


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fast MoM Solutions for Large Arrays Via Green's Function 
Interpolation and Physical Preconditioning 

F. Capolino*, D.R. Wilton**, B. Fasenfest**, D.R. Jackson**, N. Champagne*** 

*Dept. of Information Engineering, University of Sienna, 53100 Siena, Italy 
**Dept. of ECE, University of Houston, Houston, TX 77024-4005, USA 

***Lawrence Livermore National Laboratory, Livermore, CA 94550, USA 

This presentation focuses on numerical procedures that address the difficulties of 
dealing with large, finite arrays while preserving the generality and robustness of 
full-wave methods. First we review a method presented recently [F. Capolino, 
D. R. Wilton, D. R. Jackson, URSI General Assembly. Maastricht, 2002] that uses 
a physically-based preconditioner to accelerate the iterative solution process, 
generally reducing to a handful the number of iterations required. There, a 
preconditioner was obtained based on an identity relating the impedance and 
admittance operators for infinite and finite periodic structures. In particular, the 
identity relates the inverse of the impedance operator for the actual array problem 
to a windowed admittance operator for the infinite array and an operator 
representing mutual coupling between the array and a virtual array formed by 
extending the actual array to fonn an infinite array. Here we propose an 
alternative way to construct the preconditioner based on an FFT transform applied 
to blocks of the original impedance matrix; comparisons between the two 
methods will be provided. In many practical cases the preconditioning is 
sufficiently effective that the preconditioned right hand side alone serves as an 
excellent approximation to the solution of the full MoM system. 

Secondly, we examine a fast method for solving array problems. We present a 
method based on approximating interactions between sufficiently separated array 
elements via a relatively coarse interpolation of the Green's function on a uniform 
grid commensurate with the array's periodicity. The interaction between the basis 
and testing functions is reduced to a three-stage process. The first stage is a 
projection of standard (e.g., RWG) subdomain bases onto a set of interpolation 
functions that interpolate the Green's function on the array face. This projection, 
which is used in a matrix/vector product for each array cell in an iterative solution 
process, need only be carried out once for a single cell, and results in a low-rank 
matrix. An intennediate stage matrix/vector product involving the unifonnly 
sampled Green's function is of convolutional form in the lateral directions so that 
a 2D FFT may be used. The final stage is a third matrix/vector product involving 
a matrix resulting from projecting testing functions onto the Green's function 
interpolation functions; the matrix is the same (Galerkin's method) or a similar 
low-rank matrix as for the bases projection. Insertion of the physical 
pre conditioner discussed above into this fast solution scheme and its effect on 
overall matrix/vector product construction time will be analyzed. 
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Efficient Asymptotic Closed Form Evaluation of the MoM Impedance Matrix 
for Antennas and Large Antenna Arrays in a Grounded Multilayered 

Medium 

c. W. Chuang, P. H. Pathak and P. Janpugdee* 

ElectroScience Lab, The Ohio State University 
1320 Kinnear Road, Columbus, OH 43212, USA 

E-mail: pathak.2@osu.edu 

The conventional procedure for the evaluation of MoM impedance matrix arising in the in­
tegral equation solutions for antennas in grounded multilayered medium generally involves 
a numerical treatment of the Sommerfeld-type integral representation for the field. The lat­
ter integral exhibits pole and branch cut singularities in the integrand; also, the integrand 
oscillates very rapidly with increasing separation between the source and field points, thus 
making the computation of the off-diagonal impedance matrix elements very time con­
suming or even intractable. To overcome the problems in computing the Sommerfeld-type 
integral, an asymptotic closed form solution was obtained for the integral pertaining to a 
single layered structure (M. Marin, S. Barkeshli and P. H. Pathak, IEEE Trans. MTT, 4, 
669-679, 1989; S. Barkeshli, P. H. Pathak and M. Marin, IEEE Trans. AP,9, 1374-1383, 
1990; G. A. Somers and P. H. Pathak, Radio Sci., 29, 465-481, 1994; P. R. Haddad and D. 
M. Pozar, IEEE Trans. AP, 11, 1545-1549, 1994). These asymptotic closed form solutions 
are seen to be accurate not only for lateral separations of the source and field points which 
are large, but also for separations which are as small as half a free space wavelength. This 
technique was also extended to a double-layer medium (M. A. Marin and P. H. Pathak, 
IEEE Trans. AP, 11, 1357-1366, 1992). Unfortunately, at that stage, the extension to mul­
tilayered structures appeared formidable due to its mathematical complexity. In particular, 
the leading term in the asymptotic expansion vanishes in all of these cases so the evalua­
tion of the second term becomes necessary. The second term in the asymptotic expansion 
is generally far more cumbersome to evaluate than the first term, and this is even more so 
for the multilayered case. However, recently it was discovered that despite the formidable 
expression in the integrand for the multilayered case, a simplification does occur toward 
the end of the development leading to a relatively simple scheme to obtain the second or­
der term. The latter development of the asymptotic solution for the multilayered case is 
reported in this paper. Numerical results for the multilayered case show that the asymptotic 
closed form solution obtained also remains accurate for source and field point separations 
as small as half the free space wave length. In addition, the results also compare very well 
to those presented in the above references for the special cases of single and double layers. 
The present asymptotic solution is applicable and useful to the analysis of large finite arrays 
in multilayered structures, where it will significantly reduce the computational time by one 
or more orders of magnitude depending on the size of the array. In addition, numerical 
results for printed crossed dipole arrays in a grounded multilayered medium will be shown 
to demonstrate the efficiency of the present asymptotic solution. 
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Dielectric Measurements and Sensors: The Excitement and Challenges Ahead 

Omar M. Ramahi'-'· 3 and Samir Trabelsi'-' 
'Mechanical Engineering Department, 'Electrical and Computer Engineering Department, and 

3CALCE Electronic Products and Systems Center 
2181 Glenn L. Martin Hall, James, University of Maryland, College Park, MD, USA 

e-mail: oramahi({ilcalce.umd.edu 
4USDA-ARS, Richard B. Russel Agricultural Research Center, Athens, GA 30604, USA 

'University of Georgia, Athens, GA, 30604, USA 
e-mail: strabelsi@qaru.ars.usda.gov 

The field of electromagnetics has experienced a dramatic growth during the past 50 years. 
Driven largely by military-related factors since the inception of the radar until the recent 
innovations in stealth technology. The revolution in communications was also, in part, made 
possible by the remarkable innovations in antennas and transmissions systems. It is perhaps safe 
to assert that the paradigm of electromagnetic problems of "how can I solve for or predict the 
field-matter interaction" is approaching its classical stage. Leaving efficiency considerations 
aside, it is possible now to find electromagnetic field solvers that can address the most 
challenging field -matter interaction. Does this maturity imply stagnation in the field of 
electromagnetics? While for many selfish reasons, many would predict and hope otherwise, the 
good news is that a new paradigm is emerging. How can we leverage the high maturity and 
advances in the field of electromagnetics to create advances in other fields. How can the field of 
electro magnetics play and be an integral part in the new age of information that will most likely 
characterize the 21" century. The answer lies in electromagnetic field-based sensors. 

Sensors are the link between information and electromagnetics. Microwave based sensors (and 
possibly millimeter wave based sensors) are becoming a highly desirable, mobile, versatile, and 
highly-reliable tools to gather information from afar as in the example of remote sensing, to very 
close proximity of the sensed object, as in mine and tissue detection or even near-field 
microscopy. Microwave-based sensors can even be placed on "small" objects to be sent for 
detection of harmful substances and events. Clearly, sensors represent an integral part of an 
information gathering system. However, sensors need to know what they are sensing. 
Electromagnetic fields are color-blind. They can only discriminate based on dieectric properties. 
If these properties are not understood correctly, the sensing system is rendered useless (as the old 
saying goes, garbage-in-garbage-out). This is no more important than in the area of microwave­
based cancer detection where determining accurate benign and malignant tissue properties 
presents a challenge that is, arguably, greater than the formidable task of designing the sensor in 
the first place. Another area that has recently witnessed significant activities is multi-function 
sensing where multi-parameter calibration becomes essential. Multi-function microwave sensing 
is expected to play a strong role in a wide range of technologies from grain moisture and 
temperature sensing to detection of impurities in pharmaceutical products. 

In this presentation, we present an overview of current applications of microwave-based 
sensors. We discuss current research trends in dielectric measurements and address some of the 
system integration challenges that are critical to making robust and reliable sensors. 
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DIELECTRIC-BASED MULTIPARAMETER MICROWAVE SENSOR 

Samir Trabelsi*, and Stuart O. Nelson 
U. S. Department of Agriculture, Agricultural Research Service, Richard B. Russell 
Agricultural Research Center, P. O. Box 5677, Athens, GA 30604-5677, U.S.A. Phone: 
+1 7065463157; Fax: +17065463607, E-mail:strabelsi@qaru.ars.usda.gov 

In the last few decades, microwave dielectric-based sensors were mainly 
developed for sensing moisture in different materials (Nyfors E. and Vainikainen 
P., Industrial Microwave Sensors, 1989). The fact that these sensors rely on 
measurement of dielectric properties, which are also dependent on other physical 
properties of the material, make them potentially multiparameter sensors, 
provided that appropriate correlations are established between measured dielectric 
properties and physical properties of interest. At microwave frequencies, 
dielelectric properties of moist granular materials depend on frequency, moisture 
content, bulk density and temperature (Nelson S. 0, Trans. ASAE, 16, 384-400, 
1973). In fact, at these frequencies, water is the dominant factor because of its 
polar nature, and hence effects of both bulk density and temperature are water­
related effects. Decoupling these effects for purpose of determining one 
parameter at a time is not obvious. This explains the difficulty encountered in the 
early use of microwave moisture sensors. For moisture to be determined 
accurately, effects of bulk density and temperature have to be accounted for by 
means of additional measurement and compensation, or eliminated by identifying 
density-independent and temperature-insensitive permittivity functions. In the 
last three decades, efforts have been dedicated mainly to density-independent 
measurements of moisture content. 

