.252 2.155 22 1.24 
D 19.5 5 1.988 1.903 37.146 0.754 
E 20 2 1.565 1.579 17.58 0.479 
Normal disc 20 - 5.46 5.2 33 4.029 
(1) 
Normal Disc 58.5 - 2.084 2.0 35.84 1.585 
(2) 
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ELECTRONICALLY TUNABLE 

RECTANGULAR MICROSTRIP ANTENNAS 

Lorena 1. Basilio, Jeffery T. Williams, David R. Jackson, 
and Stuart A. Long 

Applied Electromagnetics Laboratory 
Department of Electrical Engineering 

University of Houston 
Houston, TX 77204-4793 

Although widely used in other areas, microstrip patch antennas are often 
unable to meet the bandwidth requirements of many modem wireless 
telecommunication applications. However, electronically tuned microstrip 
antennas could allow not only for relatively wide-band frequency diversity, which 
would be ideal for frequency division duplex and frequency hopping schemes, but 
also for the electronic correction of errors introduced by changes in temperature, 
environment, and manufacturing imperfections. In some previous studies, tunable 
patch antenna designs have been realized using ferrite materials, requiring 
relatively strong biasing magnetic fields that complicate the design. 
Electronically tunable patches using varactor diodes between the edges of the 
patch and the ground plane have also been demonstrated. This design, however, 
is not monolithic, requiring a hole to be drilled into the substrate into which the 
diode is placed. 

In this presentation we will discuss a new rectangular microstrip patch 
antenna design that contains a slot across the resonant dimension, dividing the 
patch into two halves. By placing reverse-biased varactor diodes across the slot 
and changing the bias voltage across the two halves of the patch, the resonant 
frequency of the patch antenna can be tuned. The slot is placed in the center of 
the patch in order to maximize the tuning of the dominant mode of the antenna. 

We will first present an accurate transmission-line model of the slotted 
patch that has been recently developed. From this model the tunability and 
sensitivity of the antenna as a function of dielectric constant, slot size and varactor 
diode configuration will be examined. Results will then be presented that 
demonstrate the electrical properties of the slotted patch antenna and the design 
considerations necessary for fabrication using actual varactor diodes. 
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Stacked Electromagnetically Coupled Rectangular Patch Antenna with Segmented 
Elements 

Afroz Zaman* and Richard Q. Lee 

NASA Glenn Research Center 
Cleveland OH 44135 

A segmented patch antenna consisting of a driven center element and planar parasitic 
elements of same resonant length but unequal widths, gap coupled to the non radiating 
edge of the driven element has been reported previously (Electron Lett., 22, 1064-1065). 
This antenna showed good impedance matching and radiation characteristics over a wide 
frequency band. Another approach for bandwidth enhancement using a two-layer, 
electromagnetically coupled, patch antenna with a gap spacing between the two layers 
has been reported (IEEE Trans. Antennas & Propagation, 38, 8, 1298-1302, 1990). In 
addition to bandwidth enhancement, the latter technique can significantly improve the 
gain of the antenna for proper spacing between the layers. The objective of this paper is 
to investigate the performance characteristics of a stacked antenna configuration with 
segmented elements. To begin with, a segmented rectangular patch (length=44 mm, 
width= 58 mm, fabricated on a 10 mil Duroid substrate, lOr =2.22, at S band) was 
analyzed. Based on simulated results, an improvement in bandwidth from 0.015 GHz to 
0.055 GHz is observed by segmenting the patch into seven unequal sections compared to 
the solid patch. However, the efficiency of this planar, segmented structure is very poor 
and shows significant degradation in gain (from 3.9 dBr for solid patch to -2.9 dBr for the 
segmented one). To offset this gain degradation, a stacked configuration made up of 
similar segmented elements is analyzed. Preliminary results indicate the validity of our 
approach and will be optimized for obtaining good bandwidth as well as gain 
performance. Detailed simulated and measurement results of a segmented stacked 
antenna will be presented and trade off issues will be discussed. 
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Antenna patch reduction by inductive and capacitive loading 

S.Reed (I), L. Desclos(2), C. Terret(3) and S. Toutain(l) 

(1) SEI-IRESTE, rue Christian PAUC, BP 60601, 44306 Nantes cedex France. 
(2) NEC USA Inc,CCRL, Princeton NJ,USA. 

(3) LAT - Universite de Rennes I - France. 

Since few years, the telecommunication world is evolving toward mobility and multiservices. These 
leading words have driven the researchers to find solutions to integrate more and more the devices 
and antennas in small areas. Handy phones and PC cards are the best supporting examples. In this 
paper, we are concerned with the size reduction of planar patch antenna. This type of antenna 
present for the mobile communication systems attractive features such as light weight, low 
production cost and the possibility to be conformed. This size reduction, if effective enough, will 
then permit a better integration as well as more possibilities to have a space diversity configuration 
within the same physical embedding communication device. Several reduction techniques have 
been already proposed such as introducing slots [M. EI Yazidi et a!. JINA - nov 1994, pp. 83-86], 
shorting the electric field at null point [J. George et a!. , Electronics Letters, 14'h march 1996, vo1.32, , 
PP. 508-509] or even choosing a special patch geometry[A. Gorur et ai, IEEE Microwave and Guided 
Wave Letters, vol8, Aug. 1998 , pp. 278-279 ]. Our approach is different and is based on the fact 
that a patch antenna could be seen as two radiating discontinuities which are generally modeled by 
two virtual slots. As the length of the patch's edge is nearly half wavelength, the slot fields become 
in phase and the radiation is in its maximum in their median plane. Under these conditions, we can 
consider the microstrip patch as a phase shifter which has a feeder role for the two virtual slots. 
Using the line theory, we develop new structures to link these two virtual radiating elements with 
loaded transmission lines. It is then possible by structuring either the inner part with a capacitive 
effect as presented in figure I a or the edges form with inductive effect as presented in figure I b, to 
create the desired phase shifting effect. Using these concepts we develop an analytical model, 
validated also by moment method calculation, enabling to get from 30% to 50% size reduction in 
comparison to a classical patch, of 35 mm by 70 mm on a 4.4 permittivity substrate, radiating at 470 
MHz. The matching and radiation properties are then the same non reduced patch presenting a size 
of 35 mm by 140 mm. A good agreement between theory and experimental results has been 
observed. Several examples of calculation and realizations will be presented for different bands, 
demonstrating the approach. 

reduced patch 
etched line reduC~d patch feed oint 

'" .. 

• • • • • • • • • 
Inductively loaded patch CapaCltIvely loaded patch 
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Resonant modes of a wide class of microstrip patches fabricated on 
magnetized ferrites with arbitrarily oriented bias magnetic field. 

Rafael R. Boix*, Gennan Leon, Francisco Medina 

Grupo de Microondas, Departamento de Electr6nica y Electromagnetismo. 
Facultad de Fisica, Avda. Reina Mercedes sin, 41012, Sevilla, Spain. 

E-mail: boix@cica.es. Telephone number: 34-954552891. Fax: 34-954239434. 

Microstrip patches can be used either as planar resonators for oscillators and filters 

or as resonant antennas at microwave frequencies. Since the bandwidth of microstrip 
patch resonators and antennas around their operating resonant frequencies is known 
to be very narrow [K. A. Michalski, D. Zheng, IEEE-MTT, 1, 112--119, 1992], it 
is important to develop accurate algorithms for the computation of those resonant 
frequencies. Microstrip patch resonators fabricated on magnetized ferrites have been 
found to have an application in the design of tunable filters with band-rejection 
response [K. Araki, D. 1. Kim. Y. Naito, IEEE-MTT, 2, 147-154, 1982]or band­
pass response [T. Fukusako, M. Tsutsumi,IEEE-MTT, 11, 2013-2017, 1997]. The 
use of magnetized ferrites as substrates of microstrip patch antennas is also 
advantageous because it makes it possible frequency tuning, radar cross section 
reduction and achievement of circular polarization with one single feed [D. M. Pozar, 
IEEE-AP, 9,1084-1092,1992]. 

In this work Galerkin's method in the spectral domain [So Naill, T. !toll, JEWA, 7, 
635-651, 1988] is applied to the determination of the resonant frequencies and 
quality factors of microstrip patches fabricated on ferrite substrates in the case in 
which the bias magnetic field of the ferrites is arbitrarily oriented. Rooftop basis 
functions are used in the approximation of the current density on the patches, which 
makes it possible to analyze patches with right-angle comers of arbitrary shape. 

Special asymptotic extraction techniques based on the interpolation of the spectral 
dyadic Green's function [R. R. Boix, N. G. Alexopoulos, M. Homo, JEWA, 8, 
1047-1083, 1996] are applied for making it possible a fast computation of the 
double infinite integrals arising from the application of Galerkin's method in the 
spectral domain. In order to check the validity of the algorithm developed, the results 
obtained in [W. C. Chew, Q. Liu, IEEE-AP, 8, 1045-1056, 1988] for the resonant 

frequencies and quality factors of rectangular microstrip patches on a dielectric 
substrate are compared with our numerical results, and good agreement is found. The 
numerical results obtained for microstrip patches on ferrite substrates show that there 
are cutoff frequency bands in which resonances are not possible owing to the 
excitation of magnetostatic wave modes [Y. Losada, R. R. Boix, M. Homo, IEEE­
MGWL, 6, 226-228, 1998]. Also, the authors have found that the resonant 

frequencies of microstrip patches on ferrite substrates can be tuned over a wide range 
by varying the magnitude of the applied bias magnetic field. 
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Equivalent Circuit model of 2D Microwave Photonic 
Band Gap Structures 

M. Rahman*, and M. A. Stuchly 
Department of Electrical and Computer Engineering, University of Victoria, 

P.O. Box 3055, Stn. CSC, Victoria, BC, V8W 3P6, Canada 

Photonic band gap structures (PBG) are composite periodic structures that 
exhibit transmission and reflection bands in their frequency response. Recently, a 
new class of 2D PBG structure has been emerged. These 2D planar (D. Sievenpiper 
et. aI., MTT, 47, 2050-2074, 1999 and R. Coccioli et. aI., MTT, 47, 2123-2130, 
1999) PBG structures suppress the surface currents and serve as high-impedance 
electromagnetic surfaces within the stop band. Due to the high impedance property 
of this type of structures they are used as ground planes for microstrip antennas. 
Both the structures mentioned above have been analyzed numerically. The first one 
has also been modeled with lumped Land C parameters that can only predict the 
first resonant frequency but not t·he band gaps. 

In this paper we explore an analytical model based on the theory of transmission 
line and periodic circuits for 2D planar microwave PBG structures. The dispersion 
diagram of the structure is calculated using the proposed method. A finite-difference 
time domain (FDTD) method is used for numerical calculation of the transmission 
coefficient of the structure, in order to verify the analytical model. 

As one of the examples we analyze a square array of square metal patches con­
nected to the ground plane through thin wires. The shorting pins provide inductive 
loading while the small gaps between the patches put additional capacitive load­
ing on them. So, the high-impedance surfaces are basically structures periodically 
loaded with microstrip resonators. The input impedance of each resonator of the 
periodic circuit is calculated using the transmission line theory. Then the disper­
sion diagram is calculated using the theory of periodically loaded structures. Fig.la 
shows the results, which is compared with transmission coefficient computed with 
the FDTD method shown in Fig lb. The shaded area indicates the surface wave stop 
band for the structure predicted by the proposed model. An excellent agreement is 
apparent between the proposed model and the numerical computations. 

_~~-~":50-------=40-------=30-· --_"",,--;;c--:' 
Transmission CoeffICient (dB) 

(a) (b) 

Figure 1: (a) Dispersion diagram, and (b) Transmission coefficient for the analyzed 
structure. 
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Design of Dichroic Filters for Deep Space Antennas 

Piermario BessJI), Maurizio BozzP!, Paolo Gianola(l), 

Roberto Madde(3), Luca Perregrini(2), and Luca Salghetti Drioll4! 

(1) CSELT Centro Studi E Laboratori di Telecomunicazioni 
Via Reiss Romoli 274,10148 Torino (ITALY) 

(2) University of Pavia, Dept. of Electronics 
Via Ferrata I, 27100 Pavia (ITALY) 

(3) European Space Agency, ESOC 
Robert Bosch Strasse 5, 64293 Darmstadt (GERMANY) 

(4) University of Florence, Dept. of Electronic Engineering 
Via S. Marta 3,50139 Florence (ITALY) 

Abstract - This paper presents the preliminary design of a new dichroic plate, 
transparent for the circular polarization in the Ka-band (31.8-32.3 GHz and 34.2-34.7 
GHz) and completely reflecting for the circular polarization in the S- and X-bands. 

This dichroic is intended to be used in a Deep Space Antenna (DSA) presently under 
construction in Australia. The European Space Operations Centre (ESOC) of ESA will 
use this antenna to support the Rosetta and Mars-Express missions. 

The design of this dichroic plate is very critical, due to both electrical and mechanical 
constraints. With regards to mechanical issues, the plate is huge (3.2 m by 2.25 m, with 
a perforated area of 2.48 m by 1.75 m) and will be placed at 45° with respect to the 
horizontal position. With respects to the electrical performance, the antenna cross­
polarization level must be lower than -25 dB. This requirement imposes a minimal 
relative phase shift between TE and TM transmitted fields in the Ka-band and 
reflected fields in the S- and X-bands, and to control the insertion losses for both the 
TE and TM fields in the Ka-band. 

Three design solutions have been investigated and are presented in this work. 

The first solution consists of a metal plate perforated with closely-packed cross­
shaped holes. This structure presents a number of degrees of freedom, which allow for 
a fine-tuning of the electrical performances. Moreover, the crosses can be tightly 
packed, and this permits to limit the effect of the grating lobes. Nevertheless, some 
problems arise in the cross-polarization levels in the S- and X-band, due to a not 
negligible phase shift between the reflected TE and TM modes. 

To overcome this drawback, the second design considered rectangular holes, which 
permit to reduce the cross-polarization effects. 

The third design is based on a pair of slots within a periodic cell. This approach 
permits to separately control the TE and TM modes, thus allowing a better flexibility in 
the minimization of the cross-polarization level. 

The theoretical analysis of these structures, based on the MoMIBI-RME method 
(M. Bozzi and L. Perregrini, Electronics Letters, 35, 1085-1087, 1999), and the 
automatic optimization routine will be discussed, and the experimental characterization 
of some prototypes will be presented. 
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Frequency Selective Surfaces and Volumes to 
Enhance Performance of Broadband Reconfigurable Antennas 

Y. Erdemli', K. Serte\', R. Gilbert", D. KopfH, and 1.Volakis' 

'Radiation Laboratory 
Electrical Engineering and 
Computer Science Department 
University of Michigan 
130 I Beal Avenue 
Ann Arbor, MI 48109-2122 

++Sandcrs, A Lockheed Martin Co. 
95 Canal Street 
P.O. Box 868 
Nashua, NH 03060-0868 

Conformal antennas are often printed on a planar or curved substrate 
surface. However, typical substrate configurations are narrowband and thicker 
substrates result in low efficiencies due to surface wave coupling. Perforated or 
bandgap substrates have recently been used to increase the efficiency of printed 
antennas on thicker substrates. However, these approaches are still applicable 
only to narrowband or multi band antenna structures. When traditional broadband 
antennas such as log-periodics are printed on substrates, their bandwidth 
characteristics are altered, and one approach to regain the broadband behavior of 
the antenna element is to employ frequency dependent substrates or ground 
planes. This can be achieved by using multiple layers of frequency selective 
volumes and/or surfaces as part of the substrate in a manner similar to that used 
for designing broadband microwave filters. Each screen is resonant at a given 
frequency and is placed a distance 1c/4 away from the antenna's surface, where Ic, 
refers to the wavelength at the screen's resonance frequency. 

A multilayer frequency selective surfaces (FSSs) or volumes (FSVs) are 
needed for optimizing the performance of a broadband antenna. In this paper, we 
examine various designs of such volumetric periodic surfaces that can be used to 
enhance the performance of broadband antennas. Of particular concern is the 
development of frequency selective volumes which reflect with pre-specified 
phase and amplitude of the reflection coefficient over a broad set of frequencies. 
Previous emphasis on the design of FSSs has been on the reflectivity 
performance, whereas in this case, the phase response is of more importance. 
Modeling of multilayer FSSs and FSVs with different periodicities is another 
important issue that will be addressed in this presentation. 
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DESIGN OF MULTI-FREQUENCY BAND PHOTONIC BAND-GAP 
STRUCTURES 

G. Poilasne, L. DescIos+, P. Pouliguen* and C. Terret* 
Electrical Engineering department, UCLA,Los Angeles, CA, 90095, USA 

'NEc CCRL, Princeton New Jersey, USA,' UPRES-A 6075, Univ. Rennes I, France 

Photonic band-gap materials (PBG) are periodic structures composed of dielectric or 
metallic material. The different periodicities give them some interesting behaviors similar to 
electron propagation in semi-conductor materials. They exhibit frequency bands inside 
which no propagation mode exists. Between these band-gaps are propagation bands with 
different corresponding modes. These structures are very attractive for antenna applications 
·as they can enhance the gain or shape the radiation pattern. For structure initially composed 
of dielectric material only, it has been shown that adding metallic wires can enlarge the 
frequency band-gap. These so called metal-dielectric PBG are a very interesting evolution 
of PBG since they offer the possibilities to improve the basic behavior of all dielectric 
PBG. Unfortunately, their desigo is still hard and yet has to be solved, especially for future 
multi-mode communications systems applications involving mUltiple frequency bands. It is 
then important to clarify the involved mechanisms and give useful tools to desigo such 
structures. Therefore, the authors have studied a mixed MPBG - Bragg mirror structure -
Fig.I-, to obtain a wide band-gap, taking into account the effective medium. A realization 
made out of Pyrex and foam incorporating metallic wires has been characterized. 
Experiments have shown that the control of propagation bands is not so obvious as 
propagation peaks still remained. But, the simple behavior of each structure (without taking 
into account an effective medium) could be sufficient to detennine the behavior of the 
whole structure. Further investigations have been carried out, merging two different PBG. 
Fig.2 presents numerical results of a mixed PBG composed of a continuous structure and a 
discontinuous one. This behavior is compared to the response of the both structures when 
isolated. It shows that when one structure exhibits a band-gap and the other a propagation 
band, the mixed structure exhibits a band-gap (left part of figure 2). It also shows that when 
both MPBG are alone they exhibit a band-gap, however the mixed structure exhibits a 
propagation band (right part of figure 2). 
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Fig. I: MPBG and Bragg mirror mixed structure 
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Fig.2: Transmission cae! of a mixed structure 
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discontinuous wire one. 

These results have lead to establish laws in order to desigo complex and multiple 
frequency structures in a systematic way. For example, to desigo a double frequency 
MPBG, two MPBG with the same period can be desigoed for each frequency band. The 
mixed structure corresponds to the specifications as long as the targeted band-gaps of 
isolated MPBG do not overlap undesired gap, otherwise they vanish. More examples will 
be given in the conferences and the laws will then be drawn. 
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CIRCULARLY POLARIZED ANTENNA ABOVE METALLIC PHOTONIC BAND-GAP 
MATERIALS. 

G. Poilasne, L. Desclos+, P. Pouliguen* and C. Terret* 
Electrical Engineering department, UCLA, Los Angeles, CA, 90095, USA 

"'NEC, CCRL, Princeton New Jersey, USA 
* UPRES-A 6075, Universite de Rennes 1, France 

Abstract: 
In certain circumstances circularly polarized antennas could be more efficient than simple 

linear polarized ones, for indoor telecommunications. In fact, it reduces distortions due to 
reflections on the walls and all other depolarization sources. In order to have a circularly polarized 
antenna, different possibilities can be considered (Fujimoto and James, artech house 1991). Patch 
antennas are often used, especially at millimeter wave frequencies. By changing their shapes or 
introducing a slot on them, they can radiate a circularly polarized field. However, under classical 
technological assumptions, their working bandwidth remains narrow. Printed spiral antennas can 
also be used, but they need a reflector, which reduces the working bandwidth. Axial ratio 
beamwidth can also be a limitation. 
In this communication, we propose to use metallic photonic band-gap materials (MPBG) in order 
to improve axial ratio beamwidth and working bandwidth of circularly polarized antennas. MPBG 
are periodic structures composed of metallic parts. The reflection characteristics ofMPBG depend 
on frequency, (E. Yablonovitch, Physical Review Letters, Vo1.58, n020, 1987, pp.2059-2062). 
They exhibit bands in which there is no propagation mode inside the structure. Their behaviors are 
different when they are excited by two orthogonal polarized waves and the evolution of these 
behaviors regarded to the frequency and the direction of emission can really be interesting in order 
to improve antenna characteristics. 

Therefore, to design MPBG for circular polarization applications, their reflection and 
transmission characteristics must be determined for two linear and orthogonal polarizations. For 
example, in the case of a simple 2D structure composed of metallic wires, when it is excited by a 
plane wave with the E field parallel to the wire axis, the MPBG exhibits a band-gap starting from 
OHz to a cutoff frequency depending on the physical parameters (period, wire diameter, ... ). When 
the E field is orthogonal to the wire axis, frequencies corresponding to the previous band-gap now 
corresponds to a propagation band. If a circularly polarized antenna is placed above this structure, 
the MPBG reflects the parallel polarization and transmits the orthogonal one -Fig.l-a)-. This 
configuration allows improvement of the polarization of the emitting antenna (G. Poilasne et aI., 
Proc. ICEAA, Torino, Italy, September 15-18, 1997). Moreover, the angular characteristics of the 
reflection coefficient can also improve the axial ratio of the antenna over the whole space. 

An improvement of the axial ratio 3 dB aperture has been obtained on more than 80 deg in 
comparison with a classical 30 deg for the antenna alone. This shows the potential use of MPBG 
with circularly polarized antennas. Different configurations are now investigated in Sand C bands. 
Numerical and experimental resulis will be given at the conference 
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Fig.l: Phenomenon around the antenna and Axial ratio improvetnent. 
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ACTIVE METALLIC PHOTONIC BAND-GAP STRUCTURE PERFORMS 
BEAM DIVERSITY 

G. Poilasne and L. Desclos + 

Electrical Engineering department, University of California at Los Angeles, 
Los Angeles, CA, 90095, USA 

'NEC C&C Research Lab., Princeton New Jersey, USA 

Abstract: Latest indoor communication systems often need a diversity solution to cope with fading 
effects. One of these solutions could be the beam diversity switching. It often consists in switching from 
one antenna to another one or beam forming directly an active array. In this communication we propose 
another solution which doesn't involve directly the antenna itself but more its surrounding. In order to 
make an active beam forming we compose actively with the material in which the antenna is embedded. 
This material is a metallic photonic band-gap material (MPBG). MPBG are periodic structures composed 
of metallic wires. Their electromagnetic characteristics are frequency dependent. They exhibit bands in 
which there is or not propagation mode. These characteristics also depend on the direction of propagation 
(E. Yablonovitch, Physical Review Letters, Vo1.58, n020, 1987, pp.2059-2062). 

MPBG composed of continuous wires and MPBG composed of discontinuous wires have opposite 
responses. Therefore, exploiting these differences can lead to interesting applications if we can switch 
from one structure to the other (i.e. from continuous to discontinuous wires). In order to obtain this 
behavior, one solution consists in adding active components on discontinuous wires to connect the 
different element along their axis. As the active components are used in an ON/OFF state, it can easily be 
implemented in an electromagnetic simulator based on a moment method to optimize the structure. In our 
case, field effect transistors have been used as switches. The authors have already demonstrated that, with 
such a structure, the ON/OFF control and beamwidth control as well, were effective (G. Poilasne et ai, 
IEEE Trans on AP, Jan. 2000). The functionality presented in this communication is more advanced since 
based on an extended study of propagation modes inside the structure. In fact, it allows to choose between 
two types of radiation patterns. By adjusting the frequency band-gaps of discontinuous and continuous 
structures within the same embodiment, it is possible to excite two different modes inside the structure 
with different directions of propagation at the same frequency, depending of the component states. This 
basically comes from the fact that, when a dipole is placed inside a continuous MPBG and works at a 
frequency corresponding to a propagation mode of the structure, a narrow beam is radiated. When the 
antenna is placed inside a discontinuous wire MPBG and works at a frequency corresponding to the 
beginning of the band-gap for normal incident plane wave, the field can still propagate in other directions 
and a dual beam is radiated. 

Optimizing the physical dimensions (period, 
wire diameter, wire length for the discontinuous 
structure), the desired behaviors can be obtained at 
the same frequency. The key points of this design 
will be outlined. Finally as a result we can see in 
Fig. I the two different diagrams obtained by 
introducing a dipole working at 2.4 GHz within an 
active structure. This shows a state ON for the 
switch which gives a single beam pattern of30 deg. 
at 3dB aperture, as when the switches are 
commuted it gives two beams at 40 deg from each 
other, with a 20 deg. aperture. These results 
encourage the research for an application in base 
station switching in mobile communication. 
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Input Impedance Measurements for Half-Wave Dipole 
Radiating over a Rough Surface 

J. Catton, S-W Lee, J.D. Rockway*, Y. Kuga and A. Ishimaru 

Department of Electrical Engineering 
University of Washington, Box 352500 

Seattle, Washington 98195-2500 
Email: ishimaru@ee.washington.edu 

In electromagnetics, the Green's function provides the propagation mechanism by 
which objects interact and scatter. Recently we have investigated several 
properties of a rough surface Green's function that is applicable to rough surfaces 
with small rms heights. We now focus on the response of a radiating object 
within the presence of the rough surface. The description of the scattering process 
will be provided by the stochastic Green's function. Several approximations are 
made to develop an electric field integral equation (EFIE) to calculate the 
coherent and incoherent fields. The stochastic EFIE is solved to determine the 
mean and incoherent currents for an antenna suspended above the rough surface. 

To examine this problem, we calculate the current distributions produced by an 
excited Y, wave dipole located above a conducting rough surface with small nns 
heights. The input impedance of the antenna is calculated from recent 
experimental and numerical simulations. In the experiment, a Y, wave dipole of 
vertical and horizontal orientations is suspended above a "smooth" rough surface. 
The input impedance is measured and compared to a flat surface case. These 
measurements are then compared to the currents produced by the modified EFIE 
that has been implemented in MININEC. A study of the input impedance versus 
rms height is studied and analyzed. 
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Input Impedance of a Half-Wavelength Dipole above a 
Randomly Rough Surface 

Tsenchieh Chiu* 
Department of Electrical Engineering, 
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Kamal Sarabandi, 
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EricS. Li 
Department of Electrical Engineering, 

National Chi-Nan University, Nantou, Taiwan 

The problem of electromagnetic wave propagation, excited by a short 
dipole, above a dielectric ground plane has been long considered as a research 
topic of great interest. Recently, this problem has been extended more 
practically to include dielectric rough surface, since it is considered that the 
presence of the rough surface could effectively reduce the surface reflectivity. 
Also the incoherence scattering from the rough surface could play an important 
role in the short-term fading. To simulate a common ground point-to-point 
communication, the dipole and the observation point are both close to the 
ground and are far away to each other. In this case, the incidence angle of the 
radiated field to the surface is large. However, as predicted by the Rayleigh 
criterion, the effect of the surface roughness on the radiated field under this 
situation can almost be ignored. 

In this paper, the attention is turned to the effect of the surface roughness 
on the input impedance of the half-wavelength dipole antenna. When the dipole 
is close to the dielectric ground surface, the mutual coupling between the 
antenna and the surface roughness could significantly change the value of the 
input impedance, which is usually calculated assuming the smooth ground 
surface. In our study, first, the average scattered field from the rough surface is 
incorporated into half-space Green's function. Using the method of moment in 
conjunction with this Green's function, the average input impedance is 
calculated. Then, the uncertainty of the input impedance caused by the 
incoherent scattering from the random rough surface is also computed. The 
description of effect of the different surface roughness and the polarization of 
the antenna will be given in the presentation. 
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Radar Backscatter Image Comparisons of Analytical and Numericall'vlodels 
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e-mail: hjk@esl.eng.ohio-state.edu 

The recent development of efficient analytical and numerical models is al­
lowing new insights into electromagnetic scattering from random rough sur­
faces. Although analytical models provide physically based prediction of scat­
tering properties for rough surfaces, detailed scattering behaviors, especially 
at lower grazing angles, have not yet been understood completely. In this 
paper, we investigate analytical and numerical models for one dimensional 
rough surface profiles by means of radar imaging based on back-projection 
tomography using backscattered field calculations. The approximate theories 
applied include the physical optics (PO) approximation, small perturbation 
method (SPl'vl) , and the small slope approximation (SSA). In particular, we 
will present initial results for complete 2nd order (3rd order in slope) as well 
as incomplete 3rd and 4th order SSA in terms of average radar cross sections 
from given surface statistics. 

Radar images are formed through the wide range of frequency- and angular­
swept backscatter data with a proper choice of frequency and angular sam­
pling to allow unambiguous down and cross ranges. Due to the memory 
requirements in 2nd order SSA calculations, the images describing 2nd or 
higher order SSA will be confined up to moderate incident angles. Images 
obtained from the analytical methods are compared to numerical results for 
several surface profiles. The numerical methods involve an iterative method 
of moments accelerated either with a canonical grid expansion or a spectral 
acceleration technique. Various scattering features captured from the images 
will be analyzed to determine the applicability of approximated models. The 
major and secondary scattering events, angular dependencies and polariza­
tion effects observed from the images will also be discussed. 

0-7803-6369-8/00/$10.00 ©2000 IEEE 332 



ON 3D ROUGH SURFACE SCATTERING USING THE COIFMAN 
WAVELETS 

M. Toupikov, Y. Tretiakov and *G. Pan 
Department of Electrical Engineering, Arizona State University, Tempe, AZ 

Rough surface scattering has been studied by analytic techniques, 
including the Kirchhoff method, small perturbation method, Wiener-Hermite 
expansion among others. Nonetheless, these methods are limited by parametric 
constrains, such as a large radius of curvature, small height, non-grazing incident 
angles. Numerical solutions may overcome these limitations and provide more 
flexibility. However, due to the extremely large scales and prohibitively high 
computational costs, most numerical approaches available can only handle 2D 
Maxwell's equations, i.e., 2D scattering problems. 

In this paper, the Coifinan wavelets are used as basis and testing functions 
to solve integral equations via the Galerkin method. Very sparse impedance 
matrix has been obtained, due to zero moments, multiresolution analysis and 
localization (strictly in space and approximately in spectrum) property of the 
Coifinan wavelets. Wavelets have already been applied for the scattering 
problems on rough surfaces by different authors before, where matrix has been 
filled by using a standard moment method and then sparsified via wavelet 
transform. This leads to the excessive and unnecessary work of calculating matrix 
entries of orders O(N2). In contrast, in this paper authors have utilized the Dirac-o 
like property of the Coifinan scaling functions. As a result, the majority of entries 
in the impedance matrix are evaluated by the one-point quadrature, i.e., without 
using numerical integration such as the Gauss-Legendre quadrature. Zero entries 
of the impedance matrix are identified a priory without performing numerical 
integration and subsequent thresholding. The error analysis of the one-point 
quadrature is also provided. 

Numerical results from perfect conducting random 2D surfaces (3D 
scattering) are compared with analytical solutions and laboratory measurements. 

0-7803-6369-8/00/$10.00 ©2000 IEEE 333 

iii 



Analysis of Three Dimensional Scattering from Random 
Rough Surfaces with Buried Penetrable Objects for Mine 

Detection Applications 

M. El-Shenawee, E. Miller and C. Rappaport 
Center for Electromagnetics Research 

Department of Electrical and Computer Engineering 
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360 Huntington Ave., Room 235 Forsyth BId 
Boston, MA 02115 

magda@cer.neu.edu 

The analysis of scattering and transmission of electromagnetic waves in the presence of a 
random rough dielectric interface and in the nearfield of the sensing systems is a crucial 
step for subsurface object detection problems in general and landmine remediation 
applications in particular. Generally, this fully three dimensional problem must be treated 
numerically, however the calculation of the required fields using conventional techniques 
(e.g. moment method, finite elements, or finite differences) is a computationally intensive 
undertaking especially for large dielectric constants. The complexity of the problem 
dramatically increases upon inserting objects under the rough interface especially when 
these objects are penetrable. Therefore a fast and accurate computational technique is 
needed for such applications. 

The integral equation-based Fast Multipole Steepest Descent Method (SDFMM), that 
was originally developed at the University of Illinois (UlUC), will be modified and 
expanded here to analyze this intensive scattering problem. The rough surface is assumed 
a random one characterized with Gaussian statistics for the height with zero mean. A 
single penetrable object is buried at less than one wavelength beneath the mean plane of 
the rough interface. The incident wave, which is located above the surface, is assumed to 
be a Gaussian beam that is carefully tapered to minimize surface edge excitations. The 
PMCHW (poggio, Miller, Chang, Harrington, and Wu) integral equations are 
implemented in this work for three regions; air, soil, and buried object. Upon applying 
the appropriate boundary conditions of the electric and magnetic fields on the air-soil 
interface, four integral equations are obtained. Both the rough surface and the buried 
object are discretized into triangular patches. The moment method surface currents are 
approximated using the RWG (Rao, Wilton, and Glisson) vector basis functions. The 
interactions between the rough surface and the buried object are fully taken into account 
here. Thorough investigation will be conducted to test several approximations to ignore 
some of these interactions aiming to simplifY the involved intensive calculations. 

Results for the near field complex vectors will be shown. Monte Carlo simulations will 
be conducted to obtain the statistics of both scattered and transmitted near fields as 
functions of receiver position, frequency, and incident angle. This work can be extended 
to include several buried objects of different dielectric constants and/or perfectly 
conducting ones. The ultimate objective of this research is to analyze, understand and 
consequently to be able to differentiate between scattering from buried objects and 
scattering from rough surfaces, clutter in this case. 
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3 Department oj Electrical Engineering, City University oj Hong Kong 
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Bistatic scattering and emission of soil surfuces with inhomogeneous soil moisture profiles and 
ocean surfaces with large pennittivities are studied by using nwnerical simulations. For such 
cases, the surfaces have to be discretized with a dense grid in order to calculate accurate results 
for the surface fields because the Green's function of the lower mediwn and the surface fields 
have large spatial variation. In addition, the integration for near-field interactions is included in 
calculations. Accurate bistatic scattering coefficients are particularly important for the calculation 
of emissivities of rough surface which have to be accurate to within 1 % for passive remote 
sensing applications. Dense grid requires more CPU time and memory. To circwnvent the 
problem, we have developed a physics-based two-grid method (PBTG). This is based on two 
observations: (l) Green's function of lossy mediwn is attenuative and (2) the free space Green's 
function is slowly varying on the dense grid. The frrst property gives a sparse submatrix for the 
Green's function of the lossy mediwn. The second property allows us when using free space 
Green's function on the dense grid, to first average the values of surface unImowns on the dense 
grid, and then place them on the coarse grid. After completing multiplication of matrix and 
vector, the products are placed on the dense grid by interpolation. We use 64 points per square 
wavelength for the coarse grid and up to 1024 points per square wavelength for the dense grid. 
A bivariate interpolation is used to transfer values from coarse grid to dense grid. It has been 
shown that the PBTG can efficiently compute the accurate surface fields on the dense grid in 
terms of CPU time and memory requirements. The nwnerical results of emission in terms of 
physical roughness parameters are illustrated as a function of frequency, soil moisture and ocean 
wind. Results are compared with those from the second order small perturbation method and 
from Q and H empirical models. It is found that the empirical parameters Q and H are 
dependent on soil moistures, frequencies, and observation angles. 
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MRTD Modeling of Wideband Scattering from a Fractal Surface 

Traian Dogaru and Lawrence Carin 
Department of Electrical and Computer Engineering 

Duke University 
Box 90291 

Durham, NC 27708-0291 

The multiresolution time-domain (MRTD) method was recently introduced in the 
analysis of various electromagnetic field problems. The MRTD often yields important savings in 
computational resources, vis-a-vis the traditional FDTD, without sacrificing solution accuracy. 
In the MRTD algorithm, the fields are expanded in a wavelet basis, and Maxwell's curl 
equations are discretized using a method-of-moments procedure. Higher resolution (in the form 
of wavelets) is introduced in zones with relatively fast spatial field variation, while keeping a 
lower-resolution representation (in the form of scaling functions) in the slowly varying regions. 
This approach can be related to data compression techniques, in which the wavelet basis 
functions have proven extremely useful for a large number of applications. 

The purpose of the paper is to address the advantages of the MRTD algorithm in 
modeling rough interfaces, as compared with the FDTD scheme. In particular, at the same 
discretization rate, the MRTD rough-surface model is more accurate than its FDTD staircase 
counterpart; i.e., relative to the FDTD, MRTD can model scattering from the same rough surface 
with coarser spatial sampling, without losing accuracy, thereby reducing computer-memory 
requirements and CPU time. In addition to its advantages concerning the rough surface itself, 
the MRTD algorithm also only employs a high-resolution spatial grid (in the form of wavelets) 
in certain regions of the computational domain (as opposed to the classic FDTD scheme which 
uses a uniform grid everywhere), leading to further savings in computational resources. Short­
pulse time-domain scattering is considered from several dielectric fractal surfaces, with MRTD 
and FDTD results compared. 
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In this investigation is suggested the numerical model of scattering radiowave on a turbulent jet 
creating of space vehicle in a low ionosphere. The surface of conical turbulent jet is supposed to be 
beams source. The ionosphere out of disturbance domain is supposed to be of spherical layers. In 
this work there are tabulated the trajectories of radiowaves, refracting in ionosphere. In order to 
solve this problem is used the method of numerical analysis of electromagnetic wave propagation 
in the discrete random media (V.G. Spitsyn, IEEE AP-S Intern. Sympos., Atlanta, USA, 1, 112-
115,1998). 

We suppose the correspondence of the turbulences to the discrete random scatterers moving down 
the jet along its surface. These discrete random scatterers have a stochastic component of velocity 
which distributed by the Gauss law. Here there are investigated the isotropic, Lambert and quasi­
mirror types of scatterers indicatrix. Further we tum to the modelling of the radiowave scattering 
process on the surface of conical turbulent jet created by space vehicle by the method of Monte­
Carlo. 

The initial parameters of this model are: the co-ordinates of radio transmitter and receiver, the 
worker frequency of transmitter, the parameters, characterizing ionospheric plasma condition, the 
co-ordinates of space vehicle and the parameters of conical jet. As a result of work of the model is 
carried out the graphic construction of lighted domain of the Earth surface. Then we calculate the 
dependence of Doppler frequency shift, a radar cross section, and zenith and azimuth angles of 
receiving signal from the time. The comparison of calculating frequency spectrum of scattering 
signal on the turbulences of space vehicle jet with experimental data demonstrates its satisfactory 
conformity. 

0-7803-6369-8/00/$10.00 ©2000 IEEE 337 

,Ii 



Stochastic Model of Wave Propagation in the Jet with 
Inhomogeneous Profile of Velocity and Concentration of Turbulences 

Vladimir G. Spitsyn, Lubov N. Kudryashova 
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Revolution square, 1, Tomsk, 634050, Russia, 
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In this work there are suggested the stochastic model of electromagnetic and ultrasonic wave 
propagation in the turbulent jet of weak ionized gas and liquid. Here there are assumed that the 
wavelength less than the transverse size of jet and the distance between turbulences. We suppose 
the correspondence of the turbulences to the discrete random scatterers, having the inhomogeneous 
profile of concentration and velosity. Here there are analysed the turbulent jets with circle, ellipse 
and rectangular transverse cross-sections. 

In order to solve this problem is used the method of numerical analysis of electromagnetic wave 
propagation and absorption in the turbulent jets (V.G. Spitsyn, IEEE AP-S Intern. Sympos., 
Orlando, USA, 4, 2532-2535,1999). Here there are take place the accumulation of Doppler shift of 
frequency of multiple scattering signal in the process of modelling. 

In this investigation are analysed the dependences of angular and frequency spectrums of scattering 
signal from the optical thickness of turbulent jet, the types of its transverse cross-sections and the 
parameters, characterizing of inhomogeneous structure of velosity and concentration of scatterers. 
The comparison of calculating frequency spectrum of scattering ultrasonic signal on the turbulent 
jet of water with experimental data demonstrates its satisfactory conformity. 
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A SAMPLING RECEIVER FOR SUBSURFACE SENSOR 

Jeong-Soo Lee* and Cam Nguyen 

Department of Electrical Engineering 
Texas A&M University 

College Station, Texas 77843-3128 
E-mail: cam@ee.tamu.edu 

ABSTRACT 

Sampling receiver is an essential subsystem in pulsed radar. Existing sampling 
receivers require two-sided circuit processing, resulting in high complexity and 
fabrication cost. 

In this paper, we report the development of a new sampling receiver completely 
fabricated using coplanar waveguide and slot line. The use of these uniplanar 
transmission lines allows the entire receiver to be fabricated on only one side of 
the substrate, which is highly desired for simplicity and low cost. The receiver's 
block diagram is shown below and consists of LO, pulse generator, hybrid 
junction, sampling head, and IF amplifier. The pulse generator generates a step 
function from the LO signal, which is then fed to the hybrid junction to produce 
two opposite pulses for gating the sampling diodes. The sampling head is used to 
sample, hold, and convert the RF signal into an IF signal. The receiver exhibits a 
conversion gain from 12 to 15.5 dB over a RF frequency of 0.01-3 GHz with 10-
MHz LO and sampling pulses around 100 ps. It is used in pulsed radar for 
subsurface sensing applications. Analysis, design, and performance of this 
receiver will be presented. 
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Although radar-based subsurface sensing is an old technology, until recently 

there has been very little rigorous modeling done to characterize the target response as a 

function of frequency, polarization, incidence angle, target geometry and soil type. In 

previous work, we initially restricted ourselves to those targets that had 

body-of..revolution (BoR) symmetry, thereby significantly reducing the computational 

complexity of the problem. For unexploded ordnance (UXO) targets, whose shape and 

orientation in the soil may be completely arbitrary, the BoR analysis is inappropriate. In 

the work presented here, we therefore consider a MoM analysis for arbitrary perfectly 

conducting targets in a layered medium, with the lossy, dispersive layers representing the 

typical layered character of many soils. In addition to the aforementioned MoM model, 

we have developed fast multipole method (FMM) and multi-level fast multipole 

algorithm (MLFMA) models for electrically large conducting targets above or embedded 

within a lossy half space. The FMM and MLFMA schemes are particularly important at 

higher frequencies, for which the MoM is computationally less efficient. 

Synthetic aperture radar images from actual UXO are presented for data 

collected with the US Anny Research Laboratory BoomSAR, it a fully polarimetric 

experimental radar system, characterized by four TEM antennas placed atop a 40 m boom 

lift. The measurements have been perfonned in Yuma, AZ and at Eglin Air Force Base in 

northern Florida (both in the United States). The BoomSAR operates directly in the time 

domain, covering an instantaneous bandwidth of 50-1200 MHz. Several comparisons are 

made between measured and computed SAR images, the latter simulated via the MoM 

forward solver. 
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IMPULSIVE FIELD COMPUTATION 
AND MEASUREMENT 

Michael A. Morgan 
ECE Department, Naval Postgraduate School 
833 Dyer Road, Monterey, CA 93943-5121 

Near-fields of UWB impulse-driven antennas located over ground are computed and compared to experiments. Time-domain fields are calculated by first employing stepped-frequency NEC-4 calculations using wire-grid modeling of the antennas over the earth as depicted in the figure below. 