In this paper, different approaches are examined for determining bulk density, 
moisture content and temperature of cereal grain and oilseed. In the first 
approach, and the most straightforward, direct relationships are established 
between the dielectric constant, E', and dielectric loss factor, E", and bulk 
density, moisture content, and temperature. In the second approach, bulk density 
and moisture content are determined simultaneously from new correlations 
between the dielectric properties, E' and E", and the water partial density (mJv) 
and dry matter partial density (m,lv). Effectivenes of each approach is compared 
to previously used methods (Meyer W. and Schilz W. M., IEEE Trans. 
Microwave Theory Techn., 29, 732-739, 1981; S. Trabelsi et aI., IEEE Trans. 
Instrum. Meas, 47, 1, 127-132, 1998). Since both approaches are based on 
measurement of E' and E", combined together, they constitute the basis for the 
development of a multiparameter microwave sensor. The principles and 
feasibility of such a sensor are demonstrated through measurement of the 
dielectric properties of three major commodities, wheat, com and soybeans at 
microwave frequencies. The methods presented in this paper, along with the 
availability of microwave components at affordable prices, constitute incentives 
for the development of a new generation of versatile microwave sensors that can 
be used for real-time detennination of physical properties of granular materials. 
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Department of Electrical and Computer Engineering 
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, T. Ogilvie5 
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Several dielectric spectroscopy studies of breast tissue reported in the literature over the 
past 50 years suggest that the dielectric-properties contrast between malignant and 
normal breast tissue is greater than 2: 1 in the microwave frequency range. Recognition 
of the potential diagnostic value of such a contrast has fueled a number of recent 
investigations of novel microwave breast cancer detection and treatment technologies. 
However, there is little or no dielectric-properties data above 3 GHz - a region of 
practical importance since shorter wavelengths offer higher spatial resolution. More 
importantly, the existing data does not cover all of the possible tissue types present in the 
heterogeneous normal, pre-cancerous, or cancerous breast. Furthermore, the different 
dielectric-properties data sets are not all in agreement. In fact, Hurt et al (IEEE Trans. 
Biomed. Eng., 1:396-401, March 2000) recently pointed out that out of 18 human tissue 
types, the greatest uncertainty in dielectric properties at microwave frequencies currently 
exists for normal breast tissue. Consequently, a number of important questions remain. 

To fill in the gaps in our understanding, the University of Wisconsin (UW) and the 
University of Calgary (UC) are conducting a comprehensive NIH-funded prospective 
study of the dielectric properties of malignant, benign, and normal breast tissue at 
microwave frequencies (up to 20 GHz). We are characterizing freshly excised tissue 
specimens from excisional biopsy, mastectomy, lumpectomy, and reduction 
mammoplasty surgeries at the UW Hospital and Clinics and the UC Tom Baker Cancer 
Centre. The dielectric properties of selected regions of each tissue specimen are 
measured using an open-ended coaxial probe technique with a special-purpose probe and 
Agilent vector network analyzer. Each measurement is carefully correlated with the 
histopathology of the region of the specimen "sensed" by the probe. 

In this talk, we will present preliminary results from our multi-year study. These results 
begin to provide answers to questions of engineering importance for future microwave 
technology developments related to the detection, diagnosis, monitoring, and treatment of 
breast cancer. 
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THE IMPACT OF FLIP-CHIP PACKAGING ON RF 
MONOLITHIC INDUCTORS 

Mostafa Abdulla and Qing-Lun Chen 
Intel Corporation 

9750 Goethe Road, LOC41l9 
Sacramento, CA 95827, USA 

Email: mostafa.abdulla@intei.com 

ABSTRACT 

Recently, Flip-Chip (FC) package technology has become popular for RF 
applications. The main reason for that is the shorter interconnects length of the 
bumps compared to wire bond technology which enhances the interconnect 
perfonnance at high frequency. 

On the other hand, monolithic inductors are important and perfonnance­
limiting components in Radio Frequency Integrated Circuits (RFIC's), such as 
voltage control oscillators (YCO's) and low noise amplifiers (LNA's). The most 
important parameter of monolithic inductor is its quality factor. Inductor quality 
factor is limited by the losses. The metal and substrate losses mechanisms have 
been reported and studied in many literatures. To the best of our knowledge, no 
literature has reported the effect of package losses on the inductor quality factor. 

Although reducing the FC bump height enhances the frequency reponce of 
the package interconnects, it will results in proximity coupling between the 
package and upper metal layers of the inductor. This coupling produces additional 
losses and reduces the quality factor of the inductor. 

In this paper, we investigate the effects of the FC packaging on the 
monolithic inductor quality factor. We evaluate the inductor electrical parameters 
using full-wave electromagnetic field solver. We present the inductor parameters 
with and without FC package (see Fig.I). Our investigation helps RF designer to 
predict accurately inductors parameters including package assembly effects and to 
reduce redesign cycles. 
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Fig. 1 Example of the package assembly impact on typical inductor quality factor 
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Modeling of Planar Inductors in IC'sat X-Band 

Kevin Idstein*l, Roberto G. Rojas l and Gregory Creech2 

IThe Ohio State University, Electrical Engineering, ElectroScience Laboratory 
Columbus, OR 43212 

2 AFRLISNDM, Wright Patterson AFB, Dayton, OR 45433 

Microwave integrated circuits today demand low power dissipation and a high level of 
integration. To meet these requirements, engineers must design low-loss passive devices 
on-chip. However, at X-Band frequencies, passive components suffer significantly from 
skin-effect losses, conductive substrate losses, and field coupling in an inhomogeneous 
substrate. These parasitic effects cannot be neglected when designing passive 
components to operate at high frequencies. 

To investigate the various models available for IC inductors, six inductors ranging from 
0.75 nH to 1.00 nH were designed with an emphasis on maximizing the Q factor. The 
technology is Fully Depleted Silicon on Insulator (FDSOI) with a silicon resistivity of 
2000 Ohm-cm. Figure I shows a popular circuit model for this inductor. Unfortunately, 
there is little consensus from the literature as to how the circuit components of this model 
are derived. Frequently, these components are found by data fitting the measured or 
simulated S-Parameters. Data fitting is not beneficial for design purposes, however. 
There are analytical formulas for these component values, but they do not provide 
sufficient accuracy. 

The inductors were simulated using three simulation tools: a standard full wave Method 
of Moments (MOM) simulator, a MOM simulator using electrostatic approximations (RF 
MOM), and a Partial Element Equivalent Circuit (PEEC) simulator using electrostatic 
approximations. Furthermore, after making some rough approximations of the current 
distribution and charge distribution, the PEEC technique was also used to analytically 
calculate the component values of Figure 1. Once the component values were calculated, 
the Q and effective inductance of the model circuit were calculated. These two 
parameters are compared to the MOM simulation, the RF MOM simulation, the 
electrostatic approximate PEEC simulation, and measured data. 

Co: Interwinding Capacitance 

Rs: Winding Resistance 

Cox: Oxide Capacitance 

RSI : Silicon Resistance 

CS1 : Silicon Capacitance 

L : Inductance 

Figure!: Generic circuit model for a spiral inductor on an IC substrate. 
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A New Class of Interdigital Capacitors for Planar Integrated Circuits 

G. Bit-Babik!, D. Caratelli2, R. Cicchetti*2, and A. Faraone! 
! Motorola Corporate EME Research Lab, Fort Lauderdale, Florida, USA 

2 University of Rome "La Sapienza ", Department of Electronics Engineering, Italy 

A new class of planar interdigital capacitors (IDCs) useful to be employed in 
wireless communication systems are presented and analyzed in detail. The 
electromagnetic characteristics of the proposed structures, derived by means of a 
new locally conformal FDTD scheme, are compared in order to establish their 
circuital and EMC performances. Interdigital capacitors having zig-zag and 
sinusoidal shape fingers are analyzed and a new frequency-independent 
equivalent circuit, which includes surface and volume waves effects, useful to be 
employed in CAD tools, has been introduced. The particular form of the 
capacitor's fingers has been chosen so to obtain compact structures with a higher 
value of the series capacitance. To establish the main characteristics of the 
proposed structures circuital and EMC characteristics are compared with those 
obtainable using IDCs having straight fingers. As an example, in Fig. la the 
geometry of an IDC structure having zig-zag finger is shown. 

0.8 

0.6 

L---~--~--~--~--~--~o 
, 6 

f(GH,) 

Fig. 1 Geometry (a) and magnitude of the scattering parameters versus frequency (b) of a planar 
interdigital capacitor having zig-zagjingers. Substrate parameters: h= 1.2 7 mm, li,= 1 0.2. 

The magnitude of the scattering parameters in the frequency range 0-6 GHz, 
obtained employing the FDTD technique, is given in Fig. I b. From Fig. I b, it is 
evident that a stronger coupling between the input and output ports of the devices 
appears in the structure having zig-zag fingers. It can be demonstrated that this 
particular behaviour is due to the higher reactive energy stored between the 
zig-zag fingers, which results in a higher value of the series capacitance. Finally, 
from the same figure it appears the good numerical accuracy obtainable using the 
proposed frequency-independent equivalent circuit of the device. Details 
concerning the analysis model, the equivalent circuits, the circuital and the 
emission characteristics of the proposed structures, will be given during the 
symposium presentation. 
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THE EFFECT OF PACKAGE CAVITY ON THE WIREBOND 
HIGH FREQUENCY PERFORMANCE 

Xiang-Yin Zengl, Mostafa Abdulla2 and Qing-Lun Chen2 

lIntel China LTD 
2299 Yanan Road (west), Shanghai Mart Tower 

Shanghai, China 200336 
xiang.yin.zeng@intel.com 

ABSTRACT 

2Intel Corporation, 
9750 Goethe Road, LOC4119 
Sacramento, CA 95827, USA 

mostafa.abdulla@intel.com 

Nowadays, package-interconnects is performance-limiting components in RF, 
and high-speed applications. The high frequency discontinuity introduced by wire bond 
inductance could affect the high frequency circuit performance significantly. However, 
wire bond technology is still attractive due to its reliability and cost effectiveness. 

To reduce the wire bond inductance, wire length is minimized as possible. 
Recently, UltraBGA package technology was introduced to minimize bond wire length 
and therefore increase the package bandwidth. This is achieved by putting the bare die 
inside a grove (cavity), which fonned inside the metallic package ground (Fig 1.). 

Since package substrate thickness is less than the bare die thickness and the die is 
inside a metallic cavity, a high frequency effect is expected. Changing the ground height 
will affect bond wire characteristic impedance and cause high frequency discontinuity 
and limit the package bandwidth. So far, no work reports the effect of the change of 
ground plan height on the wirebond performance and bandwidth. 

In this presentation, the impact of package cavity on the package bandwidth will 
be discussed. The insertion and return losses of different wire bond schemes and package 
configurations are evaluated using finite element method and de-embedding techniques. 
An optimized layout and design recommendations will be presented. This technique will 
help wirebond packages to achieve wider bandwidth to accommodate high-speed 
applications. 

Fig.1 Wire bond interconnect structure 
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Signal Integrity Issues for Package Level Discontinuities and RF Chip-Package 
Interconnects Using FDTD Analysis and Equivalent Circuit Modeling 

Jeffrey McFiggins', Maulin Bhagat, Jayanti Venkataraman, Rochester Institute of Tech., NY 

As on-chip frequencies move into the gigahertz region a need exists to gain an understanding 
of how interconnects impact signal integrity. Signals can be degraded by discontinuities along the 
signal path as well as coupling from adjacent circuits. There are several established methods to 
analyze the effects of discontinuities and coupling. These include both full wave simulations and 
equivalent circuit models. These circuit models are typically developed for a particular layout and 
are optimized to obtain element values to match the response of a full wave simulator. One 
drawback of this method is re-optimization is required for a different geometry. The current work 
develops an equivalent circuit model to estimate coupling using closed form equations. The major 
advantage is that changes in the geometry are accounted for in the equations and no tedious re­
optimization is required. Insight into signal integrity issues can be obtained through time domain 
analysis. To facilitate this a Finite Difference Time Domain (FDTD) code was written 
implementing a UPML absorbing boundary for lossy materials. 

The structure used for this work is shown in fig. I, where two vias, rectangular in cross 
section, are placed a distance d apart (center to center). These vias connect transmission lines of 
length II and width Wlo on the top layer (solid lines), to transmission lines of length 12 and width w, 
on a lower layer (dotted lines). This structure was chosen because it exhibits both discontinuity 
and coupling effects. To develop the equivalent circuit model the length of the coupled vias were 
divided into two segments. The circuit model for each segment is shown in fig. 2, where L 
represents self-inductance, R is the losses associated with the vias, and Ca and k represents 
coupling between the vias. 

The S-parameters obtained from the circuit model are compared with that obtained from 
FDTD and are shown in fig. 3. The model shows very good agreement. Figure 4 shows coupling 
from port I to port 3 and 4 in the time domain, for a 100Hz sinusoidal (2 Vp-p) input applied at 
port I. These results show that coupling from neighboring circuits can be significant enough to 
impact signal integrity thereby degrading system performance. 

Port4 : 
, , , I, , , 

~' v~a" : 
, , , 

Port 1 ;.:q [!:'~ Port 3 ,. , , , , II , , , , 
W2 .... : :+Port2 , 

(a) Cb) 

Fig. I. Coupled via structure. Ca) top view (b) side view, 
WI ~ 11.58 mils, W2 ~ 5.79 mils, II ~ 33 mils, I, ~ 37.89 mils, 

Fig. 2. Equivalent circuit model for a 
coupled via subsection 

h ~ 2.46 mils, D ~ 7.79 mils, via dimensions ~ 2 x 2 x 2.46 mil 
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Fig. 3. Comparison ofS-parameters for Coupled 
via structure 
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Mitigation of PCB Radiation through Novel Mesh Fencing Techniques 

Xin Wu1.3 and Omar M. Ramahil ,2,3 

J Mechanical Engineering Department, 2Electrical and Computer Engineering 
Department, and 3 CALCE Electronic Products and Systems Center 

2181 Glenn L. Martin Hall, James Clark School of Engineering, 
University of Maryland, College Park, MD, USA 

e-mail: xwu@glue.umd.edu 

In printed circuit boards (PCB), as the frequency increases, the PCB 
dimension becomes electrically long, and the clock harmonics can lead to 
resonances, which in tum makes the PCB an efficient radiator. Essentially, the 
multi-layer PCB structure behaves in a manner identical to that of a microstrip 
patch antenna, where the radiation is a result of the field accumulation at the 
edges of the board. The radiated emission occurs at the microstrip line or strip 
lines under fast switching, which becomes one of the primary electromagnetic 
interference (EMI) sources. Moreover, the transient currents associated with fast 
switching produce simultaneous switching noise (SSN), which can significantly 
compromise the power distribution integrity on the boards, leading to crosstalk 
and false logic. 

Via fencing, an edge treatment that consists of adding a string of vias around 
the periphery of the PCB effectively shorting out common voltage reference 
planes, was proposed in previous works to reduce the electromagnetic radiation. It 
has been demonstrated that closely spaced fencing vias can reduce the radiation 
from the board edge effectively. However, the energy radiated is partially 
reflected back into the PCB by fencing vias, therefore enhancing the power plane 
resonance with consequential adverse signal integrity implications. 

In this work, we review via fencing techniques. We then present a 
quantitative study to determine via fencing effects on enhancing power plane 
resonance. It is known that RC termination is an effective method to dampen the 
power plane resonances. In this work, we suggest the addition of "equivalent 
capacitance" through the use of strip lines (open-ended on both ends). These 
strips will be perpendicular to the propagating electric field and will act as a 
capacitive load. With this mesh fencing approach, i.e., a combination of the via 
fencing and capacitive strip lines, we expect to reduce the radiated emission from 
PCB while dampen enhanced resonances. 
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Junction Circuit Using NRD Guide / Vertical Strip Line Trans­
former at 60GHz 

Futoshi KUROKI and Makoto KIMURA 
Kure National College of Technology. 2-2-11 Aga-Minami Kure 737-8506, Japan 

Tsukasa YONEYAMA 
Tohoku Institute of Technology. 35-1 Yagiyama-Kasumichou, Taihaku-Ku, Sendai 982-8577, Japan. 

Since the transverse field distribution of the NRD guide is similar to that of the TEO I rectangular hollow metal 
waveguide, a mode transition between the NRD guide and vertical strip line can be constructed by making the 
right angle comer in the same manner as the rectangular hollow metal waveguide / coaxial line transition [I]. 
With this in mind, we developed the new type of right angle comer using the NRD guide / vertical strip line 
transition as shown in Fig. I. The dielectric strip of the NRD guide is made by low loss Teflon with the relative 
permittivity of 2.04, and the cross sectional dimensions are. 2.25mm in height and 2.5mm in width. The vertical 
strips consist of metal strips etched on a glass Teflon substrate having the cross sectional dimensions of 2.25mm 
in height and 0.256mm in width. The width of the metal strip is decided to be 1.8mm so as to be characterized by 
the impedance of 50 n. This substrate is transversely inserted in the cross-sectional plane of the NRD guide and 
are supported by the Teflon piece with the length of L, where the metal strips are inserted in the dielectric by the 
depth of D. In order to optimize the performance, the length L and depth D were decided by using HFSS. The 
calculated scattering parameters of the right angle comer are shown in Fig. 2. It is obvious that a good perform­
ance can be obtained. By using the right angle comers, a new type of junction circuit was fabricated as shown in 
Fig. 3. Figure 4 shows the calculated and measured scattering parameters. Low loss and well balanced output 
level, which were measured to be 4dB ± I dB in the bandwidth of 4GHz around a frequency of 60GHz, can be 
obtained, though there is slight discrepancy between theory and measurement because the scattering parameters 
were calculated in loss less condition. Next step of this research is to apply the junction circuit to semiconductor 
devices. . 
Reference [Il F. Kuroki and T. Yoneyama, "Junction Circuits Using NRD Guide at Millimeter-Wavelengths", 
Proceeding of IEICE, VoL75-C-I, No.1 (1992) 
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Comparative Studies on the Capacitive Coupling in 3D Interconnects Em­
bedded in L TCCs 

W Y Yin, B. Guo, X T. Dong, and Y B. Gan 

Temasek Laboratories, National University o[Singapore (NUS), 10 Kent Ridge Crescent, 
Singapore 119260, E-mail: tslyinwy@nus.edu.sg 

Abstract: It is known that high-performance printed circuit boards (PCBs) 
consist of multi-layer materials with multiple signal microstrips embedded 
within. The high-density integration has made the overall signal integrity 
analysis a very important work. Signal integrity usually include signal delay, 
distortion, and crosstalk, which are the manifestation of the mutual inductive 
and capacitive couplings among all microstrips. 

To the authors' best knowledge, till now much work has been done for 
extracting the microstrip capacitances and inductances in three-dimensional 
(3D) interconnects. Some empirical capacitance models for 2D and 3D 
interconnects are developed (T. Sakurai, IEEE Trans. Electron Device, ED-
40,118-124,1993; S. -C. Wong et aI, IEEE Trans. Semi. Manu/act., SM-
13, 108-111 and 219-227, 2000). However, most of these work was focused 
on the interconnects fabricated in U(V)LSls, and only Sohn et al have given 
a set of empirical equations on electrical parameters of coupled microstrip 
lines for crosstalk estimation in normal printed circuit boards(Y. S. Sohn et 
aI, IEEE Trans. Advanced Packaging, AP-24, 521-527, 2001). 

In this work, comparative studies on the capacitive coupling in 3D­
interconnects embedded in LTCCs (Fig. I) are done, including the hybrid 
effects of various geometrical parameters of both microstrips and LTCC 
superstrate-substrates. The accuracies of different empirical formulas for 
predicting the capacitive coupling in 2D and 3D interconnects on PCBs are 
examined and compared. Some conclusions are drawn, which are very 
useful for practical PCBs design for improving the signal integrity. 

L Tee s"p~rur"u 

Figure I. Three-dimensional interconnect embedded in a LTCC superstrate­
substrate. 
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SCATTERING PARAMETERS OF MAGNETO STATIC SURFACE­
WAVE TRANSDUCERS: THEORY AND EXPERIMENT 

Manuel J. Freire, Ricardo Marques*, Francisco Medina 
Dept. of Electronics and Electromagnetics, University of Seville 

Ave. Reina Mercedes sin 41012 Seville, Spain 

The theoretical and experimental study of the excitation of magneto static­
surface waves (MSSW) by microstrip transducers was first reported by 
Ganguly and Webb in [IEEE MTT-23, 998-1006, Dec. 1975] and [IEEE MTT-
26, 444-447, June 1978]. In these works, the input impedance of MSSW 
transducers is calculated assuming two hypothesis: uniform fields along the 
width of the YIG film and uniform current distribution across the strip. Later, 
in [T. W. O'Keeffe and R. W. Patterson, J. App!. Phys., 49, 4886-4895, Sept. 
1978], nonuniform fields are considered in an analysis based on a superposition 
of modes to include the effect of the finite width of the YIG film in the 
calculation of the delay time of a MSSW delay line. In [J. C. Sethares, IEEE 
MTT-27, 902-909, Nov 1979] and [So N. Bajpai, IEEE MTT-36, 132-136, Jan. 
1988] it is reported the calculation of the input impedance and the insertion 
loss of MSSW transducers, respectively, assuming a nonuniform current 
distribution on the strips. However, uniform fields are assumed in these works 
when tbe transmission line theory is applied in the analysis. In the present 
work, the authors show a method for the calculation of the input impedance 
(i.e., return loss) and the insertion loss of two-microstrips MSSW transducers 
not assuming the above two hypothesis. This method has two parts. In the first 
part, the transmission line theory is applied without disregarding the variation 
along the width of the YIG film and the telegrapher's equations are solved 
analytically. The insertion loss is tben derived from the closed-form solution of 
the telegrapher's equations and it is obtained as a function of the width of the 
YIG film and the following transmission line parameters: the complex 
propagation constant, the complex characteristic impedance of the YIG-loaded 
microstrip line and the mutual inductance between the two microstrips. The 
input impedance (return loss) is obtained from the complex characteristic 
impedance, the complex propagation constant and the width of the YIG film by 
using an exact traslation impedance formula without approximations, that is, 
not assuming uniform fields. In tbe second part of the method, the transmission 
line parameters are numerically computed by applying a full-wave method of 
moments technique. Although a transmission line model is used, the final 
solution does not correspond to a quasi-TEM approach since the parameters of 
the model are obtained following a full-wave treatment. Thus, the scattering 
parameters of two-microstrips MSSW transducers comprising metal-dielectric­
YIG-GGG can be computed without restrictions in tbe dimensions. Theoretical 
results are found to be in good agreement witb measurements for different 
microstrip structures. 
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A Photonic Bandgap Antenna Reflector for pes Applications 

'Dowon Kiml, M. Kim\ H. Lee', B. Oh2 

lKorea University, EE Department, Seoul, 136-701, Korea, woneeee@hotmail.com 
2LG Electronics Institute of Technology, Seoul, l37-724, Korea 

Photonic bandgap substrates possess a property unattainable from ordinary metal 
plates and present a large surface impedance near the resonant frequency. They 
could be placed inside a waveguide to obtain a desired electromagnetic field 
distribution or in the ground plane of microstrip circuits to form bandpass 
filters. The radiation pattern in open space could also be enhanced with the use 
of the PBG substrates as the antenna ground plane. In this paper, we propose 
the idea of using a small antenna reflector to purposely create a near-field null 
behind the reflector while maintaining a relatively uniform radiation pattern in 
the far field. Positioning a metal reflector near the transmitting antenna blocks 
the radiation itself. The PBG reflector, on the other hand, has little affect on 
the amount of total radiated power while reducing the near-field power 
potentially harmful to mobile phone users in personal communication systems. 
In our experiment, the two-layered thumb-tack approach proposed by 
Sievenpiper was initially used to fabricate the PBG substrate with the resonant 
frequency of 2.0GHz. Several different PBG reflector sizes were tested by 
placing them 3mm away from a simple monopole antenna. In the near field, 
the PBG reflector with the width of a half· free-space wavelength provided an 
effective shielding with the front-to-backside radiation ratio of almost 20dB. 
However, the radiation pattern in the far field showed less than 8dB deviation 
from the pattern measured without any reflectors. 