Near-field frequency-domain data is extracted from the NEC output file and post-processed using inverse FFT based algorithms programmed in MatLab. Specific impUlsive excitation is introduced in post-processing by either circuit modeling of the impulse generator or by way of measured terminal voltages or currents. The procedure employed includes the frequency-dependent effects of impedance mismatch, lossy earth and penetration of impulsive fields into structures. 

Comparisons of computations and experimental data will be shown for measurements of near-fields produced by impulsively driven asymmetric horizontal dipoles over ground. Animations of computed fields in the region near to the dipoles will be displayed and discussed. 

Lossy Earth 
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Classical Ultra-Wide-Band (UWB) Synthetic Aperture Radar (SAR) imag­
ing techniques based on free space propagation and tomographic back-projection 
may suffer significant distortion when a target of interest is located in a com­
plex environment such as behind a building wall, underground or embedded 
in foliage. 

An independently derived analytical solution for radar signal propagation 
(and back-projection) through a uniform dielectric wall or a uniform dielectric 
half-space is obtained by the authors. A new and computationally efficient 
model-based iterative SAR image refocusing algorithm based on the above 
first-order solution is developed. The algorithm permits non-uniform spatial 
sampling of imaging data, and cases where a radar unit may be in the radiating 
near-field of a target. This technique requires knowledge of a specific medium 
(or media) involved. Parameters such as average wall, ground or foliage di­
electric constant and wall physical (or electrical) thickness may be estimated 
directly from imaging data or separately from other probing techniques. A 
priori knowledge of medium parameters (from experience) is normally a useful 
starting point. 

This algorithm is applied to both simulated and measured data. Resulting 
SAR images are shown to be significant improvement over those generated by 
classical free-space tomographic back-projection techniques. 
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Design and Performance of An Ultra-Wide band Random 
Noise Foliage Penetration Radar 

Joseph A. Henning*, Ram M. Narayanan, and Xiaojian Xu 
Department of Electrical Engineering and Center for Electro-Optics 

University of Nebraska, Lincoln, NE 68588-0511 
Tel: 402-472-5141, Fax: 402-472-4732, Email: rnarayanan@unl.edu 

The University of Nebraska-Lincoln has developed and field tested a coherent ultra­
wideband polarimetric random noise radar system which shows great promise in its 
ability to covertly image targets and terrain obscured by foliage. The block diagram of 
the radar system is shown in the following figure. 
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The system operates over the 250-500 MHz frequency band with a transmit power 
of 1 Wand uses broadband dual-polarized log-periodic antennas with a gain of 7.5 
dB. The noise figure of the front-end receiver is 3 dB. The system uses the technique 
of heterodyne correlation at an intermediate frequency of 70 MHz to preserve phase 
coherence and allow polarimetric imaging. Range scanning is performed using a 7-bit 
coaxial cable delay lines that can be stepped from 0-127 nsec in steps of 1 nsec. The 
range resolution of the system is 60 cm in air. 

Detection and localization of targets hidden by foliage is accomplished by correlat­
ing the reflected waveform with a time-delayed replica of the transmitted waveform. 
The ultra-wide bandwidth of the transmitted signal provides fine range resolution. 
Since the receiver utilizes heterodyne cross-correlation, coherent processing algorithms 
can be used to enhance the detection of targets, reduce clutter effects, and sharpen 
azimuth resolution. A modified apodization-filtering technique has been implemented 
for reducing range sidelobes and thereby enhancing the image. Simulation studies, the­
oretical analyses, and experimental measurements show that the system is capable of 
imaging obscured objects with high resolution, and that its performance is comparable 
to coherent stepped frequency systems operating over the same frequency band. The 
principal advantages of the random noise radar include its ability for covertness and 
simplified signal processing. 
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Ultra-wide-band transient antennas are increasingly -nding applications as 
high- - delity sensors with many potential applications in telecommunications 
and direction -nding but herein with particular reference to ground penetrating 
radar. The problem of determining transient radiation from a three-dimensional 
geometrical structure is accomplished via two independent treatments. Numer­
ical computation using the Finite-di®erence Time-domain (FDTD) technique to 
predict time- and frequency-domain responses are presented to show that care­
ful shaping of antenna metallization can be used to design TEM horns with a 
prescribed impulsive electromagnetic -eld. The role of time-domain di®raction 
from the edges of the aperture in shaping the pulse and the nature and ex­
tent of the near- -eld, radiating near- -eld and far- -eld are discussed. The e®ect 
on bandwidth, radiation resistance and impulsive radiated waveform is consid­
ered and the ringing action of the antenna recognised as the crucial parameter 
constraining the usefulness of the design. 

Experimentally the radiated far- -eld from the transient antennas is veri-ed 
using a time domain planar near- -eld measurement technique. The approach 
utilised time domain formulas derived from the inverse Fourier transforms of 
the corresponding frequency domain formulas. Sampled time domain data may 
contain systematic or random error sources and to minimise these we outline the 
likely pitfalls and necessary remedies. An additional complication is that the re­
ceiving probe antenna must be compensated for it's frequency response. Which 
once known can then can be deconvolved from the measured data. Examples 
demonstrating these issues are provided during the course of the presentation. 
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High Resolution Analysis of Antenna Measurements Using the 
Oversampled Gabor Transform 

Zwi Altman, Benoit Fourestie and Joe Wiart 
CNET-DMRlIIM, France Telecom, 38-40 rue du General Leclerc, 

92794 Issy les Moulineaux, France 

The Oversampled Gabor Transform (OGT) is proposed as a powerful tool for 
analyzing antenna measurements in amplitude and phase. This technique allows 
one to perform a high resolution analysis of a measured signal leading to the 
identification and separation of its propagating wave constituents. 

The proposed technique has been compared to a short time Fourier analysis, 
namely, the Windowed Short Time Fourier Transform (WSTFT), and to a super 
resolution technique, the Matrix Pencil (MP) method. The comparison has been 
carried out for two canonical signals, i.e., sinusoids with frequencies very close 
to each other, and contiguous chirp signals. It is shown that the OGT can 
provide a better resolution than the WSTFT, and that the problem of 
mathematical artifacts which may appear in the MP method is avoided. 

The OGT has been applied to measurements performed in a semi-anechoic 
chamber using log-periodic antennas in the frequency range of 100-1,000 MHz. 
It is shown that the component reflected on the ground can be systematically 
identified and removed to retrieve the measurements performed in a fully 
anechoic chamber in the frequency range of 350-1,000 MHz. The identification 
procedure of the wave components and the signal reconstruction by removing 
of its reflection contributions is carried out using an automatic procedure. The 
reconstructed signal and the signal measured in a fully anechoic chamber agree 
to less than 1.3 dB with an average of 0.44 dB, and a standard deviation of 0.33 
dB. The proposed method can be used to correlate measurements in different 
test sites. 
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Using Half Plane Currents as Basis Functions in Moment Method Solutions 
of Two-Dimensional Strips 

John R. Natzke, George Fox University, Newberg, OR 97132 

The current induced on a wide, perfect electrically conducting strip can be 
accurately expressed as an infinite series of half plane currents given the 
appropriate edge reflection coefficients for the higher order terms. The series is a 
geometric one after the second order and can then be expressed in closed form. 
The resulting expression consists of six diffracted current terms plus the physical 
optics current. The accuracy of the high frequency model suggests that a moment 
method solution of a wide strip could be completed with a minimum of terms 
given the appropriate basis functions. Thus in this paper, the half plane currents 
are used as entire domain basis functions in the moment method solution of wide 
strips. Although the number of necessary expansion terms is minimized, the 
computation time of each in forming the impedance matrix is increased with the 
need for a numerical integration of the electrical field integral equation. These 
trade-offs are presented and discussed. 

The technique is first validated for the perfect electrically conducting strip 
under plane wave illumination at oblique incidences. It is then applied to other 
two-dimensional, electrically large geometries that may not lend themselves well 
to high frequency solutions or that require large impedance matrices. Of 
particular interest are multiple strips and strips made of resistive materials. The 
technique is tested for its accuracy in predicting the far field of these geometries 
by comparing to pulse basis, point matching moment method solutions. 
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INTEGRAL EQUATION SOLUTIONS FOR DIFFRACTION 
PROBLEMS INVOLVING SEMI-INFINITE STRUCTURES 

Stefano Maci 
Dept. of Information Engineering, Univ. of Siena, Via Roma 56, 53100, Siena, Italy 

macis@ing.unisi.it 

The solutions of semi-infinite problems which exhibit a uniform geometry along the 
axis parallel to the truncation is often used in high-frequency diffraction theories. From these 
solutions diffraction coefficients can be derived and applied in the framework of the 
Geometrical Theory of Diffraction (GTD). This presuppose the knowledge of suitable 
analytical form for applying asymptotic evaluations. When the analytical form is not 
available, one can perform a priory high-frequency approximations on the solution in order to 
manage analytical quantities. In this case it is necessary to test these approximate solutions in 
order to determine their range of validity. Typically, this validation is carried out by the 
solution of an integral equation (IE) via the Method of Moments (MoM) of a finite, but large 
structure, sometimes encountering unavoidable problems of interaction mechanisms with 
other truncations. Applying an ordinary sub-domain meshing formulation to the original semi­
infinite structure, leads to impairments essentially due to the infinite extension of the spatial 
integration domain. In this paper we suggest a quite general procedure to overcome these 
impairments. This procedure benefits from the physical information contained in I) the exact 
solution of an infinite problem which constitutes the infinite continuation of the truncated one, 
and 2) the high-frequency solution of the same problem, but treated under a "windowing" 
approximation, which consists on a semi-infinite truncation of the integration domain applied 
to the current of the infinite structure. 

The procedure is based on the MoM solution of two uncoupled IEs. The first one is 
that obtained by imposing the boundary conditions on the infinite structure; its solution can be 
given in analytical form or, in case of periodicity, by a very efficient MoM solution. The 
second "fringe" integral equation (FIE) is the difference between the previous IE and the IE 
pertinent to the semi-infinite structure. This allows one to isolate an unknown function which 
is the difference between the solution of the semi-infinite structure and that of the associated 
infinite structure. This unknown has a diffractive nature and a quite localized behavior, being 
physically associated to the truncation. Furthermore, the forcing term of the FIE is the field 
radiated by the complementary portion of the truncated structure with currents equal to those 
of the infinite structure. This realizes a "windowing" approximation of the semi-infinite 
structure solution, which can be calculated by asymptotic closed-form approximations or by 
convenient numerical integrations on steepest descent paths. The asymptotic form also 
suggests the definition of semi-infinite domain basis functions for an efficient expansion of 
the FIE unknown. 

Several examples will be shown to support the effectiveness of the method, which 
include line sources placed on truncated grounded dielectric slab, semi-infinite arrays of open­
ended waveguides on an infinite ground plane, semi-infinite metallic circular cylinders. 
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An Integral Equation Method for Electromagnetic Scattering from 
a Trough in a Ground Plane 

Aihua W. Wood 
Air Force Institute of Technology 

2950 P Street, Building 640 
Wright-Patterson AFB OH 45433-7765 

William D. Wood, Jr. 
Air Force Research Laboratory 

2591 K Street, Building 254 
Wright-Patterson AFB OH 45433-7602 

Prediction of the radar cross section of aircraft is limited in accuracy by the fidelity in 
predicting the scattering from cracks and gaps in the aircraft skin. Such cracks and gaps are 
often filled with penetrable materials to improve the aerodynamic properties of the aircraft. 
Modeling each individual crack and gap is computationally intractable, especially at high 
(e.g., X-band) frequencies. However, valuable insight can be gained by examining the two­
dimensional analogue of a trough in an infinite ground plane. 

We present a set of scalar integral equations governing the electromagnetic scattering 
from a two-dimensional trough in an infinite conducting screen. The trough region may 
be filled with an arbitrary homogeneous material and be of arbitrary cross section shape. 
The boundary between the material filling and the medium above the trough aperture must 
coincide with the plane of the screen. The geometry is shown in Figure. 

We recently presented these integral equations for the transverse magnetic polarization 
(W.D. Wood, Jr., and A.W. Wood, "Development and Numerical Solution of Integral E­
quations for Electromagnetic Scattering from a Trough in a Ground Plane," IEEE Trans. 
Antennas Propagat., vol. 47, pp. 1318-1322, Aug. 1999). The set of three coupled inte­
gral equations degenerate to a single integral equation when the material filling is absent 
(J.S. Asvestas and R.E. Kleinman "Electromagnetic Scattering by Indented Screens," IEEE 
Trans. Antennas Propagat., vol. 42, pp. 22-30, Jan. 1994). We present numerical results 
that show the well-posedness of the integral equations at all frequencies, including those 
corresponding to the eigenmodes of the interior trough region. 

We compare the numerical results from these integral equations to those from other 
methods, including the generalized network formulation, finite-domain integral equation­
s (using a finite ground plane and vector background subtraction), and the hybrid finite 
element/boundary integral (FE/B!) method. 
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A Pedestrian Introduction to the Accuracy and Convergence 
of Integral Equation Methods 

Karl F. Warnick' and Weng Cho Chew 
Center for Computational Electromagnetics 

University of Illinois, 1406 West Green St., Urbana, IL 61801-2991 

Error estimation for integral equation-based numerical methods has been a 
concern in computational electromagnetics for many years. Despite common 
misconceptions that this problem is theoretically intractable, and that only 
benchmarking and test cases are available to assess accuracy, both classical 
and recent results provide rigorous proofs of convergence, deep insights into 
numerical behavior, and even quantitative error estimates. 

Over the last several decades, the mathematics community has studied 
the fundamental question of numerical analysis for these methods: Does the 
solution error decay as the mesh is refined, and if so, at what asymptotic 
rate? The rigorous answer to the first part of the question-with only a few 
qualifications-is yes. Thus far, this remarkable achievement has had little 
impact in CEM. One obstacle is that this work is founded on some of the pre­
vious century's deepest results in analysis and operator theory. Surprisingly, 
the key theorem (quasioptimality) could not be more intuitive: the numerical 
solution is close to the projection of the exact solution into the trial space used 
to discretize the integral equation. This simple principle leads immediately to 
predictions of the solution convergence rate. 

\Vith these result in place, we can turn to harder questions: When does 
quasi optimality break down? What is the absolute magnitude of the error for a 
given mesh? How do geometry and electrical size affect the error? Scattering 
resonances? The choice of basis functions, including higher order bases? Ap­
proximate integration of matrix elements? By making use of basic methods 
in EM analysis such as high frequency asymptotic approximation, one can go 
beyond the classical convergence theory to answer these and other questions 
as well. The true solution error consists not only of the approximation error 
implied by quasioptimality, but also another contribution due to sampling of 
the singularity of the kernel of the integral equation. These depend differently 
on parameters such as mesh length and incidence angle. On smooth regions 
of a scatterer, the approximation error for low order bases is second order in 
the mesh length, and the sampling error is higher order. With approximate 
numerical integration of moment matrix elements, however, the sampling er­
ror becomes first order and can be dominant. In addition, .the approximation 
error cancels for specular scattering cross sections (if the scattered field is dis­
cretized using the same expansion functions as the current), so that the RCS 
is only affected by the sampling error. These effects make empirical conver­
gence observations difficult to interpret, but once understood, solution error 
can be predicted quantitatively-allowing CEM to move beyond the venerable 
rule-of-thumb of "10 points per wavelength." 
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Comparison of Load Models for a Thin-Wire Antenna 

Frank A. Pisano III* and Chalmers M. Butler 
Department of Electrical and Computer Engineering 

Clemson University 
Clemson, SC 29634-0915 

Loads in thin-wire antennas can serve many purposes. From shifting a resonance to acting as a 
choke, loads are versatile design devices. In many cases, circuit models can replace these loads in 
numerical solutions that predict antenna characteristics. Representation of features by circuit 
models where feasible in an analysis offers computational efficiency over a complete 
electromagnetic field characterization of a loaded antenna. Often, however, one arrives at the 
value of a load impedance needed in an application before consideration is given to the structure 
of candidate circuit elements of the load only to encounter difficulties in attempts to physically 
realize a load which exhibits these desired characteristics. A robust load implementation whose 
impedance can be varied with only minor modification of the antenna structure is desirable. To 
this end, the authors have devised simple load structures and computationally efficient load 
models for use in integral equation analyses ofloaded wire antennas. 

The aforementioned loaded antenna is constructed by creating a gap in a cylindrical tube. The 
tube serves as the antenna proper, and the gap is the manifestation point of the load. The load 
itself is created inside the antenna, i.e., inside the tube, by insertion into the tube of another 
cylinder, coaxial with the cylindrical tube. The inserted cylinder and tube form an interior coaxial 
guide of finite length. A signal can enter at the gap and excite the coaxial guide at a 
predetermined location along its length. The load impedance seen at the gap can be controlled by 
adjustment of the parameters of the coax and by adjustment of the terminations at the ends of the 
coax remote from the gap. Loading of the coax itself offers even more freedom to one who wishes 
to arrive at a desired impedance. 

Several models useful in analysis of this loaded antenna are considered. Two rely entirely upon 
full characterization by Maxwell's equations and lead to solutions which can be used to assess the 
accuracy of those models which do incorporate circuit approximations to simplify the analysis. 
The first of the two "field" methods is a rigorous mixed potential integral equation analysis of the 
total structure in which it is treated as coaxial cylinders. The second field method is a complete 
aperture solution in which the gap electric field and cylinder current are unknowns to be 
determined from solutions of coupled integral equations. In this method, the field in the interior of 
the coax is represented in the usual way in terms of eigenfuncHon expansions. These two solution 
methods provide the basis for comparison for the efficient load models devised. 

To characterize this structure efficiently, the gap in the outer tube is viewed as an input port to 
the coaxial interior and the effects of this interior are represented as a circuit which manifests itself 
to the exterior at the gap. The impedance of this circuit is used as a lumped load in the wire 
antenna which is analyzed by integral equation methods. Four load models have been devised, 
and all are variations on the conventional lumped load model: the lumped load located at the 
center of the tube gap, two lumped loads separated by the width of the gap in the cylindrical tube, 
two lumped loads at the ends ofa section of wire whose radius is that of the inner cylinder's, and a 
distribution of lumped loads along the span of the gap. Each of the four models incorporating 
circuit loads offers increased computational efficiency over the corresponding complete 
electromagnetic field models in exchange for a varying amounts of reduced accuracy. 
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Computer Simulation of 2D-SNOM 
Using Metal-Coated Dielectric-Probe with Aperture 

Masahiro Tanaka and Kazuo Tanaka 
Department ofInformation Science, Gifu University 

I-I Yanagido, Gifu-shi, Gifu 501-1193, Japan 

Near-Field Optics (NFO) such as a Scanning Near-field Optical 
Microscope (SNOM) and an optical manipulator is a technology in which 
many researchers are interested recently. SNOM can make images with the 
subwavelength resolution, and the optical manipulator can control a position 
of a tiny particle by electromagnetic force. In order to understand the basic 
characteristics of NFO circuits, it is very important subject to develop the 
accurate simulator and their basic theory. 

It is considered that NFO circuits are composed of the observed or 
controlled particles, and semi-infinite probe that is made from fiber in the 
case of 3-dimensional structure or waveguide slab in the case of 2-
dimensional structure. Many papers concerning the analysis ofNFO circuits 
have been published so far. However, to our knowledge, there are only small 
number of papers which treat the energy of the guided-wave as the output 
image. 

We have proposed new integral equations called Guided-Mode Extracted 
Integral Equations (GMEIEs) for the analysis of2-dimensional SNOM (2D­
SNOM) and optical manipulator using the uncoated dielectric-probe, and 
have reported results of the computer simulation. In this paper, GMEIEs are 
extended to the case of 2D-SNOM using the metal-coated dielectric-probe 
with aperture, and the computer simulation is performed by the boundary 
element method (moment method). The metal is treated as the perfect 
electric conductor in this paper. 

Results of computer simulation show that it is possible to detect the 
position of two particles separated by 0.161.., when the each object size 
which is square is given by 0.1 6A.xO. 161.., where A. represents the wavelength 
of incident field. One-dimensional (I-D) scanning images that are obtained 
by scanning the metal-coated dielectric-probe with aperture are compared 
with those that are obtained by scanning the uncoated dielectric-probe. It is 
found that I-D scanning images obtained by 2D-SNOM using the metal­
coated dielectric-probe with the aperture are higher resolution than those 
obtained by 2D-SNOM using the uncoated dielectric-probe. 

When the aperture size of the coated dielectric-probe becomes small, the 
contrast quality becomes worse. However, the detected positions of two 
particles obtained by 2D-SNOM using the metal-coated dielectric-probe 
with the smaller aperture, is better agreement with the true positions of two 
objects. 
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Generation of Adaptive Basis Functions 
to Create a Sparse Impedance Matrix 

Using Method of Moments 

S. M. Rao* and M. L. Waller, Department of E & CE, Auburn University, Auburn, 
AL 36849. 

The most popular method to solve electromagnetic field problems via integral equa­
tion solution approach is the method of moments (MoM). One major problem with 
MoM is the generation of a dense matrix and for complex problems, the dimension 
of this matrix can be prohibitively large. Usually, for electromagnetic scattering 
problems, it is necessary to divide the solution region into small enough sub domains 
in order to obtain accurate results. By small enough, we mean about 200-300 sub­
domains per square wavelength. In usual practice, we may typically solve for several 
thousand unknowns for large, complex problems. Quickly, this requirement becomes 
expensive in terms of computational resources and may even become impossible to 
handle. Hence, we look for alternate schemes to reduce the computational resources 
by generating a sparse matrix instead of a full matrix. 

The generation of a sparse matrix in the method of moment solution procedure 
may be achieved in two ways viz. a) by defining a special set of basis functions 
to represent the unknown quantity or b) by handling the influence of the kernel 
function in a novel way. The usage of wavelet-type basis functions which provide 
some sparsity belong to the former category and the application of fast multipole 
method (FMM) belongs to the later category. 