~ With reflector 

Metal ground plane 

Coaxial feed 

(a) 
NearMfield pattern (b) Far-field pattern 

Figurel. (a) Reflector antenna test setup, and (b) normalized H-plane patterns measured 
at 0.211. and 1311. away from the monopole, respectively. The PSG reflector, Al2 by 
Al2 in size, was placed 0.0311. away from the transmitting monopole antenna to 
provide the near-field shielding. The far-field pattern shows only lOdS peak-to-null 
ratio and a smaller field distortion compared to the near-field case. 
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Model Establishment and Crosstalk Analysis of the Common­
Leg Multiconductor Transmission Line 

Chi-Fang Huang* and Yun-Chih Chao 
Graduate Institute of Communication Engineering, Tatung University 

40, Chungshan N. Rd., 3rd Sec., Taipei 104, TAIWAN 
TEL: +886-937-008-883; FAX: +886-945-868-442" Email: ras@ttu.edu.tw 

I. INTRODUCTION 

Due to that the differential transmission line has the 
effect of "common-mode rejection" to the noise signal, it 
is suitable for signal of high speed and low voltage to 
propagate for long distance. However, in the high-speed 
digital system, for instance, the equipments of 
telecommunication transmission, the number of kinds of 
address/data bus will increase along with the raise of 
complexity, among which the differential signal line 
structures are much more complicated. Furthermore, in 
the system of high density, a large amount of the 
transmission line will lead to huge number of 110 pins in 
package of semiconductor devices, for example, of 500 -
600 pins. To overcome this problem, in other words, to 
cut down the pin number of ASIC, a new method in 
engineering is to combine one of each pair of the 
differential transmission line from transmitter to receiver 
in the light of one group of differential transmission 
address/data bus, refer to Fig. 1. 

Fig. Circuit representation of a common-leg 
multi conductor transmission line 

The purpose of this paper is to put forward the model 
establishment and crosstalk analysis for this kind of 
transmission line structure. In the experiment, the 
prototypes of different length and line spacing are made 
for analyzing the relation between the parameters of the 
structure and the coupling of signals. 
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In the simulation, to economize the calculated memory of 
computer and simulated time, lumped element equivalent 
circuit is applied for the establishment of model. At the 
last, the results of simulation will be proved by the result 
of measurement. 

II. TEST BED AND MODELLING 

Referring to the profile of the structure, the Fig. 2, when 
the common-leg multiconductor transmission line are 
realized in a multiplayer PCB, the signal path of the 
common one is named as the 'reference', and the other 
signals are shielded by it as well. However, all of them 
are covered shielded by the ground planes. 

Ground Plane 

Reference 

lhe other signals 
Reference 

Ground Plane 

Fig. 2 Cross-section of the transmission line 

Consequently, the reference line is to act as a low 
impedance line. This structure is surely operating as a 
heavily coupled one. There are two kinds oftest bed with 
different signal path lengths under study, namely, short 
line of 6 l.l 95 mm length and long line of 130.6232 mm 
length. Both of them have three line spacing cases: s ~ 
lw, s ~ 1.5w, and s ~ 2w with w ~ O.l584mm (signal line 
width). 
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The Cosmic Background Imager Experiment 

C .. R. Contaldi for the CBI Collaboration 
Canadian Institute for Theoretical Astrophysics 

University of Toronto, Canada 

Abstract 

The Cosmic Background Imager (CBI) is a 13-element interferom­
eter array operating in the 26-36 GHz frequency band situated at an 
altitude of 5080 metres in the Chilean Andes. The CBI is designed 
to study the Cosmic Microwave Background Radiation (CMBR) from 
the early universe. The Angular power spectrum of fluctuations in the 
CMBR provides a unique testing ground for models of structure for­
mation in the universe. We describe the experiment and observations 
being carried out. We report on new determinations of cosmological 
parameters using data from extended mosaic observations. The three 
extended mosaics cover an area of about 80 deg2 and comprise obser­
vations of the total intensity of the CMBR carried out in the 2000 and 
2001 observing seasons. For the 2002-2003 season the instrument has 
been upgraded for measurement of polarized radiation. We report on 
the ongoing observations and on the prospects for measurements of 
peaks in the Cosmic Microwave Background polarization power spec­
tra. 
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The Arcminute Cosmology Bolometer Array Receiver 

W.L. Holzapfel*" P.A.R. Ade2, R.S. Bhatia3, J.J. Bock\ M.D. Daub" J.H. Goldstein5, 
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2Department of Physics and Astronomy, Cardiff University, CF24 3YB Wales, UK 
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CA 91125 
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The Arcminute Cosmology Bolometer Array Receiver (ACBAR) is a novel instrument 
designed specifically for observations of fine scale cosmic microwave background (CMB) 
anisotropy and the Sunyaev-Zel'dovich effect. The instrument is a 16 element 230 mK 
bolometer array that is presently being used to produce images the CMB in three millimeter 
wavelength bands with approximately 4' resolution. 

The receiver is designed to observe from the 2.1 meter off-axis Viper telescope located 
at the South Pole. A chopping tertiary mirror sweeps the 16 ACBAR beams 3 degrees 
across the sky in a fraction of a second without introducing excessive modulated telescope 
emission or ground radiation pickup. The signals produced "as the beams sweep across the 
sky correspond to sensitive measurements of differences" in the sky temperature. The large 
chop of Viper results in high resolution (l!.£ ~ 120) measurements of the recovered power 
spectrum over the range from £ ~ 120 - 3000. 

Under the low background conditions available at the South Pole, the ACBAR detectors 
become background limited at a temperature of apprOximately 300 mK. The noise equivalent 
temperature of the 2.1 mm wavelength detectors is measured to be 300 ilK-liS. ACBAR 
makes use of a self-contained 3-stage Helium sorption refrigerator to reach a temperate of 
230 mK with a hold time of 36 Hours. The fridge is periodically recycled with an automated 
system resulting in a duty cycle of ~ 90%. 

The ACBAR frequency bands are optimized to achieve maximum signal to noise while 
observing the SZ effect and CMB anisotropies in the presence of atmospheric emission. We 
use a combination of black polyethylene, Yoshinaga, Pyrex, and resonant mesh filters to 
precisely define the pass bands and block high frequency leaks. The band averaged optical 
efficiencies for the 2.1, 1.4, and 1.1 mm passbands range from 31 - 40%. 

ACBAR was deployed to the South Pole in December 2000 at has operated continuously 
for the past two years. The deepest ACBAR observation has produced a 6 deg2 map with 
a RMS noise in a 4' pixel of ~ 10 ilK at 150 GHz and 25 ilK at 220 GHz. This is the 
most sensitive image of the CMB produced to date and has been used to determine the 
power spectrum of the fine angular scale CMB with unprecedented accuracy. We have also 
produced images of the Sunyaev-Zel'dovich effect in a sample of low redshift clusters of 
galaxies and performed a search for distant unknown clusters. ACBAR is presently being 
prepared for a third season of winter observations. 
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Design and Performance of a Balloon-borne Bolometric 
Cosmic Microwave Background Polarimeter 

JohnRuhl 

Physics Department 
Case Western Reserve University 

Cleveland, OH 44106 

Boomerang is a balloon borne millimeter-wave telescope and radiometer, used to study 
features in the Cosmic Microwave Background (CMB). The receiver is a bolometric 
instrument, with a focal plane cooled to 285mK. It is coupled to a 1.3m diameter 
telescope via a series of feeds and filters at 0.3 and 4 Kelvin. The focal plane array of 
eight horns feeds a total of12 detectors in three bands, centered at 150, 250 and 350 
GHz. The high frequency bands are made sensitive to a single linear polarization by the 
placement of a wire grid over each feedhorn; the lowest frequency channels use a new 
technology where both linear polarizations are preserved through the feed optics; the two 
orthogonal polarizations are absorbed by two separate detectors at the end of the optical 
chain. 

In January 2003, Boomerang flew for 15 days over Antarctica, gathering information on 
the temperature and polarization anisotropies of the CMB. I will describe the receiver 
technology and testing, as well as discuss the methods by which these data will be used to 
characterize the CMB. 
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We will discuss the balloon-borne CMB polarization experiment MAXIPOL, 
which is an evolution of the MAXIMA CMB experiment. It uses a rotating half-wave 
plate to modulate the polarization signal onto 16 single-polarization bolometric 
photometers. The first scientific flight in planned for 

2003. 
The POLARBEAR experiment is a proposed ground-based experiment with 

sufficient sensitivity to characterize the E-mode and lensing B-mode polarization and 
perform a deep search for the possible gravity-wave B-mode signal. It will be deployed 
in stages eventually building to a 3000 element transition-edge sensor bolometer array 
with four frequency bands. The array will be built with planar-antenna coupled 
bolometers with on-wafer band-defining filters. Systematic error controls include two 
layers of full ground shields and multiple modulations of the sky signal. 

The APEX-SZ experiment will search for galaxy clusters over -100 sq. deg. of 
sky using a 300 element hom-coupled bolometer array and the 12m APEX telescope to 
be sited in Atacama Chile. Several thousand clusters should be discovered which will 
provide a powerful probe of cosmology. The bolometers will have spiderweb absorbers, 
transition-edge sensors, and SQUID preamplifiers. 
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CAPMAP: A Multipolarimeter Experiment for 
Measuring the Cosmic Microwave Background 

S. T. Staggs 

Physics Department 
Princeton University 
Princeton, N J, 08540 

Abstract 

CAPMAP comprises multiple correlation receivers at 90 and 40 GHz 
making observations of the cosmic microwave background radiation 
from the 7 m Bell Labs telescope in Crawford Hill, NJ. In the winter 
of its first year (2003), four W-band polarimeters were deployed with 
3' beams. This resolution provides sensitivity to the maximum signal 
in the angular power spectrum of the CMB polarization anisotropy. 

Performance of the CAPMAP instrument and initial results from 
its first season of data will be discussed. We will include techniques 
of ca.libration and verification of data quality, as well as details of the 
polarimeter design. The poiarimeters use MMIC HEMT amplifers 
provided by JPL in a heterodyne, analog correlator. The bandwidth 
is 16 GHz, broken into three equal-sized band for better phase tuning. 
The total power in each arm of the receivers is also monitored. Noise 
performance and polarization offsets will be presented. 
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Measuring CMB polarization with DASI 

John Kovac for the DASI collaboration 
University of Chicago 

The Degree Angular Scale Interferometer (DASI) has recently detected polarization of 
Cosmic Microwave Background using data from 270 days of dedicated observations during 
its second and third seasons at the Amundsen-Scott South Pole research station. Inter­
ferometric observations in all four Stokes parameters were obtained within two 3.4 degree 
FWHM fields separated by one hour in Right Ascension, over a frequency range of 26 - 36 
GHz. The observed polarization is found to have an amplitude and spatial pattern consis­
tent with predictions, offering a validation of the standard theoretical framework of CMB 
physics and lending confidence to the values of cosmological parameters that have been 
derived from CMB measurements. 

The DASI instrument is currently undertaking its fourth season of operation at the 
South Pole, and in this talk we discuss the current status of results from previously reported 
and ongoing CMB polarization observations. We review the instrumental techniques used 
by DASI to achieve the sensitivity and control over systematics necessary to measure the ex­
tremely faint, extended CMB polarization pattern from a terrestrial site. These techniques 
are relevant to facing the next set of experimental challenges, which include making pre­
cision measurements of the polarization power spectra and searching for new cosmological 
physics in B mode polarization patterns. 
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Initial Results from the Microwave Anisotropy Probe 

N. C. Jarosik 

Department of Physics 
Princeton University 
Princeton, NJ 08544 

The Microwave Anisotropy Probe (MAP) is a NASA sponsored Medium Class Ex­
plorer mission designed to produce full sky maps of the cosmic microwave back­
ground (CMB) radiation. MAP simultaneously observes in five frequency bands, 
spanning 20 - 106 GHz. Twenty differential microwave radiometers observe the sky 
in two orthogonal linear polarizations, allowing reconstruction of maps in Stokes 
I, Q, and U parameters. The satellite operates from a Lissajous orbit around the 
second Earth-Sun Lagrange point (L2) that keeps the Earth, Moon and Sun far 
from the telescope boresites. The radiometers are built with high electron mobility 
transistor (HEMT) amplifiers and utilize passively cooled input stages to reduce 
radiometer noise. The broad frequency coverage allows separation of the CMB sig­
nal from foreground emission based on their differing spectral properties. Angular 
resolutions are different in each frequency band and range from 0~82 to 0?21 in the 
lowest and highest frequency bands respectively. MAP has completed the first of 
four years of planned science observations. 

In this talk I review the instrumental and observational aspects of the MAP mission, 
stressing the characteristics required for high quality CMB observations. Design 
features and analysis techniques used to minimize and assess systematic error levels 
are discussed. On-orbit characterizations of the radiometer performance, including 
sensitivity, short term and long term stability are presented. The characterization 
of the optical system, including main beam and sidelobe response, is given, derived 
from a combination of pre-launch and on-orbit measurements. 

I also review the publicly available data products, comprising intensity maps at 
five frequencies, calibrated time ordered data, and beam and radiometer bandpass 
characteristics. Derived data products, including the angular power spectrum of the 
CMB, values of cosmological parameters, and maps of foreground emission compo­
nents, are also presented. 
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The QUEST Experiment 

Sarah Church (on behalf of the QUEST collaboration} 
Department of Physics, Stanford University, Stanford, CA 94305-4060 

The QU Extragalactic Survey Telescope (QUEST) is designed to search for 
polarization of the Cosmic Microwave Background (CMB) radiation at millimeter 
wavelengths. The instrument comprises an array of 62 polarization-sensitive 
bolometers mounted on a 2.6m telescope that will be located on the Chajnantor 
Plateau in the Chilean Andes. The QUEST receiver is designed to operate at 
frequencies of 100 and ISO GHz to allow CMB polarization to be distinguished 
from astrophysical foregrounds. We expect QUEST to begin operations in early 
2004. In two years QUEST will complete two surveys - a shallow survey of 500 
square degrees will allow a precise determination of the power spectrum of E­
mode polarization caused by density fluctuations, and a deeper survey of 30 
square degrees will detect B-modes produced by gravitational lensing and could 
also detect, or set strong limits on, B-mode polarization from gravitational waves. 

A major challenge for CMB polarization experiments will be to distinguish the 
tiny polarized signal from systematic effects, astrophysical foregrounds and, for 
ground-based experiments, atmospheric effects. I will describe how the design of 
QUEST is intended to minimize these effects. I will also argue that ground-based 
experiments such as QUEST are an essential precursor to any CMB polarization 
satellite, and that they offer a valuable opportunity to develop the necessary 
hardware and techniques for such a mission. 
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The Study of the Anisotropy of the Cosmic Infrared Background 
at Sub-MM Wavelengths: The EDGE Project 

Stephan S. Meyer, Edward S. Cheng, David Cottingham, Dale Fixsen, 
Peter Timbie, Robert Silverberg, Grant Wilson 

Abstract 

The Cosmic Infrared Background (CIB) is likely to be the integrated emission from stars 
and galaxies. In the sub-mm the emission comes from galaxies at redshift from 0.5 to 2 and 
above. Spatial variation in the CIB surface brightness at large angular scales are sourced by 
variations in the galaxy density which in turn responds to large-scale matter density vari­
ations. The CIB anisotropy is thus sensitive to the history of structure growth and galaxy 
bias at high redshift. The EDGE instrument measures the spatial variation at low angular 
resolution and can sample much larger volumes than galaxy counting experiments. Redshift 
determination of structure is obtained at low resolution using submillimeter color informa­
tion. We discuss the nature of the measurement, the instrumentation and the astrophysical 
goals of the experiment. 
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Array R,eceivers for CMB with MMIC Technology 

Todd Gaier, Michael Seiffert, Charles Lawrence, Douglas Dawson, Mary Wells 
Jet Propulsion Laboratory 

Low noise coherent receivers have been extensively used for measurements of the cosmic 
microwave background (CMB). Recent experiments using low noise, high electron mobility 
transistor amplified front-ends include WMAP, BEAST, DASI, CBI, CAPMAP. Coherent 
detection offers several advantages for CMB measurement, including the ability to modulate 
signals after amplification, simultaneous measurements of multiple Stokes parameters and 
direct imaging through interferometry. Advances in monolithic microwave integrated circuit 
(MMIC) technology have enabled multifunction receiver component integration at the chip 
or compact module level. This has in turn, created the possibility of array receivers for 
CMB measurements. 

We will discuss the state-of-the-art in MMIC amplifier based technologies as well as 
instruments under development which will use MMIC integration. We will also discuss the 
prospects for massive receiver arrays using coherent detection· for deep CMB polariZation 
measurements. 
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eMB Polarimetry with Bolometers 

James J. Bock, Jet Propulsion Laboratory, Pasadena, CA, 91109 

The polarization of the Cosmic Microwave Background promises a wealth of 
cosmological infonnation. In particular, a curl-mode polarization signal, induced by the 
gravitational wave background from the inflationary epoch, may be detectable if inflation 
occurs at the GUT energy scale. However, deep searches for CMB polarization require 
significant advances in instrument sensitivity and unprecedented control of systematic 
errors. We describe the development of the BICEP (Background Imaging of Cosmic 
Extragalactic Polarization) receiver, designed to deeply probe CMB polarization on 
degree angular scales at 100 and 150 GHz using polarization-selective bolometers. We 
are developing new bolometer technology with phased superconducting slot-line 
antennas, transition-edge superconducting sensors, and integral stripline filters. Large 
arrays of antenna-coupled bolometers, operating over a wide range of wavelengths, will 
provide significant gains in system sensitivity compared to current capabilities. 
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Measuring Magnetic Fields in Interstellar Molecular Clouds 

Richard M. Crutcher 
Astronomy Department, University of Illinois 

The role of magnetic fields in the physics of dense molecular clouds and in the 
star formation process remains unclear. If sufficiently strong, magnetic fields may 
support clouds against gravitational collapse and thus prevent or delay star 
formation. They appear to provide the only viable mechanism for transporting 
angular momentum from collapsing cores - necessary for subsequent star 
formation. Finally, magnetic fields may playa significant role in the physics of 
bipolar outflows that accompany protostar formation. All techniques available for 
probing the strength and morphology of magnetic fields in molecular clouds 
involve measuring the polarization of continuum or spectral-line radiation. Such 
polarization observations are non-trivial because this polarization is typically only 
a few percent of the strength of the total intensity, and because instrumental 
polarization is often significant. 

Techniques that may be used for molecular clouds are measurement of the 
Zeeman effect in molecular spectral lines, measurement of the Goldreich-Kylafis 
effect (linear polarization in spectral lines due to anisotropic radiative transfer), 
and linear polarization in dust emission or absorption. Although only the Zeeman 
effect directly yields magnetic field strengths, a statistical method first proposed 
by Chandrasekhar and Fermi can yield field-strength estimates with the other 
techniques. I will briefly review these techniques and the instrumental 
requirements that radio telescope systems must meet. Data for DR210H will be 
presented to illustrate study of magnetic fields in one dense molecular cloud. 
SCUBA dust-emission polarimetry has mapped the large-scale morphology of the 
field while BIMA synthesis imaging of dust polarization has mapped the small­
scale field morphology in the high-mass double core of DR210H. BIMA has 
mapped a double CO bipolar outflow originating in the double core; its relation to 
the magnetic field will be discussed. The Goldreich-Kylafis effect has been 
mapped in both the CO J = 2 - 1 and 1 - 0 transitions; polarization directions are 
orthogonal in the two transitions. Finally, the Zeeman effect has been measured in 
CN N = 1 - 0 transitions with the lRAM 30-m telescope. Thus, a fairly complete 
picture of the magnetic field strength and morphology is available, making it 
possible to discuss the role of the magnetic field in the physics and evolution of 
this dense molecular cloud core. 
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Analysis of Using Multiple Reader Antennas in RFID Communication 

K. Penttila', M. Keskilammi, M. Kivikoski 
Rauma Research Unit, Institute of Electronics, Tampere University of Technology. 