In this work, we develop a set of adaptive basis functions which, when used in the 
regular moment method solution, automatically generates a sparse moment matrix. 
The central idea in this scheme is to group a number of sub domain basis functions 
into one cluster. Then, we attach appropriate complex weights to these individual 
basis functions in the cluster so that the integrated field value (i.e. the basis function 
multiplied by the kernel function and integrated over the basis function domain) 
produces a null outside the cluster. This null translates to zero elements in the 
moment matrix thus enabling us to generate a sparse system of equations. We note 
here that the sparsity of the moment matrix depends upon the number of basis 
functions used to form the cluster. It is fairly simple to achieve over 95% sparsity 
in the impedance matrix using this procedure. Obviously, the evaluation of the 
appropriate weights is essential to the crucial step in this method and we discuss a 
simple procedure to calculate these weights. One major advantage this new method 
is we only need to generate the non-zero elements in the moment matrix which 
reduces the computer storage requirements s,ubstantially. This is in contrast to other 
similar methods, such as using wavelet transforms, wherein one usually generates 
the full matrix and applies threshold to obtain the sparsity. We demonstrate the 
efficiency and advantages of this new procedure using several numerical examples. 
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APPLICATION OF LOCAL TRIGONOMETRIC BASES TO EM 
SCATTERING ON ELECTRICALLY LARGE BODIES 

Youri Tretiakov, Mikhail Toupikov and *George Pan 
Department of Electrical Engineering, Arizona State University, Tempe AZ 

The Electromagnetic field scattering by arbitrarily shaped conductors is 
usually obtained by solving an integral equation with respect to the unknown 
induced current distribution. The solution is performed by discretizing the integral 
equation into a matrix form by the method of moments. The choice of basis 
functions is very important. The well-known approach of using pulse and 8-
functions as basis and testing functions leads us to a dense system matrix. For 
electrically large problems this approach results in a prohibitively excessive usage 
of computer resources (memory and computational time). 

Application of classical wavelets as basis and testing functions gives us 
very good results for the case of low frequency scattering and antenna problems. 
Wavelet application leads to very sparse system matrices, which can be efficiently 
solved by sparse solvers. However the sparsity of the system matrix for wavelet 
bases is decreased as we go to higher frequencies. This is due to the fact that high 
frequency oscillatory integral kernels require high level of wavelets for a good 
approximation. 

In this work authors have applied smooth local cosine bases of Coifrnan 
and Meyer (Remarques sur l'analyse de Fourier it fenetre, serie I, C.R. Acad. Sci. 
Paris 312 (1991), 259-261» to solve electromagnetic scattering problems from 
two-dimensional arbitrary shaped electrically large conducting bodies. Smooth 
local cosine bases have such advantages as frequency localization, orthogonality 
and the availability of fast numerical algorithms. Numerical scattering results for 
several 2D cross sections are given. Authors also performed comparison of 
effectiveness of the smooth local cosine and wavelet approaches. 
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Wavelet Packets Used in the Solution of Integral Equations 

Richard E. Miller 
Lockheed Martin Government Electronic Systems 

199 Borton Landing Road 
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Moorestown, NJ 08057-0927 

Wavelet basis functions have successfully been used to reduce the size of moment 
method impedance matrices through direct expansion of the integral equation and 
the discrete wavelet transform (DWT). The extension from wavelets to wave 
packets has begun to demonstrate the potential for higher reductions in the size of 
moment method impedance matrices. This paper compares the matrices generated 
by the discrete wavelet packet transform (DWPT). Orthogonal and semi­
orthogonal wavelet packets are used to generate the transformed impedance 
matrices. 

A wavelet basis is composed of entire domain and sub domain basis functions. 
The larger scale or lower frequency functions are generated by decomposing the 
previous higher level basis into smooth (low frequency) and detail (high 
frequency) functions. The decomposition path proceeds through the smooth 
functions only. A wavelet packet basis is a more general form of the wavelet basis 
in that the decomposition can proceed through both the smooth and detail 
functions. 

The wavelet packet impedance matrices generated by orthogonal and semi­
orthogonal DWPTs will be compared. The following metrics are used in 
comparing the matrices: matrix condition number, sparsity, and solution error. 
The impedance matrix for this study will be constructed for a two-dimensional 
finite-width flat plate scatterer with plane wave excitation. 
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A new combined field integral equation is examined for its numerical 
properties. For scattering from a closed conducting body, it is known that 
a combined field integral equation has a better condition number than 
either the electric field integral equation or the magnetic field integral 
equation alone. This is understood by proofs involving energy inequalities. 
The standard combined field integral equation receives somewhat more 
strongly from the exterior of that closed body than from its interior. The 
use of the Impedance Matrix Localization (JML) along with a diagonal 
matrix as a combination coefficient allows a new combined field integral 
equation which receives very significantly more strongly from the exterior 
than from the interior. We present the condition numbers for all these 
equations and show that the new combined equation has a very 
significantly improved condition number than all other approaches, 
including the standard combined field integral equation. 

In the past, combined source integral equations always were for an 
electric field. That is, the standard electric field integral equation, which 
has an electric current as a source, was combined with a different electric 
field integral equation, one which has a magnetic current as a source. The 
very method of derivation for these combined equations required that they 
both be for the same field quantity. However, we show that there is 
another possibility. The Impedance Matrix Localization Method (JML) 
shows how to transform a far field scattered electric field into a magnetic 
field. More importantly, in the JML formulation, this transformation 
becomes a diagonal matrix. Using this fact, we show how to derive other 
combined equations. For example, it is even possible to combine an 
electric field integral equation for an electric current source with a 
magnetic field integral equation with a magnetic source. More to our 
purposes, we show a novel combination of three integral equations. This 
combination is designed to achieve both testing functions which 
preferentially receive from the exterior and sources which preferentially 
transmit to the exterior. Numerical results show that this combination has 
an even better condition number than any others seen before. 
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ANALYSIS OF FINITE LINEARLY TAPERED SLOT ANTENNA (LTSA) ARRAYS 

USING FINITE ELEMENT METHODS IN CONJUNCTION WITH FAST INTEGRAL 
TECHNIQUES 

Erdem Topsakal* and John L. Volakis 

(topsakal@umich.edu, volakis@umich.edu) 

Radiation Laboratory 

Department of Electrical Engineering and Computer Science 

The University of Michigan, Ann Arbor, MI48109-2122 

In this paper we present a finite-element boundary integral (FE-BI) formulation 
for the analysis of finite linearly tapered slot antenna (L TSA) arrays. TSAs are widely 
used in many applications because of their ultra-wide bandwidth and high power 
handling capabilities. They are also used as feeds to reflector antennas due to their 
narrow beamwidths. Previous analysis of these TSA arrays has been carried out using 
moment method techniques in conjunction with Floquet's theorem. To allow the 
capability of modeling material and treatments between the array elements, in this paper 
we consider the finite element method modeling of the L TSA along with periodic 
boundary conditions for handling the periodic boundaries. Also, a new fast spectral 
domain method [Eibert and Volakis, 1998] with O(N log N) CPU requirements is 
employed for truncating the aperture mesh. 

Of particular importance in this study is the use of higher order/multi-resolution 
elements [Andersen and Volakis, 1999] for accurate feed modeling and for efficient 
modeling of thin dielectric layers. Automatic adaptivity will be employed to control the 
accuracy of the solution by modifying only a few elements of the solution volume and 
results will be shown on the efficiency of this approach. Also, materials modeling will be 
considered to decrease coupling effects and scan performance. The computational aspects 
of the method in dealing with such broadband elements with fine detail will be addressed 
as well. 

L. Andersen and J. L. Volakis, "Development and Application of a Novel Class of 
Hierarchical Tangential Vector Finite Elements for Electromagnetics" IEEE Trans. 
Antennas and Propagat., v 47, n 1, pp 104-108, Jan 1999 

T. Eibert and J. L. Volakis, "A Fast Spectral Domain Algorithm for Rapid Solution of 
Integral Equations," lEE Electronics Letters, v 34, n 13, pp 1297-1299,25 Jun 1998. 
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Mutual Coupling Between Antennas on an Elliptic Cylinder 

Chi-Wei Wu*, Leo C. Kempel, Edward J. Rothwell 
Electromagnetics Laboratory 

Michigan State University 
East Lansing, MI 

An approximate asymptotic solution based on the geometrical theory of diffraction 
(GTD) for surface fields due to a source on a smooth perfectly conducting surface with 
arbitrary curvature has been developed by Pathak and Wang ([EEE Trans. Antenna 
Propagat., 29(6), pp. 911-922, Nov. 1981). Based on this development, we find an 
approximate asymptotic solution for the electromagnetic fields that are induced on the 
surface of an electrically large perfectly conducting elliptic cylinder by an infinitesimal 
magnetic current moment on the same surface. The superposition of such curent 
elements represents the surface current in the apeture of a conformal antenna. This 
solution can be employed to calculate mutual coupling between two or more antenna 
elements. Such information is essential for designing conformal antenna arrays and for 
studying the electromagnetic compatibility (EMC) of multiple conformal antennas. In this 
solution, the surface fields propagate along each ray's geodesic path, and their 
description remains uniformly valid within the shadow boundary transition region 
including the immediate vicinity of the source. The surface field due to a magnetic 
current element is expressed in terms of Fock functions in the form of a rapidly 
convergent creeping wave series. 

This solution is used to form the dyadic Green's function for the elliptic cylinder. The 
Green's function is then used in a hybid finite element-boundary integral formulation. In 
this, the fields within the cavity are expanded in terms of finite element basis functions 
while the boundary integral is used to close the aperture mesh and provide the 
necessary radiation conditions. This formulation is analogous to the one developed for 
conformal antennas mounted on circular cylinders by Kempel, Volakis, and Sliva (lEE 
Proc.-Mircow. Antennas Propag., 142(3), pp. 233-239, June 1995). 

0-7803-6369-8/00/$10.00 ©2000 IEEE 360 



Conformal Wide Bandwidth Antennas on Circular Cylinders 

Charles Macon*, Leo Kempel Keith Trott Stephen Schneider 
Michigan State University Mission Research Corp. Air Force Research Laboratory 

In this paper, the effect of curvature on the behavior of broadband antennas will be 
investigated. A broadband antenna exhibits a performance, as defined by the radiation 
pattern and input impedance, that is practically independent of frequency over a large 
bandwidth. The motivation for this study lies in the fact that designers may sometimes 
find it necessary to place conformal antennas on curved surfaces. The effect of curvature 
on the input impedance of such antennas is needed in order to ensure a proper match with 
the antenna feed network. The finite-element boundary integral (FE-BI) method will be 
utilized to model the behavior of the antennas with respect to variations in curvature. This 
method is versatile in that it permits the specification of anisotropic materials within the 
computational domain and is capable of modeling composite metallic and dielectric 
structures. 

The affect of curvature on broadband antenna performance will be quantified through an 
analysis of the dependence, as a function of rotational state, of key performance 
parameters (e.g. input impedance, gain, phase linearity, etc.). In particular, a log-periodic 
antenna (LPA) will be analyzed. The LPA was chosen as a good candidate for 
investigation among various types of broadband antennas due to its rotational asymmetry. 
A rotational state may be considered as aligned with the points on a compass. In this 
investigation, there will be three rotational states for a four arm self-complementary LP A, 
namely 0,22.5, and 45 degrees. These are illustrated in Figure I. 

Case 1 Case 2 Case 3 

Figure 1. Three orientations oftbe LPA on a cylinder: 0, 22.5, and 45 degrees. 

The input resistance is a parameter that characterizes the performance of broadband 
antennas. The variation in input resistance over the frequency range 6-20 GHz for each 
rotational state was presented recently (Macon, et aI, "Curvature Effects on a Conformal 
Log-Periodic Antenna, ACES Conference, Monterey, CA, March 2000). Further results, 
illustrating the effect of curvature on the radiation pattern and far-zone phase behavior, 
will be presented at this meeting. 

From this investigation, we hope to better understand the effect of curvature on 
broadband antennas. This knowledge would have many practical applications, such as 
more efficiently aligning conformal antennas on supporting structures to maximize 
performance. 
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RADIATION CHARACTERISTICS OF FIELD RADIATED FROM AND RECEIVED 
BY RESISTIVELY LOADED THIN HALF-WAVE COPLANAR ORTHOGONAL 

DIPOLES EXCITED BY ULTRA WIDE BAND SIGNALS 

Ajit K. Choudhwy 
Department of Electrical Engineering 

College of Engineering, Architecture and Computer Sciences 
Howard University, Washington,D.C.20059 

ABSTRACT 

Characteristics of the radiated electric field in free space at far 
distances from resistively loaded thin half-wave coplanar orthogonal 
dipoles excited by pulses are investigated. The receiving antenna 
consists of a thin half wave resistively loaded coplanar orthogonal 
dipoles situated at a far distant point, not necessarily in the same 
plane of the transmitting coplanar orthogonal dipoles. It is shown that 
the radiated field can become circularly polarized in the broadside 

direction ( 8 = !p = 90 0 ) when the exciting input voltage is 
sinusoidal, and the input to the x-axis dipole is the same as the input 
to the z-axis dipole but delayed by a quarter cycle. 

The WU-King [2] loading profile is considered here. The far field 
of the loaded orthogonal dipoles excited by a finite cycle-sine input (N 
cycles) to each dipole is derived. When the input is fed directly into 
the dipoles and the observed direction is broadside, the time-domain 

field is extended in time to (N+0.5)/f o with respect to the duration of 

the source N/f o and circular polarization occurs only for (N+0.5)/f o ' 
For the UWB case (N=l) , the radiated field's duration is 1.5 times the 
duration of the source, and circular polarization occurs only for two­
quarter of the period of the source i.e., two-quarter of a cycle. This 
is different from that of the unloaded orthogonal dipoles case [1]. In 
the case of unloaded orthogonal dipoles when the dipoles and the feed 
network are perfectly matched and the observation direction is 

broadside, the time-domain field is extended to (N+0.75)/f o with 

respect to the duration of the source N/fa and circular polarization 

occurs for (N+0.75)/f o . For the UWB case (N=l) , the radiated field's 
duration is 1.75 times the duration of the source, and circular 
polarization occurs only for one-quarter of the period of the source. 
Similar results are derived for the voltages out of the receing antenna 
and compared with the corresponding results of the unloaded case. 

1. E.L. Mokole,A.K. Choudhury and S.N.Samaddar, IITransient radiation 
from thin,half-wave,orthogonal dipoles,lI Radio Science, Volume 33, 
Number 2, pp.219-229, March-April 1998. 

2. T.T.Wu and R.W.P. King, "The cylindrical antenna with non-
reflecting resistive loading, 11 IEEE Trans. Antennas and Propagat., 

Volume 13, pp.369-373, (1965) 
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OPTIMIZA TION OF THE RADIUS OF A CIRCULAR ARRAY 

Roberto Vescovo 
Dipartimento di Elettrotecnica Elettronica ed Infonnatica 

Universita di Trieste 
Via A. Valerio, 10 - 34127 Trieste - Italy 

In a process of pattern synthesis for circular arrays, the array radius plays an 

important role in determining the quality of the synthesized pattern. We here 

examine the problem of optimizing this radius. Let us consider a circular array of 

N equispaced elements placed on a circular ring of radius R, lying in the x-y plane 

of a Cartesian system O(x, y, z) and having the center coincident with the origin 

O. The far-field pattern of the array in the x-y plane is given by 
N 

P(a)(I/» = 2: an p(l/!-ifin) exp(j{3R cos( I/!- ifin» (1) 
fl~l 

where a =[al' ... , aN] T is the complex excitation vector, ifi is the azimuth angle, ifin 

(= 2nN-I n ) andp(ifi-ifill) are the angular position and the far-field pattern, 

respectively, of element il (n'"' 1, ... , N), and {3 =2nit-1 with it the wavelength. 

Given a desired radiation iJattern Fo(ifi), the array pattern P(ao)(ifi) minimizing the 

mean-square distance IIP(a) - Fo II can be determined in closed fonn by a DFT 

(discrete Fourier transfonn) approach described in (R. Vescovo, Int. Journal of 

Infrared and Millimeter Waves, 20, 1957-1976, 1999). By following this 

appF:;.::h it can be shown that the squared distance between the optimal array 

pattern P(ao) and Fo is given by 
N 

p2(ao) = IIP(ao) - Fol12 = 11F0112 - 2: lao(k)121IgkI12 (2) 
n;l 

where the coefficients ao(k) and IIgdl can be calculated by formulas involving the 

DFT (see reference above) which therefore are suitable for implementing FFT 

(fast Fov.lier transfonn) algorithms. 

Note that the quantity {3R in (1) affects the optimal excitation vector ao, which 

therefore is indicatec:' by ao({3R). Accordingly, the distance in (2) is indicated by 

lI({3R) = p(ao({3R ». ·.he relation (2) allows a fast computation of the distance 

lI({3R) for different values of {3R, thus providing a diagram of lI({3R). This allows 

to easily detennine an approximation of the value ({3R)o minimizing lI({3R). The 

value ({3R)o yields the best synthesized pattern, and therefore it can be considered 

as the optimal value of {3R. 
Numerical results were obtained, which validate the above method. 
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Mutual Admittance Between Two Concentric Annular Slots 

Steve Zeilinger' 
Visteon Automotive Systems 
Dearborn, Michigan 48126 

USA 

Dipak L. Sengupta 
Department of Electrical and Computer Engineering 

University of Detroit Mercy 
Detroit, Michigan 48219-0900 

USA 

Abstract 

This paper presents results obtained from the induced emf solution for the mutual admittance between two concentric annular slots on an infinite ground plane. The inner (smaller) slot is delta gap driven while the outer (larger) slot is arbitrarily loaded at its terminals. 

where; 

The mutual admittance Y21 is obtained from the following expression: 

-7/: 

II and!; are the magnetic currents (at ¢= 0) on the inner (slot I) and outer (slot 2) 
slot terminals respectively, 

h( ~ and H2( ¢) are the magnetic current and field distributions on slot 2, 

c is the mean radius of the outer (parasitic) slot. 

The required field and magnetic current distributions are determined by using the appropriate MFIE's and boundary conditions. Magnetic currents and magnetic fields are 
expanded via Fourier series and the Fourier coefficients determined by use of the orthogonality principle. 

The mutual admittance has been calculated by using standard numerical techniques for annular slots of variable size. A variety of numerical results will be 
presented. 
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COMPUTATIONAL MODELS FOR PRACTICAL ANTENNA LOADS 

Shawn D. Rogers*, John C. Young, and Chalmers M. Butler 
Department of Electrical and Computer Engineering 

Clemson University, Clemson, SC 29634-0915 

It is well known that loading an antenna with tuned circuits has many 
useful applications, e.g., increasing bandwidth, altering resonant frequency, etc. 
Such tuning is particularly effective for monopole and dipole antennas, which are 
typically narrow-band devices but which are often the structures of choice when 
the application requires a vertically polarized, omnidirectional (in azimuth), low­
profile antenna. There has been much attention in the literature in recent years 
devoted to the application of genetic algorithms for determining the optimum 
placement on the antenna and component values of these circuits. However, there 
is little information available pertaining to the design and construction of practical 
antenna loads. Also, data are not available for the experimental validation of 
computational models of loaded antennas. 

The purposes of this study are to verifY computational models of loaded 
antennas with measured results and to present example designs for practical 
antenna loads. One practical load of interest is the simple helical coil. Results are 
presented for monopoles loaded with a helical coil treated as a single inductor in 
the load model. Another model of the helical coil incorporating the interwinding 
capacitance between the turns of the coil is assessed. In order to provide parallel 
capacitance for a tuning circuit, a shield is placed over the helical coil. In both 
cases the inductance of the coil and the inductance and capacitance of the shielded 
coil are predicted by computational methods. Data determined from integral 
equation solutions of loaded antennas are compared with data obtained from 
measurements on laboratory models. 

Numerical results reported in the literature suggest that load circuits 
containing resistors are more effective for achieving broadband operation of an 
antenna than non-resistive loads. Measured and computed results for antennas 
containing these types of loads are presented. 
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DUAL-BAND GLASS-MOUNTED CAR ANTENNA FOR MOBILE PHONE 

Luca Niccolai 
Alfa Acccesori, S.R.L., Via Parini 115, 60027 Osimo, Italia 

Antonije Djordjevic 
Branko Kolundzija* 

School of Electrical Engineering, University of Belgrade 
P.O. Box 35-54, 11120 Belgrade, Yugoslavia 

Tapan Sarkar 
Department of Electrical Engineering and Computer Science 
Syracuse University, Syracuse, New York 13244-1240, USA 

To avoid drilling holes in the metallic body of a car, antennas can be mounted at the top part of the 
windshield or another glass surface. For mobile-phone applications, the antenna is usually at the 
outside of the car. It is coupled to the feeding cable located inside the car using a through-the­
glass capacitor. Such a design is common for the 900 MHz band, where the radiating element is an 
external monopole (whip). The design is complicated when the antenna should operate at both the 
900 MHz and 1800 MHz bands. 

The whip should resonate at two frequencies, which are approximately in the ratio 2: I. This is 
achieved by interrupting the monopole by a tank circuit, resonant at 1800 MHz. This circuit is made 
in the form of a simple coil, which has an antiresonance at 1800 MHz. At the base of the whip, there 
is a metallized surface touching the windshield glass. This surface plays the role of one electrode of 
the capacitor. The other electrode of the capacitor is a metallized flat surface at the glass interior. 
This electrode is placed on the top of a box-like structure. This structure is used for the mechanical 
connection of the feeding coaxial line, but it also plays the role of the antenna counter-balance and 
a choke that prevents signal leakage along the feeder. The box walls and floor are metallic, and the 
feeder connection is at the box floor. 

The most critical part of the antenna design is the connection between the electrode and the feeder. 
The main problem is to force the major radiation to come from the external whip, and not from the 
box interior. This is required to control the radiation pattern of the antenna. The radiating segment 
should be positioned as high as possible, to minimize shadowing by the car body. This connection 
is made in the form of a conical metallic surface, with the apex at the feeder. 