Introduction 

Kalliokatu 2, FIN-26I 00 Rauma, Finland 
katariina.penttila@tut.fi 

Radio frequency identification (RFID) systems consist of Radio Frequency (RF) transponders, 
or tags, RF transceivers, or readers, and a host. Readers are strategically placed to 
communicate with tags, which are attached to objects identified. The host is a data processing 
unit, which may be connected to database via Internet. RFID technology, its components and 
functionality have been reviewed and analysed in several publications of TUT, Institute of 
Electronics. Several different communication methods exist for RFID. This paper focuses to 
communication in far field, using backscatter technology. The communication link and the size 
of identification zone are remarkably dependant on, besides the frequency used, the antenna 
functionalities. It also depends on is environmental reflections and absorptions, which will be 
issued in the future. In the following section, the influence of using multiple reader antennas is 
analysed. The concept of multiple reader antennas, which are expected to be similar and having 
the same operating frequency, may be realised both having mUltiple readers with one antenna 
each and having only one reader with multiple antennas with same phase. 

Multiple Reader Antennas 
Several applications need the" ability to identify large areas. To fill this demand several reader 
antennas must use. As Fig.l. shows the influence of the reader's functionality to another reader 
is remarkable. The antennas used for all simulations were patch antennas, with Teflon substrate 
(Rogers 5870, with dielectric constant of 2,33). The use of several transmitters at the same 
place at the same time will lead to collision and signal disappearing. The changes of antenna 
radiation pattern and -3dB beam width are significant when bringing another antenna close to 
the first one. Radiation patterns are illustrated in Fig.2 and Fig.3. The distance between 
antennas was 50 em in Fig.3. Since the backscattered power from tags is much weaker than the 
power transmitted by readers must this phenomenon been considered very carefully when 
using multiple antennas in the same near space. 

Figure 1. Influence between 
two patch antennas 

Conclusions 

Figure 2. Radiation pattern of 
one patch antenna 

Figure 3. Radiation pattern of 
two patch antennas having 
same phase 

To solve the collisions between readers the division of time slots or frequency channels or both 
may be used. The solution is always an application-based choice. Environmental reflections 
and absorptions are problems issued in the future. Following un-ideal environments the reading 
zone will be shortened. New antenna structures and very carefully considered antenna 
placements are some key solutions to solve the problems caused by environmental absorptions 
and reflections. These features will be researched in the future publications. 
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Circular Polarization for Antenna Polarization Diversity 
To Overcome Deep Fading in Terrestrial Wireless Telecommunications 

Johnson J. H. Wang 
Wang Electro-OptDt;oqiOration 

Marietta, Georgia USA 

The performance of terrestrial wireless communications link is mainly limited by 
deep fading and interference. To overcome the problem, diversity techniques 
have been employed, among which polarization diversity is noted to be about as 
effective as conventional spatial diversity yet provides space and cost savings 
(Dietrich et ai, IEEE AP Trans., 49-9, 1271-1281,2001). However, polarization 
diversity has largely been employed at the receive side, and focused on dual 
orthogonal linear-polarizations (LP) in the form of either V/H (verticallhorizontal) 
or slanted ±4So. 

In this paper, polarization diversity on the transmit side is emphasized. 
Furthermore, the potential advantage of circular polarization (CP) on the transmit 
side in overcoming deep fades will be discussed. 

A CP wave is in effect an LP vector rotating about the direction of 
propagation every 360° for each period of the carrier wave, thus completely 
spanning the polarization subspace over any time period equal to or longer than 
the period of the carrier wave. A dual-LP antenna is equivalent to a single LP 
antenna unless the two orthogonal LP components of identical amplitude are 90° 
apart in phase (time). This may explain why the diversity gain of slanted ±4So was 
observed to be slightly higher than that of V/H (Lempiainen, IEEE Veh. Tech. 
Trans., 47-3, 1087-1092, 1998) while being equal in other analysis (Nilsson, 1998 
Int. Symp. Adv. Radio Tech., Boulder, 1998). 

In radar and other line-of-sight paths, performance merits of CP over LP 
have been well established. In terrestrial telecommunications, a channel can be 
segmented into two categories: pseudo-line-of-sight sub-channels and 
polarization-sensitive scatterers. Scatterers on earth, whether man-made or 
natural, cause deeper fading to LP than to CP; more generally, the higher the axial 
ratio of an elliptically polarized wave, the deeper the fading. 

On the receive side, dual-CP and dual-LP are equally effective as a 
polarization diversity scheme. In case no polarization diversity is implemented in 
the receive antenna, a CP receive antenna (of the same sense CP as the transmit 
antenna if applicable) is less vulnerable to deep fades than an LP receive antenna. 
This is because the channel is extremely unlikely to fully convert a signal to the 
opposite-sense CP to cause deep polarization-mismatch of 30-40 dB. 
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Wideband CPW-Fed Slot Antennas on Finite 
Ground Planes 

R. Usaha and M. Ali* 

Department of Electrical Engineering, University of South Carolina, Swearingen 
Building, Columbia, SC, 29208. Email: alimo@engr.sc.edu. 

Slot antennas are finding increasing applications in microwave and mm­
wave wireless applications for their wideband characteristics compared to 
microstrip patches. Slot antennas have bi-directional radiation patterns. 
Unidirectional patterns can be achieved with the use of a reflector. This includes 
the cavity-back slot design or more recently slot antennas on PBG (photonic 
bandgap) substrates. 

Recently CPW-fed slot antennas have been investigated by Hall et al. 
[A.U. Bhobe, C.L. Holloway, M. Piket-May and R. Hall: "Coplanar waveguide 
fed wideband slot antenna", Electronics Letters, Vo1.36, No.16, pp 1340-1342, 3rd 

August 2000] among many other researchers. They have proposed an antenna that 
can provide 49% impedance bandwidth for a 40.3 mm by 27.5 mm by 1.58 mm 
antenna on a substrate with Er=4.3. 

In this paper we focus on miniaturized slot antenna design (21 mm by 7.9 
mm by 1.5 mm). We propose a design that has an operating bandwidth of 5.5-7.5 
GHz (31%). The proposed antenna consists of a folded slot and an additional 
adjacent slot. The combination of the two slots results in wideband characteristics. 
The antenna has been simulated using IE3D, a Method of Moments (MoM) based 
simulation software from Zeland. The antenna operates on 1.5 mm thick Rogers 
(R04003) substrate (Er=3.38). 

Compared to other slot design in the literature our proposed design is 
much smaller in size and thus can reduce the size of an array significantly. We 
also present a detailed parametric study of the antenna including current 
distribution, input impedance, radiation pattern, and gain. In addition we also 
present antenna performance variation as function of ground plane size. This is of 
particular significance for portable wireless devices since device miniaturization 
necessitates reduced PCB size. It has been observed that the PCB ground plane 
has significant impact on both the input impedance and radiation pattern of the 
antenna. Further detail will be presented during the conference. 
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Design and Tolerance Analysis ofa 5.7 GHz Chip-Size 
Microstrip Antenna on High Resistivity Silicon 

P. M. Mendes·, M. Bartek(ll, J. N. Burghartz(ll, J. H. Correia, 
De~t. ofindustrial Electronics, University of Minho, Portugal 

(I Lab. ofECTM/DlMES, Delft University of Technology 

This paper reports the FEM model, design, fabrication and characterization of a square patch 
antenna built on high-resistivity silicon (HRS) for operation at 5.7 GHz [Figure I]. The HRS high 
dielectric constant of 11. 7 leads to antenna size reduction enabling the antenna direct coupling on 
a chip with RF electronics, which offers potential of low cost, low profile and simplified 
assembly. The metal patch was made using a 2-l'm layer of aluminium and has an area of7.7x7.6 
rom'. The operating frequency and bandwidth were obtained from reflection measurements and 
are shown in Figure 2. The efficiency of 18.6% was measured using the Wheeler cap method 
[Figure 2]. The antenna operates at a center frequency of 5.705 GHz, providing a -10 dB return 
loss bandwidth of 90 MHz. Far-field gain patterns measurements were done using an anechoic 
chamber and results compared simulations [Figure 3]. The measured gain is -0.3 dB. Also, FEM 
analysis was used to study the tolerance of the substrate thickness, substrate resistivity, oxide 
thickness and metal conductivity in order to predict the antenna behavior [Figure 4]. It was 
observed that varying the substrate thickness from 500 11m to 550 !lffi and oxide thickness from 
1 11m to 10 11m the operating frequency changes from around 5.7 GHz to 5.85 GHz. Changing the 
substrate conductivity from 0.02 S/m to 0.05 S/m we found that efficiency changes from 19.6 % to 
30.1 %. A wireless link between two prototypes was established and a power of -50 dBm was 
received when they were placed one meter apart and the transmitting antenna was fed with 0 dBm. 

Figure 3 - Return loss used to obtain the antenna 
operating frequency, bandwidth and efficiency. 
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Figure 2 - Co-polar and cross-polar far-field gain 
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Figure 4 ~ Influence of wafer parameters (tox, tHRS -

oxide and wafer thickness; (J - wafer conductivity). 
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LOW PROFILE UNCONVENTIONAL MULTI BAND INTERNAL ANTENNAS 

Govind R. Kadambi*, Sripathi Yarasi ,Ted S. Hebron, 
and Jon L. Sullivan 

Centurion Wireless Technologies, Inc. 
3425 N. 44th Street, Lincoln, NE 68504, U.S.A. 

E-Mail: govindk@centurion.com 

In the rapidly expanding mobile and data communication technology, apart from 
the multi band and multi systems capabilities, the miniaturization of the size of the radio 
device is foremost in the system design consideration. For the evolving technology of 
internal antennas, the reduction in the size of the radio device has imposed a severe 
constraint on available volume earmarked for the radiating element. For PIFA, which is a 
most commonly used internal antenna in the commercial mobile communication 
applications, the reduction in the available overall volume for its radiating element has 
profound negative impact on both the realizable bandwidth as well as the gain of the 
antenna. With the growing trend of restricting the allowable height for the cellular internal 
antenna to 3-5 mm, the prospect of successful multi band PIFA design with requisite 
bandwidth and the gain tends to be an involved task. Therefore alternative antenna 
configurations featured with some or most of the advantages of the RFA and yet 
requiring a smaller volume than a PIFA are of great interest to antenna and system 
designers. This paper proposes several configurations of single feed multi band planar 
and printed antennas of extremely compact as well as low profile. 

In the multi band planar antenna category, the antenna structure facilitates the 
formation of the radiating element on the top surface of a dielectric carriage. In 
particular, the case studies proposed in this paper cover the design of single feed Tri or 
multi band planar antennas whose height can even be of the order of 3 mm. Unlike 
PIFA, the antenna configurations proposed in this paper warrants the absence of ground 
plane directly underneath its radiating element. The profile of the radiating element of 
the multi band antenna of this paper closely resembles the conventional meander line 
with the following distinction. The radiating element of the proposed antenna has a 
shorting strip connecting it to the ground plane. As is well known, the radiating element 
of he meander line type of antenna will not involve connecting short. The design 
embodiments of the multi band planar antenna of this paper include the radiating 
element whose surface profile can be either parallel or perpendicular to the ground 
plane. The technique proposed in this paper has been implemented in the successful 
design of single feed multi band antenna (33(W) x13 (L) x3 (H) mm) that simultaneously 
covers the Tri cellular (AMPS/PCS/DCS) as well as non cellular (Bluetooth) frequency 
bands. 