The design was carried out theoretically, using program WIPL (B.M. Kolundzija, 1.S. Ognjanovic, 
T.K. Sarkar, and R.F. Harrington, Boston: Artech House, 1995), by carefully modeling all metallic 
and dielectric parts of the antenna and the windshield. Theoretical results were then verified 
experimentally. A very good agreement was obtained between the theoretical and experimental 
data. 
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Double slot antenna integration 

on thick film substrate LTCC at 60 GHz 

L. Desclos, K. Maruhashi*, M.llo*, K. Ikuina+, N. Senba+, 
N. Takahashi+, K. Ohata*, M. Madihian 

NEC USA Inc., CCRL, Princeton, * Kansai elec. Labs, +Fundamental research lab, 
NEC Corporation Japan 

Summary: Development of short range communication systems requires to investigate 
technological issue to reduce !he overall cost of !he proposed module. These modules 
should include !he active part as well as !he anterma. Several solutions have been 
proposed based on a total GaAs solution specially for millimiter wave range,(C. Peixeiro, 
et al, 26!h EuMC, Prague, 9-12 Sept. 1996). However it appears !hat a full GaAs solution 
creates several blocking points. First of all !he reliability as if one of !he used component 
is wi!h defect all !he chain is affected, and !he second point is !he cost. Then several 
investigations have been carried out on different low cost modules or materials, and one 
of !he candidates is LTCC substrate. This one is issued from !he low frequency range as it 
is used wi!h a !hick film printed technique. By adapting this low frequency technique 
toward !he high frequency we can keep !he cost as interesting as possible. The antenna 
can !hen be printed on !he module itself and !he MMIC wi\l be mounted with a flip-chip 
technique - Fig. 1-. One of !he difficulties encountered in designing !he anterma is !hen 
how to respect !he printing tolerances (related to low frequency) to have !he best 
performances reliability. All this considering !hat it has to be on a single plane and in a 
finite size. The proposed V band anterma has to stand wilhin 3.5x5 mm, on a 320 um 
thickness substrate of7.1 permittivity. To keep !he cost as low as possible, !he minimum 
separation or printing was over 90 tun This means !hat we could use !he same thick film 
line as in !he low frequency. The antenna chosen was a double slot and a !he first 
investigation showed !hat keeping the design rules was not pennitting to gl't any good 
results. We !hen used techniques to shift !he characteristics. Several proposals arc made 
and demonstrated by experimental realizations. Using !he possibility of including short 
points around each slot permits to have a shift in !he frequency of resonance as it adds a 
degree of freedom in !he control of coupling Ano!her technique used has been !he ridged 
slot antenna, by introducing several orthogonal slots loaded in !he slot it is possible to 
smoo!h more !he overall results. Finally, the evaluation as been made using anon probe 
time domain technique ( L. Desclos et aI., Microwaves and RF Feb. 1999) and results 
show at 60 GHz again of4 dB for !he gain and 15 dB for !he matching -Fig. 2-. 

1 
Antenn Chip space 

~""""'60;;;--' ................ _ • ..J 
~ as 70 

Frequency (GHz) 

Fig. I . Fig. 2 . 
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ARTIFICIAL DIELECTRICS FOR GRADED INDEX LENS DESIGN 

T. Ozdernir**, K.F. Sabet!, P. Frantzis§, K. Sarabandi
"

, L.P.B. Katehi§!, J.F. Harvey'§§ 

§EMAG Technologies Inc, 3055 Plymouth Rd., Ste. 205, Ann Arbor, MI 48105 
I§ Dept. ofEECS, The University of Michigan, Ann Arbor, MI 48109-2122 

§§§ The Anny Research Office, P.O. Box 12211, Research Triangle Park, NC 27709-2211 
tayfun@emagtechnologies.com, ksabet@emagtechnologies.com 

Today's communication systems call for multifunction, low profile antennas, where reduction of 
size and cross talk are major design concerns. A typical system may involve a multitude of 
printed radiators that have to be packaged and operate in close proximity. In a parallel paper [T. 
Ozdemir, et al. "Compact wireless antennas using a superstrate dielectric lens", submitted to 2000 
APS Symp.], it has been proposed to use a graded index planar dielectric lens to achieve both size 
reduction and isolation of adjacent radiators. A high pennittivity superstrate lens provides 
miniaturization of individual radiators. On the other hand, a properly designed varying index 
profile prevents propagation of surface waves and hence minimizes the cross talk. 

Controlling the dielectric constant of a material is a challenging task. Depending on the index 
profile, the process may be very expensive and difficult from a manufacturing point of view. In 
this paper, we propose a cost-effective way of controlling and realizing index profiles. The 
approach involves introducing air voids inside a unifonn host dielectric, the shape, size and 
density of which are optimized to achieve the given profile (K.F. Sabet, K. Sarabandi, L.P.B. 
Katehi, "A planar antenna including a superstrate lens having an effective dielectric constant", 
Us. Patent Pending, 1998). Using artificial dielectrics of this kind makes it possible to achieve 
any particular index profile. As opposed to the "material injection" or "molding" techniques, this 
approach promises to be cost-effective and manufacturing-friendly. 

This paper presents a simulation-based approach to the synthesis of an artificial dielectric lens 
with a unifonn or graded index profile. The underlying premise is to establish the equivalence 
between an artificial dielectric lens and a unifonn lens made of a solid material with an effective 
dielectric constant such that both yield similar resonance and radiation characteristics (see the 
figure below). To prove the concept of controlling the dielectric constant, we designed different 
sets of numerical experiments on a dielectric disc overlaid on and excited by a slot ring antenna. 
The structure was analyzed rigorously via a full-wave technique based on the finite element 
method (FEM). In one set of experiments, first the pennittivity of the unifonn disc was varied and 
the front-to-back ratio (FBR) of the combined antenna was recorded. Then, air voids of varying 
density were introduced inside the disc of the same size but of a unifonn pennittivity and again 
FBR has been recorded. Finally, a data-driven model was constructed by relating the effective 
dielectric constant to the volume fraction based on identical front-to-back ratio. Indeed a 
computation perfonned on two lenses, deemed equivalent by the model, showed that the radiation 
patterns differed by a maximum of O.ldB. Similar experiments were carried out where equivalent 
models were constructed based on other characteristics such as the resonant frequency of the 
combined lens antenna. Extensive numerical and experimental data will be presented at the 
symposium. 
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Folded Conical Helix Antenna 

Justin A. Dobbins ., Robert L. Rogers 
Applied Research Laboratories 

The University of Texas at Austin 
PO Box 8029 

Austin, TX 78713-8029 

Much of the recent work in the field of small antennas has been based 
upon the top-loaded, folded monopole design. Both broad-banding and 
miniaturization techniques have been developed and applied to these 
antennas. Our work is focused on the development of a novel wire 
antenna, specifically, a folded conical helix (see figure below) optimized 
for HF to VHF with some of the same broad-banding and miniaturization 
techniques. This antenna has an electrical bounding sphere radius (kr) of 
0.71 radians, and it exhibits a half-power bandwidth of 58% of the 2IQ 
value, where Q is the ratio of near-field stored energy to radiated energy 
per cycle for this size of antenna. The antenna is matched to 50 ohms. 

The folded conical helix antenna is made of multiple spiral-wound wires 
that are fashioned in the shape of a cone. The wires are fed from a single 
point at the apex of the cone. At the top of the cone each wire is folded 
back down in parallel with itself and connected to the ground plane. In 
addition to the well-known impedance transformation effect, this type of 
folding also creates shorted two-wire transmission lines connected in 
parallel with the cone. The length of the spiral wires is chosen so that the 
transmission line segments help to cancel the susceptance curve at the 
first antenna resonance as shown in (H. D. Foltz, J. S. McLean, and G. 
Crook, IEEE Trans. AP, vol. 46, No. 12, pp. 1894-1896, December 1998). 

Folding techniques used to optimize a folded conical helix antenna will be 
presented. Simulated and measured results of input impedance, 
bandwidth, efficiency, and beam pattern data for this antenna will also be 
presented. 
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Telemetry & Conunand Antenna for a Micro Satellite at the VHF / UHF Frequencies 
(Design & Manufacturing) 

Amin Aminaie"·, Mohammad Solaimani 
Advanced Electronic Research Center 

Turnstile Antenna is one of (he most common antelmas Cor creating circular polarization. 

it consists of two crossed dipoles that is Ced by 90° phase difference or Cour monopoles 
that is Ced by 0° , 90° , 180° & 270° phase difference respectively. Turnstile Anteuua is simple 
reiiable 8n<1 has a good size comparing ,vith the rnicra s~teIUte. 

The designed antenna consists of four slant monopoles .The length & configuration of the 
monopoles are optimized with respects to the parameters of the antenna allratlstttitting & 
receiving by NEC-WIN software. (Fig. I &2) 

. Fig. I Constructed Model Fig.2 Configuratioli of the monopoles 

At the frequencies of transmitting & receiving (435,145 MHz respectively), many satellite 
antennas especially UOSAT anlenna are considered.For transmitting, the power gain o( Ule 
designed antenna is more uniform than UOSAT's. (Fig.3 & FigA) 

·90 

Fig. 3 Power gain for transmitting FigA Power Gain for Receiving 

Olher parameters: 
- VSWR for transmitting & receiving : 1.53 & 2.99 without using matching element 

(30 pf capacitance in seri with each monopole will reduce VSWR to 1.34 & 1.85 ) 
- Axial ratio for transmitting & receiving : is cosinoidal for both frequencies. 
for transmitting between -30 & 30 degree so that at 0 degree (Z axis) polarization is 
circular. for receiving, between -50 & 50 degree so that al 0 degree polarization is circular. 
- Antenna is tested for pattern & VSWR . Results verify theoretical datas. 

0-7803-6369-8/00/$10.00 ©2000 IEEE 372 



i i 

MULTIFEED UNIT FOR WIDEANGLE SAT-TV ANTENNA 

Souren P. GUEROUNI. Head of Dept. of Radiophysics 
Measurement Institute. Yerevan. Armenia 

Microwave unit, including 16 feeds, one collector and one LNC, was elaborated 
and tested for the joint operation with a wideangle spherical reflector for SAT­
TV signals reception in Ku-Band. 

Spherical mirror in its immovable state allows to carry out the tum of the 
pattern without of reducing the Gain-factor in wideangle sector of as minimum 
as 120°. In such a sector of synchronous orbit might be located nearly 40 
geostationary satellites (GSS). In this project it was set the problem of creating 
multifeed unit for simultaneous positioning onto 16 GSS, using only one LNC. 

On the basis of rectangular waveguide of 19x9.S mm was manufactured the 
signals collector, including 16 electromagnetic valves in the wide wall of 
waveguide. Over the valves were mounted 16 sections of flexible corrugated 
waveguide to which there were connected 16 feeds in the shape of circular 
open-ended waveguides. The implementation of flexible feeder allows to 
orientate feeds axes to the position of selected GSS. The given 16 feeds can 
control the anglular orbit sector ofGSS of nearly 60°. 

The positions of feeds are fixed on a concentric guide both in azimuth and in 
elevation in the small angle sector in case of necessity. 

In the operating state of the antenna the microwave feeders of all feeds, except 
one, are locked by electromagnetic valves. The signal from opened feed is 
transmitted to the collector and further to LNC, joined to the collector output. 
The collector channel length makes up nearly 300 mm. As shown by the 
measurements of the signal attenuation, the losses on the way from the farthest 
switch to LNC made I.S dB. With this in view the solution on setting the 
second LNC was accepted, that allowed to reduce the losses up to O.S dB at the 
farthest valve (No.8). So each of LNC serves 8 positions with a quite 
satisfactory quality. 

Reflector is the cutting out of the spherical surface with the aperture size of 
IS00x2300 mm. 

This antenna with multifeed unit may be used for creation of wireless 
communication net. 
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A Novel Equation for Non-Uniform Lossless Transmission Line 
Analysis 

1. A. Miller' and R. D. Nevels 
Department of Electrical Engineering 

Texas A&M University 
College Station, Texas 77843-3128 

Transmission line analysis is traditionally performed using the pair of 
wave equations 

V (Z,/) =V+(/-~ J+ V-( I+~ J 

I(z ,I) =[+(/-~ J+r (/+~ J 

(I) 

derived from the telelP:apher's equations. Each of these wave equations yield 
ge.neral solutions of positive (supers~ript plus) <l;nd neg¥ltive traveling (superscript 
mmus) voltages or currents where v IS the velOCity of either the voltage or current 
waves. Equations (1) are interpreted as follows: the voltage at a certain time (t) 
and position (z) is the sum of the positive traveling and negative traveling waves 
that existed at time I - ~ Z IV) and at positions z:t vi. Implicit in (1) is that the 
transmission line is tmiform and the wave functions for the positive and negative 
traveling voltages and currents are known. Another solution to the telegrapher's 
equations will oe illustrated here. 

Assuming a lossless transmission line, the transmission line equations can 
be combined into a single vector equation. A propagator can then be found which 
takes any given initial voltage and current distributIOn and generates a new set of 
distributIOns that are the voltage and current after one time step. This process can 
be repeated indefinitely, thereby producing the entire time history of" the initial 
voltage-current distributIOn. The explicit pair of equations is as follows: 

V( Z,/) = /i[V; (z+ VI)+V o(z - VI)+ zo(lo (z+ VI)- 10 (z - VI))] 

[(z ,I) = /i[( Vo (z+ vl)- vo(z- V/))jzo + [o(z+ VI) + 10 (z- VI) ] 
(2) 

where Zo is the characteristic impedance of the line. This solution is also valid for 
a non-uniform transmission line. In practice this would mean that Zo is a function 
of position z on the transmission line, but (2) are also valid when the permeability 
or permittivity is z dependent, as is realized through the velocity v. It IS especially 
interesting that on a homogeneous line the positive and negative traveling waves 
are automatically distingUished and propagated without error in their respective 
directions given only the total initial voltage and current distributions. 

In this presentation, a method for deriving (2) and a simple numerical 
evaluation technique will be outlined. Examples win include numerical simulation 
of a square pulse on a transmission line with two sections, and the response of a 
filter and a transmission line with a non-uniform section to a Gaussian pulse 
excitation. The@results will be compared with those obtained using the 
commercial Libra software package. 
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The well-known telegrapher equations are widely used in the analysis of reciprocal 
transmission lines in the low frequency range. After the appropriate approximations of 
Maxwell equations, the line parameters (i.e., the shunt capacitance and conductance 
and the series inductance and resistance) may be calculated in a high variety of lines, 
such as microstrip and CPW on anisotropic and lossy substrates, including ferrite 
layers magnetized along the line axis, [T.Kitazawa, IEEE-MTT, 37, 1749-1754, 
1989], IM.Homo, et al., IEEE-MTT, 38, 1059-1068, 1990], [J.Aguilera, et al., 
IEEE-MGWL, 9, 57-59, 1999). Nevertheless, the telegrapher equations in their 
standard form are not applicable to the analysis of non-reciprocal ferrite loaded 
transmission lines, since these equations are essentially reciprocal in nature. 

In this work, the authors develop a modified telegrapher equations suitable for the 
analysis of non-reciprocal lines. The key of the proposed modification is the 
introduction of a new circuit concept, named the "characteristic memductance" of the 
line, which relates the per unit length (p.u.L) flux density with the p.u.!. charge density 
along the line. Since the electric charge is an scalar magnitude and the magnetic flux a 
pseudo-scalar one, the characteristic memductance shows an essential non-reciprocal 
behavior, that can account for the non-reciprocity of the line. The characteristic 
memductance is so named after the earlier work of L.O.Chua ''Memristor - the 
missing circuit element" [L.O.Chua,IEEE-CT, 18, 507-519,1971]. 

Numerical results will be presented for both the "characteristic memductance" and the 
rest of the line parameters, for some non-reciprocal structures. A comparison with the 
full wave analysis results will be also included. 
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Microstrip lines fabricated on magnetized ferrite substrates have proved to have a 

wide variety of applications such as the design of magnetostatic wave transducers 
based on the excitation of magnetostatic waves[E. B. EI-Sharawy, R. W. Jackson, 
IEEE-MTT, 6, 730-737, 1990], tunable non-reciprocal phase shifters [1. Y. Hsia, H. 
Y. Yang, N. G. Alexopoulos, JEWA, 4/5, 465-475, 1991], edge-guided mode 
isolators [T. M. Elshafiey, J. T. Aberle, E. B. EI-Sharawy, IEEE-MTT, 12, 2661-
2668, 1996], tunable band-pass filters [T. Fukusako, M. Tsutsumi,IEEE-MTT, 11, 
2013-2017, 1997], etc. 

In this work the authors apply the spectral domain approach (SDA) to the full-wave 
numerical computation of the propagation constant and characteristic impedance of 
microstrip lines fabricated on ferrite substrates in the case in which the bias magnetic 
field of the ferrites is arbitrarily oriented. The current-power definition is used in the 
determination of the characteristic impedance since this definition seems to be more 
suitable than the voltage-current definition [I. Y. Hsia, H. Y. Yang, N. G. 
Alexopoulos, JEWA, 4/5,465-475, 1991] for microstrip lines [1. Zhu, K. Wu, 
IEEE-MGWL, 2, 87-89, 1998]. The numerical overflow problems arising from the 
computation of the spectral domain electromagnetic fields inside the ferrite layers for 
large values of the spectral variables [H. Y. D. Yang, IEEE-AP, 8, 520-526, 1997] 
are solved by invoking the physical concept of asymptotically equivalent guiding 
structures [R. R. Boix, N. G. Alexopoulos, M. Homo, JEWA, 8,1047-1083,1996]. 
The numerical results obtained for the propagation constant of microstrip lines on 
double-layered dielectric-ferrite substrates have been compared with those obtained 

in [1. Y. Hsia, H. Y. Yang, N. G. Alexopoulos, JEWA, 4/5, 465-475, 1991], and 
good agreement has been found between the two sets of results. The authors have 
observed that for every microstrip line fabricated on a substrate containing a ferrite 
layer, there is a frequency interval in which propagation is not possible, the limits of 
this frequency interval being strongly dependent on both the orientation and the 

magnitude of the bias magnetic field. The existence of this cutoff frequency interval is 
mainly attributed to the excitation of surface and volume magnetostatic wave modes 

along the substrates containing the ferrite layers. Also, the numerical results obtained 
have shown that for every frequency, both the propagation constant and the 
impedance can be varied over a wide range by changing the bias magnetic field 

magnitude. 
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Magnetostatic surface waves (MSSW) are useful in the design of delay lines, 
filters, resonators and other circuit devices at microwave frequencies. Strip­
guided MSSW may provide a higher field confinement than conventional 
slab-guided MSSW and were first proposed and analyzed in I!v1.Uehara, 
K.Yashiro and S.Ohkawa, J. Appl. Phys., 54 (5), 2582-2587, 1983], after 
an approximate magnetostatic analysis. They were also reported in [F .Mesa, 
R.Marques and M.Homo, IEEE-MTT, 40, 1630-1641, 1992] after a full 
wave analysis. 

In this work the authors apply an efficient spectral domain analysis (SDA) to 
the analysis of strip guided MSSW propagating in multilayer structures, 
including slabs with arbitrary magnetization. For this analysis an "intensity 
function" is defined on the strip. This function gives the per unit length flux of 
charge between an arbitrary point on the strip and one of its edges. Since the 
divergence of the magnetostatic surface current density must vanish, the 
"intensity function" on a point on the remaining strip edge must vanish: i.e., the 
total intensity on the strip is null. This "intensity function" is then related to the 
magnetic flux density in the normal direction by means of a Green's function, 
which is obtained in the spectral domain. Since this component of the 
magnetic flux density must vanish on both, the strip and the ground plane, it 
results in an implicit integral equation for the wave phase constant, which is 
solved in the spectral domain by using the well known Galerkin method. 

Numerical results include the validation of the proposed magnetostatic 
analysis by a full wave analysis, as well as the computation the of strip-guided 
MSSW characteristics on a high variety of multilayer non-reciprocal 
substrates with arbitrary magnetization. The range of frequencies and 
magnetization orientations for the excitation of non-radiating strip-guided 
MSSW is established, and the main characteristic of the analyzed strip-guided 
MSSW are discussed. 
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Transmission lines with non-planar metallizations are of increasing interest in multilayer 
MMIC or HTS applications. A microstrip line designed with a V-shape strip conductor or 
ground plane shows lower edge-current densities and thus reduced losses. The shape of 
the back conductor can be formed to a complete shield to obtain several types of 
microshield lines. This reduces the coupling of adjacent lines and gives better dispersion 
characteristics with enhanced bandwidth. [n conductor backed coplanar waveguides 
(CBCPW), the shielding provides proper grounding without via-holes and eliminates the 
radiation losses caused by parallel plate modes. 

The analysis of these structures is often done by a quasi-TEM approach using conformal 
mapping techniques, since full-wave analysis methods like finite elements or method of 
moments are time-consuming. The shapes of lines and groundplanes are therefore 
restricted to simple geometries. In this paper, the discrete mode matching method (DMM) 
is used for the analysis. DMM is an efficient full-wave analysis method and has 
successfully been applied to planar multilayer and multiconductor waveguide structures 
(A. Dreher, IEEE MTT-S Digest, 193-196, 1996) as well as to structures with non-planar 
stratified dielectric layers (A. Dreher and A. Ioffe, IEEE AP-S Digest 1840-1843, 1999). 
Its principle is based on solving Helmholtz' wave equation separately in each layer ofthe 
structure and matching the tangential field components at the interfaces. The fields are 
represented by finite series of eigensolutions of the wave equation with suitable lateral 
boundary conditions. For the matching at the interfaces the fields are discretized by 
sampling. In contrast to finite difference procedures, the differential operators are not 
approximated by finite differences. The resulting system equation involves a small matrix 
containing either the tangential electric field components in the slots or the current 
components on the lines similar to moment-method solutions. Because of its flexibility 
the DMM can also be used to optimize the shape ofthe metallizations. 

Microstrips and coplanar waveguides with non-planar metallizations are analyzed using 
the discrete mode matching method. The influence of different shapes on the effective 
permittivity and the current distribution will be discussed. 
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Evaluation of the mutual coupling between open-ended coaxial and circular 
waveguides is important for the design of waveguide horn antenna arrays and is 
also useful for the measurement of dielectric material's complex permittivity. T. S. 
Bird has carried out an extensive study of the coupling between open-ended rectan­
gular, coaxial, and circular waveguides based on a complicated integral formulation 
(T. S. Bird, IEEE Trans. Antennas and Propagat., vo1.42, no. 7, pp.1000-1006, 
1994; lEE Proc. Microwave, Antennas and Propagat., vo1.143, pp. 265-271 and 
pp.457-464, 1996). Furthermore, most of the cases he considered are limited to the 
situation that homogeneous half space was assumed. 

This paper describes a modal-expansion method for evaluating the cross-coupling 
between open-ended coaxial and circular waveguides terminated in a layered medium. 
The method begins with the introduction of a large circular waveguide to approx­
imate the layered half-space. With the introduced large waveguide, the problmu. 
considered reduces to a bifurcated waveguide junction that can be solved by the fOf: 

mallyexact modal-expansion method. The E-Field mode-matching matrices for the 
off-centered coaxial/circular-to-circular waveguide junction are derived analytical!y 
with the aid of Graf's addition theorem for Bessel functions. The complexification 
and extrapolation technique (Z. Shen and R. H. MacPhie, IEEE Trans. MicroWavQ 
Theory and Tech., vo1.45, no.4, pp.546-548, 1997) is then employed to avoid thll slow 
convergence problem and to improve the accuracy of this method. Numerical results 
for three coupling structures (two open-ended coaxial waveguides, two ojl!l!1:ended 
circular waveguides, one coaxial line and one circular waveguide) are preselnted and 
discussed. 
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Abstract 
An effective electromagnetic model of a circular-rectangular waveguide T -junction is a key 
module in many practical problems, such as a waveguideorthomode transducer in an 
antenna feed network and some high performance waveguidemuItiplexer network 
employing circular waveguide dual mode filters. In this paper, we provide a new modal 
analysis called extended boundary condition modal analysis (EBMA) for the T-junction. 
The analysis employs the finite plane wave expansion technique and matches the boundary 
conditions on the extended virtue boundary. Therefore, there is no numerical integration 
required. Since it is virtually an analytic solution, it can be used for a wide rectangular 
opening on the side-wall of a circular waveguide. 

It should be noted that there are two boundary surfaces between rectangular waveguide 
WG2 and the circular waveguide: S2 and S 2, as shown in Fig.I. In another word, there is a 
overlap region. It is postulated, in the analysis, that if fields in the two regions match on one 
surface, they must match on the other one. Therefore, instead of matching the field on S 2, 
the new modal analysis matches the fields on S2 whenever needed.To match the fields on 
S2, the solutions for the three types offield solution are expressed in two different forms: 
one is in cylindrical coordinates that is used to match the fields on SI and S3; the other is in 
rectangular coordinates that will facilitate the matching of the cavity fields to that of 
rectangular waveguide. For example, the TE mode electric field mode function in circular 
waveguide can be expressed, in cylindrical coordinate, as 

<1>'''. = Nil, [r~J (e' r)( sin(n¢) )+;,e J'(k". r)(cos(n¢))Sh[ (z-L)] 
C IInI n nm ("') 'r nm n nm . ("') y 

'I, r -cos n'l' sm n'l' 

Its tangential component on the boundary S2 can be expressed in local rectangular 
coordinate as 

N-I (C} <1>'''.. =N'''.A "S In e-jk;:",c"X'sh[y(z_L)] 
q~X\. 11m nm-{;;; Is Sin Ttlls 

so that the field matching can be undertaken analytically. 

To verify the proposed modal analysis, a large number of 
configurations are investigated using the proposed analysis 
and commercial FEM software. Excellent agreement has 
been obtained. 

Figure I Perspective views ofthe circular to rectangular T­
junction. 
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For an optical control of electromagnetic (EM) waves, the slot line with semiconductor substrate 

is very sensitive to the laser illumination in millimeter wave band[l]. Using this slot line, this paper 

proposes a novel band stop filter based on the dielectric resonator (DR). As the EM-field is 

concentrated around the slot, the propagation mode strongly couples with the DR, and the band stop 

characteristic can be easily obtained.' We have demonstrated this filter both theoretically and 

experimentally using the small DR chip and the silicon wafer for the semiconductor substrate. 

Model 

The slot line with the width of 1.0mm is fabricated on the silicon substrate (0.6mm thickness, 

li, = 11.8), and the rectangular DR (1.0mm x 1.0mm x 2.0mm, liDR =40) is placed on the slot line as 

shown in Fig.1. For the FDTD analysis, this filter is modeled on the Yee's mesh constructed by 

70 x 90 x 200 cells (O.lmm cubic cell). Experiment was also carried out using the same model. 

Results 

Fig.2 shows the frequency characteristic of the transmission parameter S21 of this filter. From the 

experimental result (rigid line), the resonance could be observed around 36GHz, 420Hz, and 

48GHz, and the notch responses around 420Hz and 490Hz were more than -20dB. This frequency 

characteristic agrees with the theoretical prediction (dotted line). 

Conclusion 

Though the theoretical and experimental results in Fig.2 are not optimized, the resonant frequency 

and the notch characteristic will be designed by tuning dimensions of the DR and its dielectric 

constant li/J.' Proposed slot line filter having the simple structure and small in size is useful for 

millimeter wave signal processing including optical control of millimeter waves. 

Reference 

[l] M.Tsutsumi, et. al., APMC /999, pp.327-330, Singapore. 

~"'.,+­
slot 1.0mm 

Fig.l Theoretical model 
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Three-phase underground pipe-type cables are widely used in power transmission 
systems in urban areas. To protect such systems, utilities engineers need to properly size 
circuit breakers based on knowledge of fault currents. For an accurate calculation of the 
fault currents, it is necessary to know the zero-sequence impedance of the underground 
pipe-type cable. The method currently most widely used in industry for calculating the 
zero-sequence impedance is based on a paper by lH. Neher published in 1964 (J.H. 
Neher, "The phase sequence impedance of pipe-type cables," IEEE Transactions on 
Power Apparatus and Systems, Vo!' PAS-83, pp. 795-804, August 1964). Neher 
indicates that in the usual case where the pipe is made of steel, the zero-sequence 
impedance depends upon the permeability of the steel. It is well known that the 
permeablity of steel changes with the magnetic field intensity. Since the magnetic field 
intensity varies in the steel pipe, the permeability should be different from point to point 
in the pipe. But, unfortunately, in Neher's computational model, a constant "effective 
permeability" is used for the whole steel pipe and the magnetic field intensity used for 
calculating the "effective permeability" is obtained from an empirical formula. As a 
result, such calculated zero-sequence impedance has a considerable difference 
compared with measurement data 

In this paper, we present an improved method for computing the zero-sequence 
impedance of a three-phase underground pipe-type cable, based on finite-element 
analysis and iterative solution procedure. The zero-sequence impedance can be 
computed from knowledge of the source current densities in the conducting regions 
within the pipe-type cable. To determine the source current densities, integro-differential 
equations are formulated. They are solved numerically by employing finite-element 
method, subject to appropriate boundary conditions. In the numerical solution, special 
attention is paid to the nonlinear B-H characteristic of the steel pipe. An iterative 
solution procedure is developed for determining the relative permeability in each element 
of the pipe. Computational results of the zero-sequence impedance at different current 
levels are presented and analyzed. Also, they are validated by being compared with 
measurement data. 
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Abstract: 

Three coupled microstrip lines can be used as a six-port reflectometer. It is an 

alternative tool of the network analyzer to measure the amplitude and phase of the 

unknown complex impedance only by using the reading of power meters and a simple 

calibration procedure. The design of microstrip six-port reflectometer requires good 

isolation between certain ports. Because of the difference in the phase constant of the 

three propagating modes exist in the three coupled micros trip lines, the required 

degree of isolation can not be achieved. Also the coupling length which specify the 

center frequency of the reflectometer is calculated by an approximated method (the 

average of the three phase constants) which will cause a shift in the center frequency. 

A three coupled microstrip lines with equal mode phase constant is introduced in (I 

Barseem, ANTEM98, pp. 173-176, Ottawa, August 1998) by adjusting an air gap 

between the dielectric substrate and the ground plane. Although this method give 

accurate results, there is some difficulty on calibrating the air gap length specially if a 

teflon dielectric substrate is used. Also it has some restrictions when integration with 

another microstrip circuits is required. An alternative method for phase equalization is 

the use of dielectric overlay. A two coupled microstrip lines with equal phase constant 

using dielectric overlay is implemented experimentally in (lL. Klein, K. Chang Elec. 

Lett, Vol. 26, PP. 274-276, March, 1990) 

In this paper we annalize the three coupled microstrip lines with dielectric overlay 

structure to obtain equal phase constant of the three propagating modes. The method 

of lines is used in our analysis to obtain the propagation phase constant and the 

characteristic impedance. 
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APPLICATION OF THE PO TO THE COMPUTATION OF THE 
MONO STATIC RCS OF ARBITRARY BODIES MODELED BY 

PLANE FACETS OF DIELECTRIC AND MAGNETIC MATERIALS. 

F. Saez de Adana, P. Lozano, F. Gisbert, I. Sudupe, J. Perez, M.F. Catedra 

Dept. Teoria de la Selial y Comunicaciones 
Escuela Politecnica, Universidad de Alcala 

28806 Alcala de Henares. Madrid. Spain 
Fax: +34918856699. E-mail: {elipe.catedraCCiJ,uah.es 

A Physical Optics (PO) approach for the computation of the 
monostatic Radar Cross Section (RCS) is presented. This method is applied 
to three-dimensional structures modeled by plane facets of dielectric and 
magnetic materials including losses. 

The RCS of a target plays a predominant role in its detection by 
radar. A method based on the PO is developed to solve the problem. To 
represent the body a model of plane facets is used. The validity of this 
geometrical model has been proved previously for perfectly conductive 
facets. In this work the effect of having facets composed by any dielectric 
and magnetic material (including losses) is considered in the description of 
the model. 

The main mechanism that contributes to RCS is the reflection in 
facets. In this approach, this contribution is computed using the PO 
expressions, but including the Fresnel coefficients in order to consider the 
influence of the material. However, the analysis will be erroneous if the 
model edges are not considered. The computation of diffraction produced by 
edges is carried out with a heuristic formulation. This formulation 
introduces the influence of the reflection coefficients of the facets that form 
the edge in the Equivalent Currents Method (ECM). These facets can be 
composed by different materials. 

The scattering mechanisms of higher order like double reflections or 
double interaction between facets and edges are not less important because 
at fixed angular margins can represent a substantial change in the RCS of 
the body. These effects are introduced combining the Geometrical Optics 
(GO) with the PO and the ECM employing the Image Theory. This theory 
has also been modified to include the Fresnel coefficients in it. 
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This communication presents a method for the analysis and prediction 
of monostatic Radar Cross Section (RCS) of targets of complex geometry. 
These targets can be formed by multilayer structures of dielectric and magnetic 
materials. Nowadays one technique used to reduce the RCS of a body is cover 
it with a dielectric material which mitigates the reflection of the incident wave 
on the body, reducing in this way the RCS value. Therefore, it is very 
important to have a tool to predict the electromagnetic behavior of a body 
covered by dielectric material to control the increase or reduction of its RCS. In 
the past this problem has been treated for perfectly conductive bodies. 

The geometry representation of the targets is given as a collection of 
NURBS (Non Uniform Rational B-Spline) surfaces. These are parametric 
surfaces of arbitrary degree widely used in the world of the Computer Aided 
Geometric Design (CAGD). With this kind of surfaces complex targets can be 
modeled with a very low amount of surfaces and very high accuracy. Another 
advantage of this representation is that not artificial edges are introduced. 

The scattering electric field can be obtained integrating the currents in 
the body induced by an incident plane wave. The PO assumes simple 
expressions to calculate the induced currents as functions of the incident fields, 
taking into account that the surface is not perfectly conductive introducing in 
the PO equations the Fresnel reflection coefficients of the material. The 
integral to obtain the scattered field is expressed as a function of the parametric 
coordinates of the surface and is solved using the Stationary Phase method, 
which is an asymptotic method that provides excellent results in the high 
frequency range where the PO is valid. 

To determine the reflection coefficients, a general situation is 
considered. The material, which forms the layers, can have dielectric and 
magnetic losses. The computation of the reflection coefficients of the 
multilayer structure is done using an analogy with transmission lines. Each 
layer is like a stretch of line with a length equal to the thickness of the layer. 

The method has been validated with different complex structures 
comparing the PO results with those obtained with the Conjugate Gradient with 
the Fast Fourier Transform (CG-FFT) method. 
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Recent advances in computational electromagnetics (CEM) have lead to dramatic in­
creases in the ability to predict, with arbitrary accuracy, the scattering characteristics of 
electrically large targets. For example, the fast multipole method, especially in its multiple 
level form, has greatly improved the problem sizes that can be treated on current worksta­
tions and parallel supercomputers. Even the most advanced CEM algorithms, however, are 
put to the test when applied to electrically large targets having low radar cross section (RC­
S). This is due to the extreme sensitivity of RCS to errors in surface current density for such 
targets, exacerbated by the more uniform contribution from the entire surface compared to 
the more discrete, scattering-center property of conventional targets. The result has been an 
increased awareness of the importance of accurate geometrical modeling of large, low-RCS 
targets. 

We present results from a study involving the Denmar Dart, an approximately four foot 
long object sharply pointed at one end and bluntly rounded at the other end. The monostatic 
RCS of a physical model of the Dart has been measured at the AFRL Advanced Compact 
Range at Wright-Patterson AFB, Ohio, providing reference data to which computed data 
can be compared. The shape of the physical model has been sampled using three separate 
techniques, resulting in three slightly different computer models of the Dart. Surface grids 
were generated from each computer model, suitable for input to several advanced moment­
method computer codes. Convergence and accuracy assessments are based on code-to-code 
and code-to-measurement comparisons. The results show that the RCS predictions are 
sensitive to the fidelity of the computer model, and that this sensitivity is especially strong 
when the RCS is low and the frequency is high. 
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Iroon Polytechniou 9, GR-15780 Zografou, Athens, Greece 
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Accurate Radar Cross Section (RCS) computations of aircraft 
structures is an issue of great importance in both civilian and military 
applications. Recent investigations have demonstrated that a very significant 
contribution to the overall aircraft RCS is due to the engine inlets. Since the 
inlet is not amenable to high frequency solutions, because of its electrically 
small geometrical details, various numerical techniques, such as the Finite 
Element Method (FEM), the Moment Method (MoM) and the Adaptive 
Integral Method (AIM) have been recently invoked in the analysis of 
simplified cavity models. Nevertheless, the extremely large size of a 
realistic inlet renders all standard numerical solutions impractical, unless 
drastic reduction of the computational cost is achieved. 

The Method of Auxiliary Sources (MAS) is a numerical technique 
with attractive properties, well-suited to the particular difficulties of the inlet 
geometry. While its accuracy is comparable to MoM, MAS computational 
demands are much lower than MoM's for a wide range of applications. The 
fundamental concept of the method is the expression of the scattered field as 
a superposition of elementary contributions from fictitious sources, located 
inside the scattering surface boundary. The unknown source weights are 
determined through the solution of a linear system, constructed on the basis 
of all pertinent boundary conditions satisfaction. The low computational 
complexity of the technique is due to the extremely fast calculation of the 
relevant matrix elements. 

In this paper, MAS is applied to the jet engine inlet analysis, in 
conjunction with modal field representation, and exploitation of the inlet 
cylindrical periodicity. The inlet aperture is illuminated by a plane wave 
exciting waveguide modes, which propagate towards the inlet opposite end. 
These incoming modes constitute the incident field in the MAS-modeled 
scattering procedure from the hublblade termination, which gives rise to 
scattered outgoing modes. It can be shown that only one period ("slice") of 
the termination is necessary in the calculation, resulting in further reduction 
of the computational requirements. The global scattered field is the sum of 
all outgoing modal contributions, radiated from the aperture into free space. 

The low CPU time requirements of MAS, combined with the 
significant reduction of the structure effective size due to. the "slicing" 
scheme, yields a powerful computational tool, capable of characterizing 
very large engine inlets. Numerical results and comparisons with reference 
data will be presented at the conference. 
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CALCULA TION AND ANALYSIS OF SECOND ORDER 
DIFFRACTIONS AND REFLECTIONS 

ON RADAR CROSS SECTION 

P. POULIGUEN, P. JAFFREZOU 
Centre d'ELectronique de l'ARmement (CELAR), Division GEOS, 

35170 Bruz, FRANCE 

ABSTRACT 

A high frequency model, using Physical Optics (P.O.) and the Method 
of Equivalent Currents (M.E.C.), is proposed to calculate Radar Cross 
Section (R.C.S.) of targets, including single and double diffractions, single 
and double reflections and "diffractions - reflections". This model furnishes 
monostatic or bistatic scattered electromagnetic fields of the target under test. 
The calculation can be accomplish versus the range between the Radar and the 
target centre of symetry ; giving the possibility of a near field simulation. 

Targets studied in this paper have been selected for their ability to 
produce second order interactions. These targets are two conducting dihedrals 
of 20 cm in side, the first with an internal angle of 90° in order to maximise 
the double reflections, the second with an internal angle of 100° to reduce the 
double reflections amplitude. Figures 1 and 2 compare the different E.M. 
interactions for the two dihedrals, at 7 GHz in VV polarization. Figure 1 
superimposes the single reflections "Rl", the double reflections "R2" and the 
single diffractions "D 1" contributions to R.C.S. Figure 2 superimposes the 
double diffractions "D2", the "reflections - diffractions" "RD" and the 
"diffractions - reflections" "DR" contributions to R.C.S. 
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Inverse Scattering of Dielectric Targets Embedded in a Multi-Layered Medium 

Tiejun Yu and Lawrence Carin 
Department of Electrical and Computer Engineering 

Duke University 
Box 90291 

Durham, NC 27708-0291 

There are many applications for which one may be interested in sensing a low­
loss dielectric target embedded in a lossy host medium. For example, buried plastic land 
mines, plastic pipes and underground tunnels generally constitute conducting voids in the 
presence of a lossy soil background. While such targets can in principle be detected by a 
radar sensor, radar suffers well-known difficulties due to soil-induced attenuation. An 
electromagnetic-induction (EMI) sensor, on the other hand, affords the potential for 
significant soil penetration. Such sensors are typically used as metal detectors, with 
example applications including detection of buried conducting land mines and 
unexploded ordnance. As elucidated here, such sensors can also be used to detect the 
absence of conductivity (a conducting void) in the presence of a conducting host 
medium. Our focus here is on generally small, shallow targets ~.g. plastic mines), 
although the computer model is quite general. 

We have developed three forward models used in the inversion of such targets. 
Two of the models are based on the method of moments (MoM). In particular, we have 
developed a volumetric electric-field integral equation (EFIE), as well as a surface 
combined-field integral equation (CFIE). While a MoM analysis is accurate, it generally 
requires the inversion of a large matrix. This task is circumvented by employing the 
extended-Born method, this an approximate method that only requires inversion of 
simple 3x3 matrices. The attendant speed enhancement accrued by extended-Born, vis-a­
vis the MoM, is critical if the model is to be utilized in the context of signal processing 
and/or inverse scattering. 

The forward models are employed in iterative Born and distorted Born inversion 
of general dielectric targets embedded in an arbitrary layered medium. The basic forward 
and inverse framework will be discussed in detail, and results will be presented for 
several subsurface targets of interest. 
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Nonlinear Inversion of Borehole Induction Measurements 
Using a New Fast Forward Algorithm 

Zhong Qing Zhang* and Qing Huo Liu 
Department of Electrical and Computer Engineering 
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Durham, NC 27708-0291 

Tel:(919) 660-5440; Fax:(919) 660-5293; Email:qhliu@ee.duke.edu 

In this work we investigate the inverse problem of borehole induction measurements. 
Previously, several methods have been developed to invert for the formation conductiv­
ity distribution using inversion methods. These include the linear inversion with the 
Born approximation or simple geometrical factor theory, and nonlinear inversion using the 
Born iterative method (BIM), distorted Born iterative method (DEIM) (Chew and Liu, 
IEEE, GE, 32, 878-884,1994), and modified gradient method (van den Berg et aI, Radio 
Sci., 30, 1355-1369, 1995). The forward solutions have been obtained by the numerical 
mode-matching method and conjugate-gradient fast Fourier Hankel transform (CG-FFHT) 
method. 

The main contribution of this work is to combine the extended Born approximation 
(EBA) (Habashy et aI, J. Geoph. Res., Solid Earth, 98, 1759-1775, 1993) and the CG­
FFHT method (Liu and Chew, Radio Sci., 29, 1009-1022, 1994) in both the forward and 
inverse solutions. In the forward solution, the fast Fourier/Hankel transform algorithm is 
first used to speed up the EBA. This reduces the computational complexity of the EBA 
from O(N2) to O(Nlog2 N), where N is the number of unknowns. Then, this improved 
EBA is used as a partial preconditioner for the CG-FFHT method to reduce the number of 
CG iterations. The hybrid EBA-CGFFHT method is thus more accurate and efficient than 
the EBA or CG-FFHT alone. Since the initial solution is given by the FFHT enhanced 
EBA, it automatically stops the CG iteration if the EBA solution is accurate; otherwise 
the CG iterations proceed until the solution converges. 

In the inversion, the initial solution is obtained by a two-step linear inversion involving 
the FFHT enhanced EBA. For many moderate contrasts, this solution suffices. For other 
high contrasts, .an iterative nonlinear inversion procedure is then invoked with the EBA­
CGFFHT as the forward solver. Hence, the combination of the EBA and CG-FFHT 
reduces the forward computation to a complexity of O(Nlog2 N). Additional constraints 
(nonnegative conductivity and permittivity) must be taken into consideration in practical 
inversion. Numerical results will be shown to demonstrate the advantages of this novel 
nonlinear inversion scheme. 