In an alternative antenna configuration, this paper presents the design of multi 
band printed antenna whose radiating element can be formed on the printed circuit 
board (PCB) of the radio device itself. Similar to the above planar antennas, the design 
of printed multi band antennas proposed in this paper has been optimized for 
unbalanced condition. In an unbalanced condition, the design of the proposed multi 
band printed antenna is realized with the direct connection between the segment of a 
radiating element and the ground plane. The multi band printed antenna proposed in this 
paper can be classified as a multi band printed IFA. Since the radiating element has 
been formed on the printed circuit board, the profile of the above referred printed 
antenna tantamount to be of zero height or thickness. The realized Tri band 
(AMPS/PCS/BT) performance of a printed antenna with a radiating element of cross 
sectional area of 37(w) X12 (L) mm SUbstantiates the proposed novel concept. This 
paper also deals with the realizable bandwidth as well as the gain characteristics of the 
proposed low profile multi band planar and printed antennas. 
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A Flush-Mounted Multihand/Broadband Sinuous-Like Slot Antenna for Terrestrial 
Communications 

Michael Buck', Alpesh Bhobe, and Dejan Filipovire 
University of Colorado 

Department of Electrical & Computer Engineering 
Boulder, CO 80309-0425 

The sinuous antenna was designed to fulfill the need for a broadband antenna that could sense 
orthogonal states of polarization and be flush mounted, having an overall low physical profile. 
Originally devised by R. H. DuHamel in 1982, the sinuous antenna satisfied the need with a 
design whose operation bandwidth was determined by the inner and outer antenna diameters. 

Sinuous antennas have since been investigated as a flush-mountable means of achieving 
multiple polarization states while possessing significantly broad bandwidth. This research has 
mainly been focused on the traditional, non-slot mode microstrip antennas having high input 
impedances of several hundred Ohms. The high input impedance and the multi-band operation of 
this antenna make matching and balancing measures more difficult. Using slol-mode excitation, 
the input impedance of the same antenna can be lowered (X. Begaud, et aJ., Ant. & Prop. Coni, 
2000), allowing improved matching to feed lines. 

This paper will discuss the initial experimental performance of a slot-mode type cavity-backed 
antenna fabricated on a Duroid® 5880 substrate (shown in Figure I). An odd-mode pattern, 
favorable for terrestrial communications, with a null at broadside and maxima at acute angles off 
broadside (shown in Figure 2) is achieved by appropriate feeding of the input. Return loss, input 
impedance, and far-field power patterns are examined and will be discussed for this mode at 
various microwave operating frequencies. Suggestions for possible modifications to improve 
bandwidth and increase gain including cavity dimensions, antenna dimensions, feeding point 
location, and feeding point geometry will also be discussed. 

Figure 1 - Photograph of realized antenna Figure 2- Power Pattern at 2.5 GHz 
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Folded Dipole Antenna Above EBG Surface 

Pasi Raumonen*, Pekka Salonen, Leena Ukkonen, Lauri Sydanheimo, Markku Kivikoski 
Tampere University of Technology, Institute of Electronics 
Rauma Research Unit, Kalliokatu 2, 26100 Rauma, Finland 

Phone: +358-2-5341509, email: pasi.raumonen@tut.fi 

Product identification requires modem techniques where RFID (radio frequency identification) has 
become a promising method recently (P.R. Foster and R.A. Burberry, lEE Colloquium on, 1999 
pp. 3/1 -3/5). Therefore, new antennas need to be designed for that purpose. In this paper, the effects of an 
EBG (electromagnetic band-gap) surface (Fan Yang and Y. Rahmat-Samii, AP-S int. symposium, 2002. 
IEEE vol.3, pp. 744-747) and the same sized metal plate (or PEC) on a folded dipole antenna are studied. 
The antenna is placed horizontally very near the surface. Radiation efficiency, antenna impedance, 
impedance matching and radiated power are simulated as function of antenna height. 

When an antenna is close to a metal plate, its surface will reflect all the radiation from the antenna, 
therefore, it acts like a reflector or mirror. The consequence of this is that the antenna becomes more 
directive. And this is the case of EBG-surface also, because most of its area is metal. But when the 
antenna is very near to the metal, its surface will affect to other antenna parameters as well. At least 
antenna impedance, impedance matching and radiation efficiency will change, even dramatically, and so 
radiated power will change. The purpose of this study is to find out how the antenna works, when it is 
placed very near to the EBG surface or the metal surface (PEC). Distance or antenna height is varied from 
0.2mm to 10mm. Because the simulation problem is complex, especially for EBG case, analytical 
solutions for these situations are probably impossible. So simulation is only alternative to find out the 
effects of the surfaces, if measuring is out of count. This study is carried out with (Ansoft HFSS) Finite 
Element Method (FEM). 

The folded dipole antenna is made of copper and is very thin like tape and the tape is I mm wide. Its 
resonance frequency is 2350MHz (wave-length is 128mm) in free space and also all the results of this 
paper will concern that frequency. In addition, the antenna impedance is approximately 265+j3n in free 
space, so there is very good matching without any extra matching circuit, if 300n feeding cable is in use 
(S II is then -24dB). The EBG surface and the metal plate are not groundplanes for the antenna, because 
folded dipole does not need one, but they work as reflectors. The EBG surface consist of 4x6 little square 
patches, which are joined to ground through the substrate via tiny ducts. The dimensions of the patches are 
designed for frequency 2350MHz and they depend on dielectric constant of the substrate, substrate height 
and gap between the patches. The metal plate is copper (conductivity 58MS/m), which works as reflector 
nearly as good as PEC would work. 

When the antenna distance from the metal plate approaches zero (from 10mm to 0.2mm), its impedance 
changes dramatically. Resistive part becomes very small and it approaches to zero, also reactive part 
becomes much higher (55->95n). So if the impedance of the feed line is 300n, the matching is very poor 
(-2.6->-0.06dB). Actually 50n feed provides much better matching (app. -6dB), but it is still very poor 
«-1.7dB), when the antenna is close to (0.2-4mm) the metal. Radiation efficiency is reasonably good 
(>92%), when distance is 4mm or more. If the distance is less than 4 mm, the efficiency is very low and 
approaches to zero. With IW feed power, the radiated power is 0.45-0.0002W and 0.76W-0.00IW in 
300n and 50n case, respectively. In the EBG case, when antenna distance from the metal plate 
approaches zero, the resistive part ofthe antenna impedance becomes little lower (app. 150n) and reactive 
part becomes very high (200->800n). Matching to 300n is much better than in the metal case (-6,7->­
l.3dB), but it still needs extra matching. Matching to 50n is as good as in the metal case when antenna is 
very near (0.2-4mm). Actually the metal case performs much better when distance is longer (app. -1.7dB). 
The radiation efficiency remains suitable (88%) even when antenna is almost in touch (0.2mm) with the 
EBG surface, which is wilfully better than in the metal case (1%). And thus, radiated powers are 0.78-
0.23W in 300n case and 0.3S-0.05W in son case. 

As for conclusion one can say that EBG surface provide much better efficiency and matching, compared 
to the metal plate surface (PEC), when the folded dipole antenna is very near the surface. And 
consequence of this is more radiated power andlor lower profile antenna designs. 
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Dual Band Film Type Antenna for Mobile Devices 

Morihiko Ikegaya*, Takahiro Sugiyama*, Hisashi Tate** 
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** Hitaka Works, Hitachi Cable, Ltd., 

880 Isagosawa-eho, Hitachi, Ibaraki 319-1418, Japan 
Fax: +81-294-42-4483; E-Mail: tate.hisashi@hitachi-cable.co.jp 

The dual band antenna for mobile devices has been developed for such a Laptop PC. It is 
an original Film Type Antenna, which corresponds to the operating frequency of two Wireless 
LAN standards, the 2.4GHz band (IEEE 802.11b) and 5.2GHz band (IEEE 802.11a). It is of 
made into the 30.0mm x 30.0mm x 0.3mm thin shape in order to realize easy installation into 
small devices. Furthermore, unidirectional functionality has been incorporated on each band. 

Fig.1 - General view of the Dual 
Band Film Type Antenna 

Fig.2 - Built-in state Dual Band Film 
Type Antenna for the LCD case. 
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Fig.3 - Resonation property of Dual Band Film Type 
Antenna when being built·in in the LCD case. 
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Fig.4 - Radiation directivity of Dual Band Film Type Antenna when 
being built-in in the LCD case. 

(1) B1.2. Antennas for wireless communications 

e 

(2) Developed a new concept structure makes easy installation of a dual band antenna into a 
conventional Laptop PC structure. 

(3) 
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Triple Band Built-in Antenna for Clamshell Type Mobile Phones 

Takahiro Sugiyama*. Morihiko Ikegaya*. Hisashi Tate** 
* Advanced Research Center. Hitachi Cable. Ltd .. 
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A planer inverted-F antenna (PI FA) for clamshell type Mobile phones. which operates 
in the 900. 1800 and 1900MHz bands. has been developed. To achieve the same size triple 
antenna as dual-band PIFA (3cm3). the relationship between the bandwidth and the area 
of ground-plane under the PIFA was studied. Removing a part of the GND plane of the 
PIFA improves the bandwidth in the 1900MHz band. Moreover. the antenna properties 
were investigated both "OPEN" and "CLOSED" positions of the clamshell. It appeared 
that the resonance frequency of the antenna when "CLOSED" depends on the length of 
the flexible printed circuit (FPC) connecting both circuit boards. Extending the length of 
FPC reduces interaction of the induced currents on both circuit boards. As result the 
resonance frequencies of this antenna when "OPEN" can be made to coincide with when 
"CLOSED". 