This work was supported by U.S. EPA through a PECASE grant CR-825-225-010, 
and by the NSF through a CAREER grant ECS-9702195. 
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Inverse Scattering by Total Variation-Based 
Conjugate Gradient Algorithm on Parallel Systems 

JIUN-HwA LIN* AND CHIH YUNG TSAI 

DEPARTMENT OF ELECTRICAL ENGINEERING 
NATIONAL TAIWAN OCEAN UNIVERSITY 

KEELUNG 202, TAIWAN, REPUBLIC OF CHINA 

In recent years, the total variation method applied in inverse scattering 
[P.M. van den Berg and R.E. Kleinman, Inverse Problems, vol. 11,5-10,1995] 
or data de-blurring gains much attention in that it is capable of reconstructing 
piecewise constant profile objects. This method leads to images of better 
resolution and clearly exhibits the object sharp boundary, for which previous 
works utilizing the Tikhonov regularization fail to reconstruct satisfactorily 
and always give rise to oscillating structures. 

In this work, we apply the total variation method in a two-dimensional 
TM electromagnetic problem in microwave regime. A cost function is defined 
as the difference between the measured data and the simulated one under 
current E profile. A total variation penalty term is included to emphasize 
the piecewise-constant profile characteristics. The cost function is minimized 
to a specified tolerance by iteratively updating E. Each iteration calculates 
the gradient to find the conjugate direction, and the step size along the 
direction via the Hessian of the cost function. The most computationally 
intensive part for the iterative algorithm lies in in calculating the gradient 
and Hessian, which involves forward scattering problems for all transmitters 
and receivers. The forward solver such as CG-FFT once invoked requires 
O(NiNlogN) operations, where Ni inner iterations and N unknowns are 
assumed. Hence, NT transmitters and NR receivers would incur O((NT + 
NR)NiNlogN) operations for each outer iteration. 

In view of transmitters and receivers acting independently in linear media, 
parallel processing scheme is employed to reduce the wall-clock time in profile 
reconstruction by seminating NT + NR forward problems among all available 
processors and simultaneously solving the assigned forward problems. In 
addition, Ni can be kept fixed by retaining previous solutions as initial guesses 
for next outer iteration. Therefore, as the problem size grows and processors 
increase proportionately, the time in obtaining the reconstructed profile scales 
as O(NlogN). 

We shall investigate several aspects of this algorithm including: the image 
quality versus choices of weighting factors; reconstructions from real measure­
ment data; parallel efficiency analysis; frequency hopping scheme in the larger 
object reconstruction. 
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REFLECTION FROM PMLs IN LOSSY MEDIA 

J.-P. BERENGER*, B. MARTINAT**, A. REINEIX** 

* Centre d'Analyse de Defense 
16 bis, Avenue Prieur de la Cote d'Or 94114 Arcuei/, France 

**IRCOM 

123, Avenue Albert Thomas 87060 Limoges, France 

The extension of the PML concept to lossy media was derived by Fang and Wu 
(IEEE Trans. MTT 12-1, 1996). In such media the PML equations in frequency 
domain can be found as in a vacuum by stretching the coordinates. From this, the time 
domain equations and then the FDTD equations can be derived. In this paper, both the 
theoretical reflection and the actual FDTD reflection from such '1ossy PMLs" will be 
studied and discussed, and the application to a problem of probing the Mars 
underground will be shown. 

On the contrary to PMLs in a vacuum, in lossy PMLs the absorption depends on 
frequency, i.e. the theoretical reflection coefficient R(S) becomes R(S, (0). As a result, 
choosing the parameters of the PML is more complicated than in a vacuum. Ideally, the 
absorption must be sufficient at all the frequencies of interest, while not needlessly strong 
at some frequencies, not to produce an important amount of numerical reflection. In the 
paper, the evolution of reflection R(S, (0) in function of the parameters of the problem 
will be discussed, with an emphasize on some special cases (reflection reduced to that 
of a PML in a vacuum, or to that of the lossy medium). 

The second part of the paper will be devoted to the numerical reflection, i.e. the 
actual reflection in the FDTD discretized medium. The theoretical formulae giving this 
reflection have been derived and validated by FDTD tests. Comparisons of theoretical 
reflection (i.e. in ideal continuous media) with FDTD reflection, will be provided. The 
actual possibilities of "lossy PMLs" will be discussed in function of such parameters as 
the conductivity of the lossy medium, the PML conductivity, or the PML thickness. 

The last part of the paper will present an application to the design of a device meant 
for probing the underground of the Mars planet. A transmitter above the ground radiates 
a wave that is reflected from the different layers, up to several kilometers in depth. This 
problem has been solved by applying the FDTD method within a computational domain 
reduced to a narrow well surrounded by a "lossy PML". 

0-7803-6369-8/00/$10.00 ©2000 IEEE 397 





Author Index 

Abd-Alhameed, R. ................................. 315 Brickerd, D. D .............................................. 188 
Abdulla, M ............................................. 12 Broschat, S ........................................... 293 
Adams, R ............................................. 162 Brown, G ............................................. 295 
Adler, E. D .................................................... 188 Buber, T .................................................. 8 
Afonin, D ......................................... 55,277 Bunting, C ............................................ 128 
Aksun, M ............................................... 41 Burke, M .................................................. 7 
AI-Ansari, K ......................................... 121 Burkholder, R ................................. 168,296 
Alonso, B. ............................................ 222 Butler, C. ....................................... 352, 365 
Altintas, A .............................................. 41 Buxton, C ............................................... 10 
Altman, Z ....................................... 151, 346 Cable, V ................................................ 88 
Altshuler, E .......................................... 226 Cai, L. ................................................. 343 
Aminaie, A ........................................... 372 Caliskan, F. .......................................... 125 
Anastassiu, H ........................................ 391 Cangellaris, A ....................................... 126 
Anderson, A ......................................... 112 Canning,F ............................................ 357 
Arnold, D ......................... 114, 115, 116, 117, Cao, Q ................................................... 93 
.................................................... 118,269 Capolino, F. .......................................... 232 

Arnold, J .............................................. 144 Caputa, K. ................................. 89,156,213 
Arvas, E ............................................ 8, 235 Carin, L. ............................ 92, 162, 164, 165, 

Arvas, S ................................................. ,.8 ....................................... 167,336,341,394 
Ashcraft, I. ........................................... 113 Casciato, M .......................................... 244 
Aydin, E .............................................. 238 Caswell, E. ........................................... 227 
Aygiin, K ............................................. 176 Catedra, M .............................. 222, 388, 389 
Bae, D ................................................... 31 Catton, J .............................................. 330 
Baertlein, B. ......................................... 153 Cetiner, B. .............................................. 87 
Balakrishnan, N .................................. 29,91 Chae, H ............................................... 263 
Barbosa, A ............................................. 65 Chair, R. ................................................ 81 
Bardati, F ............................................... 72 Chakravarty, S ...................................... 238 
Barka, A .............................................. 265 Chan, C. ........................................ 202,335 
Barnett, T. ............................................ 210 Chan, K ............................................... 202 
B arseem, I. .... .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. ... 385 Chang, C .............................................. 158 
Basilio, L. ............................................ 316 Chang, W ............................................. 192 
Bassey, C. ............................................ 213 Chappell, W .......................................... 288 
Bazin, V .............................................. 265 Charnotskii, M ...................................... 292 
Bazow, T ............................................. 357 Chatterjee, D ........................................... 50 
Beck, F .......................................... 215, 258 Chavannes, N .......................................... 86 
Benarroch, A ........................................ 121 Chen, G ............................................... 158 
Berenger, J-P ........................................ 397 Chen, Y ................................................. 93 
Bernhard, J ............................................. 99 Chen, N-W ............................................. 99 
Besso, P ............................................... 323 Chen, L-Y ............................................ 104 
Bindiganavale, S .................................... 124 Chen, L. ......................................... 136, 186 
Blaunstein, N ........................................ 246 Chen, H-H ............................................ 273 
Boag, A ................................ : ........... 53, 54 Chen, K. ................................. 158,209,335 
Bobillot, G ........................................... 265 Cheng, J ................................................. 98 
Boix, R. ......................................... 319, 378 Chew, W ........................... 163, 252, 257, 351 
Bozzi, M .............................................. 323 Chiao, J-c. ..................................... 104, 136 
Branch, E ............................................. 259 Chio, I-M ............................................. 104 
Brehonnet, A ........................................ 150 Chiu, T ................................................ 331 



Chiu, T -CO .................. , ......................... , . 48 Dou, W .................................................. 70 
Cho, W-S ............................................. 217 Dreher, A. ............................................ 380 
Choi, J ................................................. 135 Drioli, L. .............................................. 323 
Choi, S ................................................ 135 Drossos, A. ........................................... 150 
Choo, H ................................................. 78 Eibert, T ................................................ 40 
Choo, E. ................................................ 43 EI Idrissi, R. ......................................... 379 
Chou, H-T ................................. 18, 133, 134 EI-Shenawee, M .................................... 334 
Choudhury, A ....................................... 362 Elamaran, B .......................................... 104 
Chrisey, D ............................................ 192 Elkins, J ............................................... 210 
Christ, A ................................................ 25 Engheta, N ........................................... 147 
Chung, S-J ............................................ 273 Erdemli, Y ............................................ 324 
Cicchetti, R. ........................................... 61 Ergin, A .................................. 166,177, 178 
Ciccotosto, M ........................................ 239 Erker, E. .............................................. 193 
Clark, R ................................................. 99 Erricolo, D ................................... 5, 51,141 
Coccioli, R. ............................................ 87 Erturk, V ................................................ 80 
Cockreel, C. ......................................... 258 Evans, N ................................................ 74 
Cockrell, C. .......................................... 215 Excell, P .............................................. 315 
Coetzee, J ............................................. 103 Ezzedine, T .......................................... 260 
Colak, D .............................................. 168 Fan, G-X ........................................ 169, 182 
Cole, M ......................................... 110, 196 Faraone, A .............................................. 61 
Coleman, C. ...................................... 13, 17 Farhat, N .............................................. 160 
Colton, J .............................................. 274 Fazarinc, Z ............................................... 4 
Corona, P ............................................. 236 Feng, M ................................................. 99 
Couchman, L. ....................................... 357 Ferrara, G ............................................. 236 
Creech, G ............................................... 98 Fink, P ................................................. 256 
Cummings, N .................................... 77, 229 Fiumara, V ........................................... 145 
Curry, M .............................................. 239 Fourestie, B. ......................................... 346 
Cutler, P .............................................. 303 Franchi, P ............................................. 108 
Cwik, T ............................................... 200 Frandsen, P ........................................... 198 
D'Agostino, F. ....................................... 233 Frantzis, P ............................................ 370 
da Silva, H ........................................... 102 Frasch, L. ............................................. 209 
da Silveira, M ....................................... 137 Freni, A ............................................... 106 
Damarla, R ........................................... 341 Furse, C. ................................................ 84 
Darning, L. ........................................... 253 Galdi, V ............................................... 145 
Dana, R ................................................. 67 Garcia, P .............................................. 121 
Datta, S .................................................... 7 Garg, V .................................................. 51 
Davis, V .............................................. 311 Gennarelli, C. ....................................... 233 
Davis, W .......................................... 77, 227 Gersten, B. ........................................... 190 
Dawson, T ............................................ 156 Geyer, R. ............................................. 191 
Desclos, L. ....................... 105, 318, 325, 326, Gheorma, I. .......................................... 276 
.................................................... 327,369 Ghione, G ............................................ 276 
Deshpande, M ....................................... 215 Gianola, P ............................................ 323 
Detweiler, P .......................................... 225 Gilbert, R. ........................................ 97, 324 
Dick, A .................................................. 37 Gingrich, M .......................................... 281 
Ding, Z .................................................. 36 Gisbert, F. ............................................ 388 
Djordjevic, A ........................................ 368 Gisin, F ................................................ 214 
Djukic, S ................................................ 15 Gonzalez, I ........................................... 222 
Dobbins, J ............................................ 371 Graglia, R ............................................ 276 
Dogaru, T ......................................... 92, 336 Gres, N ................................................ 176 
Dolmans, G .......................................... 301 Guerouni, S .......................................... 373 
Dong, Y ............................................... 341 Guo, Y .................................................. 81 



Gupta, K. ............................................. 205 Johnson, W ........................................... 129 
Hagness, S ...................................... 154, 270 Johnson, J ......................... 168,297,298,332 
Hanazawa, M ........................................ 216 Johnston, R. .......................................... 228 
Hankui, E ............................................. 105 Jorgenson, R. .. .... .. .. .. .... .. .. .. .... .. .... .... .... 129 
Harada, T ............................................. 105 Joshi, P .......................................... 110, 196 
Hart, A ................................................ 107 Joubert, J.. ...................................... 137, 313 
Harvey, J.. ............................................ 370 Ju,S ...................................................... 31 
Hashimoto, 0 .................................... 71, 216 Judah, S ................................................. 90 
Havrilla, M ............................................. 68 Kadambi, G .................................... 221,224 
Hawkins, J.. ............................................ 81 Kaklamani, D ........................................ 391 
He, J ............................................. 164, 165 Kanda, M ......................................... 89,217 
Henning, J ............................................ 344 Kanellopoulos, J .................................... 120 
Heyman, E ............................................. 34 Karwowski, A ....................................... 151 
Hilgner, M .............................................. 22 Katehi, L.. .......................... 98, 272, 288, 370 
Hill, M ................................................ 287 Katz, D ................................................ 246 
Hill, K ........................................... 124, 390 Kavet, R .............................................. 156 
Hirata, A. ....................................... 152, 155 Kelley, D ............................................... 85 
Horii, Y ......................................... 152, 383 Kelly, P ............................................... 289 
Horwitz, J ...................................... 192, 195 Kempel, L. ..................................... 360,361 
Hosaka, S ............................................. 157 Kesler, M .............................................. 274 
Housmand, B. ......................................... 87 Khebir, A ............................................. 260 
Hubbard, C. .................................... 110, 196 Kim, W .......................................... 192, 195 
Hudson, H ............................................ 129 Kim, S ................................................. 211 
Hurst, M .............................................. 170 Kim, H ............................................ 31, 332 
Hurt, G ................................................ 245 Kim, K. ............................................... 171 
Hussey, T ............................................... 37 Kirchoefer, S .................................. 192, 195 
Huynh, M ............................................. 223 Klepal, M ............................................. 248 
Hwang, N-L .......................................... 251 Koala, B. ............................................. 239 
Ibrahim, E ............................................ 315 Koh,J.. ................................................ 132 
Ibrahim, T ............................................ 153 Koiundzija, B. ....................................... 368 
Ikuina, K .............................................. 369 Kopf, D ........................................... 97, 324 
Infante, D ............................................... 66 Korea, S ............................................... 263 
loan, D ................................................ 271 Kotuiski, J ....................................... 129, 261 
Ioffe, A. ............................................... 380 KOliki, A .............................................. 260 
Ishihara, T .............................................. 52 Koymen, H ............................................. 41 
Ishimaru, A .......................................... 330 Kravchenko, V ................................... 19,55 
Iskander, M ....................................... 3, 190 Kritikos, T .................................. ; ......... 120 
Issaev, Y .............................................. 277 Kruhlak, R ............................................ '.' 23 
Ito, K .................................................. 157 Kudryashova, L. .................................... 338 
Ito, M .................................................. 369 Kuga, Y ............................. 63,239,275,330 
Itoh, T ................................................... 87 Kunhardt, E ...................... .' ..................... 37 
Ittipiboon, A ......................................... 314 Kuroda, R ............................................ 203 
Jackson, D ............................... 285, 311, 316 Kuster, N .......................................... 25,86 
Jaffrezou, P .......................................... 392 Kutrumbos, T ........................................ 289 
Janaswamy, R ......................................... 60 
Janev, L. ................................................ 11 

Lam, K. ............................................... 202 
Lammers, T .......................................... 289 

Jang, S ................................................... 82 Langiet, S ............................................. 265 
Janpugdee, P ......................................... 133 Law, C. ............................................... 381 
Jensen, M ................................ 114, 122,249 Lee, A. ............................................... 188 
Jin, J ................................................... 257 Lee, C ................................................. 250 
Jin, J-M ............................................... 259 Lee, H ................................................. 250 

! I 



Lee, J -So ........................................ 268, 340 Marliani, F ..... , .................................... , 119 
Lee, K. .................................................. 81 Marques, R. ...... , .......... , ............ , .... , 377,379 
Lee, R .................................... 153,310,317 Martin, A ....... , ............ , .. , .......... , .......... 241 
Lee, S .............................................. 63, 275 Martinat, B ..... , .......... , .......................... 397 
Lee, S-W .............................................. 330 Martinaud, J -P ... """""" .. "" .. " , .. " .. """, 199 
Lee, T. ................................................. 270 Martinez-Burdalo, M ..... , .... , .................. , 241 
Lee, W ................................................ 179 Maruhashi, K ............... , ............ , .......... , 369 
Legault, S ............................................. 140 Masek, T. .................... , ............ , .......... , 221 
Leininger, K. ........................................ 154 Mason, C ....... , ...................................... , 28 
Leon, G ......................................... 319, 378 Matsuyama, S. , ............ , ........................ 155 
Letrou, C ................................................ 53 Matthes, R.""" """" """""""" """""""" ,5 
Leviaton, Y .......................................... 266 Mautz, J ....... , .......... , .............. , ............ , 235 
Ley ten, L. ............................................ 301 Mayes, P ............................................... , 99 
Li, H ................................................... 250 Mayhew-Ridgers, G ................... , .......... , 313 
Li, L. ................................................... 167 Mazanek, M .... ",,' .... ," , .. ", .... , .. " .. ", .. ,'" 248 
Li, Q ................................................... 335 Mazotta, J ........................................... , 136 
Li, X ................................................... 154 McEwan, N ................. , ............ , .......... , 315 
Li, E ............................................... .48, 331 McKinzie, W ............. , .............. , .......... , 191 
Lin, J-H ............................................... 396 Medina, F ............................... , 319,377,378 
Lin, Y-Y .............................................. 134 Meese, J ... ,""', .... ,", .. ,', .... " .. ,', .. ,', .. ,", .. 209 
Lindell, 1. ......................................... 58, 142 Merrill, W ................... , ............ , ............ ,42 
Lindmark, B ........................................... 79 Mesa, F ....................... , ............ , .......... , 377 
Ling, H .................................................. 78 Michielssen, E ..................... 99, 166, 176, 177, 
Little, M .............................................. 288 """"""""""""""""""""""""""""" 178 
Liu, c. ............. , .. ,', .. ,', .... , .... ,"""', .. ,"', .. 99 Miller, R. ................ , .......... , ................ , 356 
Liu, G ...... , .... ,', .. " .... " .. ,', .. ,""', ...... ,", .. 384 Miller, E ..................... , ............ , .......... , 334 
Liu, Q ............................... 169, 182, 183,395 Miller, J ......................... , ........ 180, 181,376 
Liu, T ................................... , .............. 250 Millet, F."" .... ,", .. ,"', .. ,", .. ,', .. ,' , .. ', .... ," 115 
Liu, Y .. " .. ,', .... , .. ,', .. ,', .. ,', .... ,"', .. , , .. ,"'" 193 Miner, G ........... , ........ , ........................ , 118 
Long, D ................... , .............. 112, 113, 116 Mioc, F. ...................... , ............ , ...... ,46, 141 
Long, S ......................................... , 311, 316 Miranda, F ..... ",', .. ,"", .. ,", .... , .. " .. ,'" .. , .. 194 
Long, Y ........... , .................... , ............ , .. ' 14 Mittra, R ................................... 59, 204, 238 
Lovestead, R ............. , ...... , ...................... 16 Moini, R ..................... , ............ , .......... , .. 67 
Lowe, L. .................. , .. , ........................ 210 Mondal, J ....... , .......................... , ............ 99 
Lozano, P ................. , ........ , .................. 388 Montoya, T .. ", .. """ .. "" .. "" .. " .. " .. ", ,30,. 230 
Lu,M ........................................ , ........ , 166 Mooney, J ................. , .............. , ...... ,36, 210 
Luebbers, R ........................... , ................ 85 Morgan, M ..... , ............ , ............ , ...... ,62, 342 
Lugara, D ............... , .............. , ............ , .. , 53 Mori, S ........... , ............ , ............ , .......... 152 
Luk, K ... ", .... , , .. ,', .. ,', .. ", .... ," ...... ,""" , .. ,81 Morrow, 1. .. "" '''''''''''''''''''''''''''''''''''''' 345 
Lundgreen, R ......................... , .............. 116 Moumen, A. ................ , ............ , .......... , 345 
Luo,P ..................... , ............ , .............. 381 Mullen, R. ...... , ............ , ........................ 275 
Macelloni, G ......................................... 119 Munteanu, 1. ........................................ , 271 
MacGregor, S .. , .. ,', .. ,', .. " ...... ,'" ...... ,,'" , .. ,37 Murdock, M .. ", .. """ .. ", .. "", .. " .. ", .. """ 302 
Maci, S ................. , ........................ 106, 349 Nagra, A ............................................. , 193 
Macon, C. ............................................ 361 Nagy, L. .................................. , ............ , 17 
Madde, R ......... , .................... , .............. 323 Nam,S ............................................... , 263 
Madihian, M ................................... 105, 369 Narayanan, R. .............. , ............ , .......... , 344 
Mailloux, R ........... , .................... , ........ , 108 Natzke, J ..... , .. , ............ , .......... , ............ , 348 
Maloney, J ..... " .... , .... " .. ,', .... " .... , .... ,"'" 274 Naylor, D ..... ,", .. ,"', ... ,', .. ,", .. ,', .. " .. ,", .. ",,6 
Malyshkin, A ............. , .......................... 277 Naylor, S .. ,"", .. ,"", .. ,", .. ,', .. ,', .. " .. ,', .... ,"" 5 
Marhefka, R." "'" """"", "'" """""", , .. ",,49 Nehrbass, J ............................... , ............ , 27 



Nelson, S ............. """ .................. ".,, ... 208 
Nepa, P .. ,."""',." .... "".,""''''''',." ..... ,,. 133 
Nestico, D. """""""."""" .. """""""".", 88 
Nevels, R. """""."""""."""".180,181,376 
Newman, E. """"" .. """""".""""",127, 168 
Newman, H. """"""".,,",,""",,"""""" 195 
Ngo, E. ".""""""""""""""""""".110, 196 
Nguyen, C. "."."""""""",,211,212,268,340 
Niccolai, L. """"".".,,""""""""""""" 368 
Nishizawa, S. """"""""""""'''''''''''''''''' 71 
Nonfdez, L. """""""""."",,,,,,,,,,,,,,,,,,, 241 
Notaros, B.""" "" """"" """"" "",," .15,234 
Nyquist, D. ""."""""""""."""",,66,68,209 
Oakley II, B." "" ""." """"" """" """" """ 2 
Obelleiro, F. """""""""." .. """""" 264,296 
Odendaal, J.. "" ".,," """" ,,"""" """ 137, 313 
Ohata, K. """"""".,,""",,",,",,"""""" 369 
Okhmatovsky, V .. """"""""""""""""" 126 
Okoniewski, M."" .. """""""""",,24, 28, 228 
Olakangil, J. "."" .. """""" .. """""""""" 84 
Oliner, A. "" """ "". """"" .. """ """ 284,285 
Ololoska, L.""" " ... "" ..... "" .... ,. ".,"" ", ... 11 
Olson, S.""""" .. """"""".""""""""". 305 
Olyslager, F. "" .. "".,,""",,"",,""""""" 142 
Ong, J .. , ,'" " ... " .. "".," """", "" ..... " ..... ".43 
Oughstun, K """ ... ". """" "",,"" """"" 146 
Ow, S .. """.""""."""",,.,,""""",,.,,.,,'" 90 
Ozdemir, K .. "" "'" "" ..... "" .. " .. """,. ", ... " 8 
Ozdemir, T. """".""""""""""""".,,98, 370 
Pack, J. ,,"" "" "." """" """"" "".,," """ 122 
Paiva, C. ." "" """."." """"" """" """" ".65 
Paloscia, S. " .. " .... ,,"" """", .. " .... "" .... " 119 
Pampaloni, P."".""""" ..... "" ...... ,,"",.,, 119 
Pan, G. """"""""""""""".""""",333, 355 
Panagopoulos, A."" " ...... "" ...... """'" "" 120 
Pantie-Tanner, Z." """" "".""" """" ".". 214 
Papapolymerou, J..."""""""""".""""", 287 
Park, J. ,," "" """ "" "",,"" """"" "" 212,263 
Partal, H. """"".,,""",,",,"""""""""" 235 
Pate, R"." ... " ... ".,'"''', .... " ...... "" .... ,,''''' 37 
Patel, D .. " .. " ... ".,' ", ..... " ...... "" ..... , ".," 189 
Pathak, P." ", .. " .... "., .. """". "" ..... " . .49, 133 
Patterson, M. S. "".""""""""""""""." 188 
Patterson, P. """ """ """"" ",,"" """"" ",37 
Paul, A. """"."""""""""""."."""""" 245 
Pearson, L. """"""""""" .. """"".",,47,107 
Pechac, P. ""."""""""""""""" .. """". 248 
Peixeiro, C. """""""""."""""""."""" 102 
Pelosi, G. """"""."""",,,,"""""""""" 233 
Penno, R. """"""."."""""""""""""".225 
Perez, J. "".""""."""""" .. """ 222, 388, 389 

Periaswamy, P ...... """ .... "".,."',.,,"",,.,, 193 
Perregrini, L. "" """ "". """ """ ".,,"",," 323 
Peterson, A.""" """.,," """ """ """"",,. 125 
Petosa, A .. "", ......... """ .... ",, .. ,,"', ........ 314 
Pierro, V. """.""""""""."""""""""", 145 
Piket-May, M. """""""""""""."""""" 289 
Pino, M ....... "', ... " ..... ""'" ... ",, .. ,''''''',,. 296 
Pinto, I..,", ......... ,,'" " ... """""" .. """.," 145 
Pisano III, F. """"""""""""""".""""" 352 
Poilasne, G. """.""" .. "".",312, 325, 326, 327 
Polat, B .......... ,"",. " .... """ " .... """""" ... 47 
Poljak, D.""" """ ",," """ """ """". """ 159 
Pond, J. """ .,,"" ",," ".,," """ "".,," 192, 195 
Pontoppidan, K" """ "." """ """ .".,,""" 198 
Potrepka, D. M. ",,"""""""""""""""" 188 
Potter, M.""", "" ... "'" "" ....... ".,'" """.".24 
Pouliguen, P. """"",,.,,"""""" 325,326,392 
Puska, L. ... ,. "", ... " ... " .... "" "" .... " ..... ," 142 
Qadri, S. ,,"",,""""""""""""""""""" 192 
Rafi, G. "."""""""""""" .. """""""""" 67 
Rahman, M ..... " .. ,''''', ...... ".,,''''', ...... ,,'' 322 
Rahmat-Samii, Y. """"""""""""""""" 201 
Ramahi, O. """"""""."""""""."."",,,.208 
Rao, J."" """"" "" """ """ ",,,,, """,,"" 189 
Rao, S. """""""".""" .. """"."",29,91,354 
Rappaport, c. .. "" ... ,," "" .. "". """ """'". 334 
Recchioni,M. "".""""""""""."""""".237 
Reddy, c."" .,,"" """ """ "." """ """"". 258 
Reed, S."" """" """ ",," """ .,," "",,""" 318 
Reinecke, D.""" """ "" """ """ """".,,"" 26 
Reineix, A ..... , ......... ,""', ........... ,""" .... 397 
Rembold, B. """""""""""""""""",,,,.,, 14 
Riccio, G ...... "" .. ,''''',." ... "" ... ,,'''''''''''' 233 
Riemann, A. ""."""""".""""""""""."" 74 
Riera, J. """""""""""""""".""""""",121 
Riggs, L. ."."""""""""""""""""",,36, 210 
Riley, D. """""""""""""""."."."",37, 261 
Robitailee, P. """""""""""""""""""" 153 
Rockway, J." ".,," """ """ ",," """ """." 330 
Rod, B. """""""""""""".""""""""" 188 
Rodriguez, J .. """ "'" "" .... ,,',' "" .. """ .... 264 
Rogers, R. """" """. "" ",,"" "". """,,"" 371 
Rogers, S. """".""""""""",,,,,,,,,,,,,,,,, 365 
Rohde, M. """"""""""""".""""",221,224 
Rojas, R .. "", ... "" .. "", .. ""''',, .. ,, ..... ,,'''''' 80 
Roje, V. """"""",,"""""",,"""",,.,,"" 159 
Romanofsky, R.""""".".""""""""""". 194 
Rosario, M. ""."""""""""",,,.,,,,,,,,,,.,, 102 
Ross, J ..... """, ............ ," """ .. , .......... " .. , 17 
Rothwell, E. """""",,.,,""" 17,158,209,360 
Sabet, K."""" """. "." ",,"" "". """" .98,370 



Sachdeva, S ....... " ................................... 29 
Sachdeva, N." ........ " ............. " ... " ... " ...... 91 
Saez de Adana, F. """""""""".""".388, 389 
Safaai-Jazi, A. """" """"""" """""""" ". 16 
Saito, K. """""""""""" """ """ "" ",," 157 
Salghetti, L.""""""" "",,"""",," "". "." 106 
Sarabandi, K. ""'"'''''''''''''''' 48, 98, 244, 331, 
.......................................................... 370 

Sarkar, T. """""""""""".,,82,132,171,179, 
.......................................................... 368 

Sarolic, A. ""'''''''''''''''''''''''''''''''''''''''' 159 
Sastre, A. """""""""""""""""""""'" 156 
Savi, P. """""""""""""""""""""""" 276 
Savrun, E. """"""""""""""""""""""" 63 
Schindler, J" ............. " ....... " .... " ... " .. " .. 108 
Schneider, S""""""""""""""""."""". 361 
Schneider, J. """ """" """'" """.". "" """ 23 
Schuhmann, R. """"""",,"""""""",,""" 22 
Schultz, J. """""""""""""""""""""" 274 
Schuster, C. ".,,"" ".""".",,. """""",,""" 25 
Scott, W .. " ... " ...... " ....... " .... " .... " ... " .. " .. 30 
Scullion, T" .. " ....... " ............. " .... " .. " .... 212 
Senba, N. " ....... """"" ... " .. """""",,",,. 369 
Sengupta, D.""" ... "" .... " ...... """,, .. ,,"" 364 
Senior, T. """""""""""""""""""""'" 140 
Sertel, K. " .. " """" """ .. """ """"" """. 324 
Shanker, B""""""""""""""". 176,177,178 
Shen, Z ... " .. """""""" .. """"""""""".381 
Shepard, R" ..... " ....... " ..... " .... "" .. " .. " ... 156 
Shifman, Y ... """"""" ... """"""""""".266 
Shiozawa, T .. """""""""""""""" .. 152, 155 
Shlivinski, A .... "" ..... " .. " ..... """",, ... ,,"" 34 
Shumpert, J. """""""""""".""."" .. " .. , 288 
Simmons, K.." """" "" ... " """ """".221,224 
Slattman, P. """""""""""""""""""""" 79 
Smith, R. """""""""" .. """"""""""".269 
Smith, Rl. """""""""""""""""""""" 304 
Smith, P ... " .. "."" .......... " .. " .. "" ... "",, .. 146 
Smith, J-K. """""""""""""""""""""'" 96 
Solaimani, M .. " ... "."" .... " .... ,, ..... ",," ... 372 
Song, J. """" ... " ..... " ..... " ....... 163,252,257 
Soudais, P. """"""""""""""""""""'" 265 
Speck, J. """"""""""""""""""""""" 193 
Spitsyn, V ... " .. """""" ... """"".73,337,338 
Spitsyna, N. """""""""""""""""""""" 73 
Steadman, J. """""""" .. ,,"""" """""'" 300 
Steenman, D. """"""""""""""""""""" 62 
Steyskal, H. """"""""""""""""""""" 108 
Stout, S.""" """""""" .. ,,"" """ "" """. 314 
Stronach, S ... """" """"""""""""" """ 129 
Stuchly, S." .... " ..... " ....... " ..... " ............. 213 

Stuchly, M""""""""""""",, ..... 89,156,322 
Stupfel, B." """ "" """ """ "'''''''''''''''''' 262 
Stutzman, W .... ,,"" .. ,,""""" 10,77,223,227, 
....................... " ... " ............... " ........... 229 

Su, T. """""""""""""""'''''''''''''''''''''' 78 
Sudupe, 1.." ............. " .... " ........... " ........ 388 
Suk, J. """""""""""""""""""""""'" 158 
Sullivan, J. """""" ... ""."""""""".221,224 
Sullivan, A. """"""'''''''''''''''''''''''''''''' 341 
Sultan, M. """"""""""""""""."""""".76 
Sun, W. """""""""""""""""""'"'''''' 158 
Sun, S-W. """"""""""""""""'''''''''''' 134 
Swenson, C. """""""""""",, ... ,,"""""" 84 
Swiatkowski, M""""""."""""."""""". 230 
Syed, H" .. " .. " ......... " ... " .... """ .......... ,, 247 
Symons, W. """." .... """"""""""""",,.240 
Synowczynski, J. """"""""""." ... ".188,190 
Taboada, J. """"""""""""""""""""".264 
Takahashi, N ... " ... " ... " ... " ........ "" ......... 369 
Takamizawa, K. """"""" ... ".""" .... ,,77,227 
Talor, T. """"""""""""""""""""""" 193 
Tanaka, K. """'"'''''''''''''''''''''''''''''''''' 353 
Tanaka, M. """." ." .. """" .. ,," "" .. " .. "".353 
Tanigughi, T ... "" ..... """" ..... " .. ,, .... ,,"" 157 
Tauber, A ...................................................... 188 
Terret, C. """"""" .. ,,""""""" 318,325,326 
Tham, c. .... " ... " ... " ... " .. "" ....... "" ...... " 159 
Thiele, G. "."".".""."""""""""""""".225 
Thoma, P .. """""" .. """"""""""""""".26 
Thompson, D. " .. "" .... " .. ".,,",, .. ,,"" 116,117 
Thompson, K. .. "" " .. " """ """""" """". 306 
Tian, B. ... " """"" """""" """ .. " """"" 183 
Tiberio, R. ... " ... " .. " .... " ... " ....... """ . .46,232 
Tidrow, S. C. """" .. """""""" .. ,,"",, ... 188 
Timothy, K. """""""""""""""""""""" 43 
Tirkas, P ... "" .. " .. " ... """" ... "".,, ...... "" 203 
Toccafondi, A. """""""""""""""'''''''''' 46 
Tognolatti, P. """""""" ... "" ....... ,, .. ,,""" 72 
Tokgoz, C. """""" .. ".""."" .. " .. """""".49 
Topa, A. """""""."""""" ... """" ... "."" 65 
Topcu, S. """"""".".",;"""""""" .. """.41 
Topsakal, E. """""""""""""" .. ,,""",,. 358 
Toroshchin, P .... " ... " .......... " ......... "" .... " 19 
Torrungrueng, D. "" .. """"." .. ,,,,""" 297,298 
Toso, G"""""""""""""""."" .. ".,,233, 236 
Toupikov, M. """"""""""""'''''''''' 333,355 
Toutain, S. ""'"'''''''''''''''''''''''''''''''''''' 318 
Trabelsi, S."""""" ",,"""" """ .. """",,. 208 
Tretiakov, Y. """""""""""""""",,333,355 
Trintinalia. L. ....... " .. " .... " .... " .......... "" ... 78 
Trosko, J. """""""""""""""""""""'" 158 



Trott, K ............. ,', .... " .... ,', .... , .... , .. ,', .. ,' 361 
Tsai, c." .... ," .. '"',', .. '', .. ,,''' '''''''''' , .. ', .. , 396 
Tsang, L. .. "" .... " .............. " .. " .... , .. 239,335 
Tsutsumi, M. " .. " ........ "'" .......... ,,, ........ 383 
Turhan-Sayan, G ..... "" .... " .. " ................ ,,' 38 
Turner, C. " .. " .. " ...... " .......... " .... " ........ 261 
Tyo, J ....... " .. " .. " .......... " ...... " .... " .. " .. , 143 
Ugur, A. """, .... """, .... ,' .. ", .... , .... ,, .. ,", .. ,' 8 
Upham, B.,"', .... ,""', .... ,', .... , .. ,", .. ,"'"'' 158 
Uslenghi, P ....... " ...................... " .. 5, 51,141 
Uzunoglu, N ..... ,""" ...... , " .................... 391 
Vaccaro, R. .. " ................ " .................... 307 
Vagnoni, A." """"'" "',', ""'" """ """ "",,72 
Van, T. " .. " ...... ,"" ........ ,"" ...... " ,,, ...... , 175 
van Genderen, P. " .. "" .... '" .. "" .... '" .. " .. , 345 
Van Keuls, F. .. """ .......... " ...... " .. ,, ........ 194 
Velamparambil, S. "" ...... ,"" .... ""'" ...... , 163 
Vescovo, R. " .... , " .. "" ...... " ........ """ .... ' 363 
Villar, R ... ", """"'" .... ," """"""""""'" 241 
Volakis, J ... " .. , .. " ...... " .. ,,, .. 97,247,324,358 
Voronovich, A ... """" ...... " .. " .... ",, ...... , 294 
Wada, K, .......... " ...... " .. ,,, .... ,, .. , .. ,, .... ,,' 216 
Wagner, M ....... ,,, .. " ...... " .. " ........ "" .... , 306 
Wahid, P., .... ,'" ''', .. ,'', .... " .... " .... " .. ,'', .. ",,7 
Walkenhorst, B. .. " .. " ...... " .......... "" ...... , 118 
Wallace, J ....... "" .... "" .. " .. " .. " .. , .... 122,249 
Waller, M ..... ","" .. ,", .. ,,", .. ,,", .. ,', .. ,', .. , 354 
Walton, E ....... ",,, ...... ,, .. ,, .... ,, ...... ,, .... , .. 343 
Wang, C-c. ........ " ........ , "" ...... ",,, ........ 251 
Warne, L. .......... " ........ "" ........ " .......... , 129 
Warnick, K. ........ , .. " ...... "" ........ "" ...... , 351 
Watson, P .. ,", .... ,"'" .. ""' .... ,, .... " " .. ,' , .. ",98 
Weiland, T. " .... " .. "" .... ,,, ............ 22,26,271 
Weile, D ......... "" .......... " .......... "" ...... , 177 
Weng, C-L. ...... , " .......... " ........ ",,, ........ 273 
Werges, S ..... ,' .. """", .. ,,',, .... ,', .. ,', .. ,", .. ," ,6 
Werner, D ........... " ........ " ...... " ........ ,59,281 
Werner, P. " ................................ " ........ 281 
Whalen, S ....... ,,, .... " .. , .. " .... " ...... " ........ , 15 
Whites, K ....... "" .................. " .... " .... 64, 240 
Wiart, J ............. " .......... "",, .......... , 151, 346 
Wight,J ....... " .. " ........ , .. " .. " .......... " .... , 314 
Williams, J ....... " .................. " .... " .. 311,316 
Williams, C. """"'" "",'" """ ,,"" """ ,,'" '" 5 
Wilton, D. ,,, ...... ,, " ...... " " ........ " .......... , 256 
Wittig, T ..... ", .. " .. "" ...... " .......... " ........ 271 
Wong, M ... ", .... ,"", .... ," " .. ", .... ,' " .. , .. ," 151 
Wong, T ......... "" .......... " .. " ................ , 186 
Wood, A ......... ,,, ........................ ,, .. 175, 350 
Wood, W ......... " .......... '" .......... ,,, ........ 350 
Wood Jr., W ..... ''' .... " .......................... , 390 

Worasawate, D."" .. """, .... " .. ,'," .. """, .. ",,8 
Wu,I. .. "", .. ,', .. ,", ...... ,""', .. "" .. ,"'" .. ,, .. ,71 
Wu, K-L. " .. "" .... " ............ """"" .. ,, .... , 382 
Wu, H ................. " ...... , ................ " .... , 192 
Wu, F ... ,"" ........ , ........ , .. """ ........ ',, ...... , 64 
Wu, C-W ... "" .. , .. " ............ """"" .. ",,, .. 360 
Wu, T., .. "" .. ,", .. ,"', .. " .. ,""', ...... ,"', .... ," 35 
Xie, T.", .. ,", .. ,,', .... ,'" ...... ,,""'" .... ,,', .. , 162 
Xu, H. "'" ............ " " " .... "",, " ...... ,,, .... , 103 
Xu, X ... ,,, .. ,, ...... ,,, .......... ,,, .. ,,",, .... 169, 344 
Xu, X-B. " .... " " .. ,,, .......... ' " .......... " " .. " 384 
Yablonovitch, E ... """ ........ " .................. 312 
Yan, M. ,,, .. ,,,, .. ,,''',,,, ...... ,,, .......... ,,, .... , 186 
Yang, Y. "" .. " .... ,,, .......... ,,, ........ ,",, .. ,,'" 59 
Yang, H. " .......... """ .... "",, .......... ,,, .... , 286 
Yang, M ... " ........ " .......... , ",," " " .. , "" " .. , 93 
Yang, S .. ,', .. ,,', .... ," ...... ,"",' .. """"", .. ",,35 
Yasan, E ............. " .......... , " " " .... "''',, .. , 272 
Yetginer, E ........... " .......... " .......... ,,, ...... , 41 
Yin, X ... " .... " .... ,,, .......... ,,, .. ,,,, .... ,,, .... , 257 
Yoho, P. " .......... ,,, .... ,,, .... " ........ " '",,''' 112 
York, R .. " .. " .. ,'" ,,, .. ,' .... ,,",""'" .... ",', .. 193 
Yoshimura, H .... ", ",,"'" .... , .... ,"'" .. ",,'" 157 
Yoshioka, R."", .. ", .... ,""'" ...... ,""", .. "",52 
Young, J ............. " .......... , " .......... ,,, .... , 365 
Yu, T ... , ................ " ........ " .. " ...... ,,, .... , 394 
Yu, W ... " .. " ...... ,,, .. ,, ...... ,,, .... ,,,, .......... 204 
Yun, Z ... " .... " .... ,,, .... ,, .... , " ...... " .. ,,, .... , 190 
Yurchenko, V ... ,', .... ," .... " .. ,""'" .... "" .... ,41 
Yylmaz, O ....... " .. " ........ ,,",,""",,"",,"'" 41 
Zaman, A. """"",,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,317 
Zaugg, D. "" """ .. "" .. """''',, .. "'"'''' "'" 114 
Zavorotny, V. """"""""""""""""""",294 
Zeilinger, S ... ", .. "" .. """", ",,""""', .. ,'" 364 
Zelkin, E. "" .. "",,,,,,,,,,,,,,,,,,, .. ,,,,,,,,,,,,,,,,19 
Zhang, Q. """ .. """" .. """,,,,, .. ,,,,,,,,,,, .. ,205 
Zhang, Y." .. "" .. """"""""""""""""", 252 
Zhang, Z. "" .. "" .. "" .. ,,""''',,'',,'''''' 190, 395 
Zhou, L.", """",' """ """"""'" """"" '" 335 
Zhu, X ... " .. """" .. ,,""""""""",, .. ,,""" 165 
Ziolkowski, R. ", .. " "",,"'" ",,",,"'" ",,'" 287 
Zirilli, F. """""" .. "" .. ,""',, .... ,,""",,"" 237 





liT 