Circuit board 
of Key Side 

Fig.l Triple Band Antenna 
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Fig.3 Return-loss of Triple-band Antenna in Clamshell Type Mobile Phone 

Information 
(1) B 1.2. Antennas for wireless communications 
(2) Developed antenna structure provides for more stable operation of Clamshell Mobile 

Phones. 
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USE OF ASYMPTOTIC BOUNDARY CONDITIONS ON THE DESIGN 
OF ANTENNAS WITH SOFT AND HARD SURFACES 

Ahmed A. Kishk 
Department of Electrical Engineering and Center for Applied 

Electromagnetic Systems Research (CAESR), University of Mississippi, 
University, MS 38677 

Recently, asymptotic boundary conditions (ABC) are used to treat corrugated surfaces 
and surfaces loaded with periodic narrow metallic strips with period, P, much smaller 
than the wavelength. These surfaces have been classified as artificially soft or hard 
surfaces under certain conditions related to the dielectric thickness or the corrugation 
depth with the strips direction or corrugation directions along the wave propagation 
direction (hard surface) or in the transverse direction of the wave propagation direction 
(soft). If the surface is corrugated, the boundary conditions are referred to as the 
asymptotic corrugation boundary condition (ACBC). If the surface is loaded with 
periodic strips, the boundary conditions are referred to as asymptotic strips boundary 
conditions (ASBC). Lately, an idealization for these surfaces in the soft and hard 
conditions are looked at as a periodic structure with each period made of perfect electric 
conducting (PEC) strip attached to a perfect magnetic conducting (PMC) strip with P 
approaching zero (PEC/PMC surface). In this case, the boundary conditions in the 
asymptotic form are defined as the tangential electric field along the strips is zero and the 
tangential magnetic filed along the strips is zero. The PEC/PMC boundary conditions are 
implemented in a general 2D code and a general body of revolution (BOR) code. The 
codes are based on the surface integral equations and the method of moments. These 
codes allow the use of the asymptotic boundary conditions with other conventional 
boundary conditions. These implementations expand the use of these codes to analyze 
problems that could not be analyzed in a simple form such as the use of hard surfaces in 
axi-symmetric horns. 

The BOR code using the asymptotic PECIPMC boundary conditions is verified with 
some special cases of soft horns with the corrugations replaced by PEC and PMC rings of 
finite width to model ideal soft surface with finite period P. In addition, the 2D code 
using the asymptotic PEC/PMC boundary conditions is verified with a cylindrical 
structures that are made of PEC and PMC longitudinal strips of finite period. In the 
BOR, when the strips are oriented along the body axis, the ideal PEC and PMC strips 
can't be analyzed with this code, but the asymptotic PEC/PMC boundary condition can 
be implemented and analyzed. In such a case, the impedance boundary condition model 
is used for verification because both models can be analyzed by the same code. This 
allows the analysis of the hard horns with the ideal hard condition. 

Several examples will be presented indicating the usefulness of using the asymptotic 
boundary conditions in the analysis of these antennas efficiently. 
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ASYMPTOTIC ANALYSIS OF PERIODIC STRIPS 
ON SPHERICAL STRUCTURES 

Zvonimir Sipus, Radovan Zentner 

University of Zagreb, Faculty of Electrical Engineering and Computing, 
Unska 3, HR-lOOOO Zagreb, Croatia 

e-mail: zvonimir.sipus@fer.hr.radovan.zentner@fer.hr 

Strip gratings are well known for their polarization properties. Incident waves with the 
electric field parallel to the strips are reflected, and incident waves with the electric field 
orthogonal to the strips pass through the strips. Strip-loaded substrates can be used 
among others as wave polarizers (e.g. in reflector antenna systems), in horn antennas to 
improve cross-polar and back-radiation characteristics, or as struts with smaller 
equivalent blockage width. 

Strip-loaded surfaces can be rigorously analyzed by applying the moment method (MoM) 
to determine the unknown strip currents. The analysis of planar and circular-cylindrical 
strip-loaded surfaces can be simplified by using the periodical property of the structure, 
i.e. by expanding the E- and H-fields in Floquet modes. However, if the source excites a 
full spectrum of plane or cylindrical waves, such as a dipole, the Floquet-mode 
expansionlMoM is a laborious process. The implementation of asymptotic strip boundary 
conditions (ASBC) avoids complexity of MoM approach (P.-S. Kildal et.al, Microwave 
and Optical Technology Letters, Vol. 14, pp. 99-101, Feb. 1997). The accuracy of ASBC 
for planar and circular-cylindrical geometries is discussed in Z. Sipus et.al, Microwave 
and Optical Technology Letters, Vol. 7, No.3, pp. 173-178, Feb. 1998, where it is 
shown that for small distance between strips (less than 0.2 Ie) the agreement between 
ASBC and rigorous MoM results is good. 

The purpose of this paper is to extend the previous work to spherical geometry, i.e. to 
implement the ASBC to spherical structures. The spectral-domain technique is used to 
expand the electromagnetic field in spherical modes. Since the problem is defined in the 
spherical coordinate system we apply the vector-Legendre transformation to the E- and 
H-fields (W.Y. Tam, K.M. Luk, IEEE Trans. Microwave Theory Tech.., Vol. 39, pp. 700-
704, 1991.). The boundary conditions cannot be satisfied separately for each spherical 
mode, thus the ASBC are applied to the total field. As an example the scattered field 
from a strip-loaded dielectric sphere is calculated and compared with the scattered field 
from equivalent planar and cylindrical structures. 
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Polarimetric Scattering from Dielectric Targets Buried Beneath 2-D 
Randomly Rough Surfaces 

Abstract 

IMagda EI-Shenawee, 2Carey Rappaport and 2Eric Miller 
IUniversity of Arkansas 

Department of Electrical Engineering 
Fayetteville, AR 72701 

magda@uark.edu 

2Northeastem University 
Department of Electrical and Computer Engineering 

Boston, MA 02115 
rappaport({u,neu.edu, emiller@)neu.edu 

The three-dimensional scattering problem solver, the Steepest Descent Fast Multipole 
Method (SDFMM), is used to calculate the equivalent electric and magnetic surface currents on 
the random rough ground interface and the buried targets. The fully polarimetric scattering 
matrix S is evaluated for hundreds of computer generated rough surface realizations. The 
modified Mueller matrix relates the incident with the scattered waves, which is defined in terms 

of the modified Stokes vector I ~ ~Ev12 IE" I' 2 Re(E"E,: ) 2 Im(E"E,:)T I YJ . This implies that 

the Mueller matrix has sixteen complex elements representing all combinations between real and 
imaginary parts of co- and cross-polarized waves. The co and cross polarized waves are the 
elements of the polarimetric scattering matrix S, i.e. the vv, hh, vh and hv. The polarization of 
the incident or scattered waves is denoted by h or v, for horizontal or vertical polarization, 
respectively, while YJ is the intrinsic impedance of the surrounding medium. Using the SDFMM 
made it possible to compute hundreds of Monte Carlo simulations for scattering from dielectric 
objects buried under the random rough ground. The statistical average of each element in the 
Mueller matrix is computed for two cases; rough ground only and rough ground with buried 
targets. In the current work, the statistical average of the scattered electric fields from one and 
from two buried objects is calculated in the far-zone. It is important to emphasize that the 
subtraction process often used to obtain the target signature is not used in the current work. In 
other words, the far-fields scattered from the rough ground with the buried objects are directly 
compared with those scattered from the rough ground with no buried objects. The numerical 
results clearly show that if one relies only on the co- or the cross-polarized intensities (i.e. the 
magnitude of the four elements in the polarimetric scattering matrix S); it is very difficult to 
sense the buried objects. However, investigating all the sixteen Mueller matrix elements 
significantly help in detecting these objects. This phenomenal was persistent in the results of 
statistical averages and in the results of individual rough surface realizations as well. 
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Axial Scattering from Thin Cones 

Carl E. Baum 
Air Force Research Laboratory 

Directed Energy Directorate 
Kirtland AFB, NM 

Abstract 

A recent paper [C. E. Baum, "The Physical-Optics Approximation and Early­
Time Scattering", Interaction Note 53, October 2000.] considers the physical­
optics (PO) approximation for early-time scattering. For axial backscattering 
examples of perfectly conducting bodies of revolution (BOR), including 
paraboloids and circular cones, seem to have good PO results as compared to 
exact and asymptotic results. However, the perfectly conducting angular sector is 
not approximated at all by PO (giving zero axial backscattering) for the case of 
the incident electric field parallel to the plane of the angular sector. 

It would then seem useful to understand scattering from cones of various cross 
sections and compare the results to the PO approximation [T. B. A. Senior, 
private communication]. The general problem with arbitrary interior cone angle 
has not been solved. However, we know the exact form the solution must take [C. 
E. Baum, "The Physical-Optics Approximation and Early-Time Scattering', 
Interaction Note 563, October 2000; C. E. Baum, "Continuous Dilation Symmetry 
in Electromagnetic Scattering", Ch. 3, pp. 143-183, in C. E. Baum and H. N. 
Kritikos (eds.), Electromagnetic Symmetry, Taylor & Francis, 1995.] which 
factors the angular dependence from the temporal/frequency dependence. This 
applies to various types of cone (e.g., dielectric), but our examples here are for 
perfectly conducting cones. 

A model is developed for axial scattering form thin cones of arbitrary cross 
section based on the electric- and magnetic-polarizability dyadics per unit length. 
This is later specialized to perfectly conducting cones for axial backscattering. 
For circular cones it its shown to agree well with exact and physical-optics results. 
Applying the model to elliptic cones the disagreement with physical-optics results 
is clear. In the limit this gives the nonzero results for a thin angular sector. 

Noting that the present model is appropriate only for thin cones (smalllf/), we still 
need accurate calculation for fat cones (large If/, but <x/2) for further comparison 
to the PO approximation [T. B. A. Senior, private communication.]. In its own 
right, however, this small-If/ model can now be applied to various thin structures, 
including ones that are not conical. 
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Scattering from a cylindrical array antenna coated with a 
dielectric layer. 

'Bjorn Thors\ Lars Josefsson1,2 and Roberto G. Rojas3 

1 Royal Institute of Technology, SE-lOO 44 Stockholm, Sweden, thors@tet.kth.se 
2Ericsson Microwave Systems AB, SE-431 84 Molndal, Sweden, 

lars.josefsson@emw.ericsson.se 
3The Ohio State University, Dept. of Electrical Engineering, The ElectroScience 

Laboratory, Columbus, OR 43212, USA, rojas-teran.1@osu.edu 

In this paper the scattering properties of a dielectric coated conformal array an­
tenna are investigated. The array antenna consists of 4 x 32 rectangular apertures 
placed in a rectangular grid on the surface of an infinitely long circular cylinder 
(See Figure 1). 

The problem is formulated in terms of an integral equation for the aperture fields 
which is solved with the method of moments using rectangular waveguide modes 
both as basis and test functions. An efficient uniform asymptotic technique is used 
to calculate both the excitation vector and the backscattered far-field. The asymp­
totic solution is valid for large cylinders, coated with thin dielectric layers, away 
from the paraxial (i.e. near axial) region. A similar asymptotic solution is used 
to calculate the mutual coupling in the non-paraxial region. For the self coupling 
terms and for the mutual coupling in the paraxial region a planar approximation is 
used with a corresponding spectral domain technique. The planar approximation 
is very accurate for large cylinders coated with thin dielectric layers if the distance 
between the source and field points is not too large. 

Numerical results are presented as a function of frequency, angle of incidence, 
cylinder radius and electrical thickness of the coating. Of particular interest is how 
the dielectric coating will affect the backscattered field. The results are verified 
against an independent numerical technique valid for non-coated arrays. The 
individual subroutines that calculate the mutual coupling, the excitation vector 
and the backscattered far field have all been verified against results found in the 
literature and/or using other numerical techniques. 

Figure 1: The geometry. 
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PSTD Simulation of Two-Dimensional Scattering by a 
Random Cluster of Electrically Large Dielectric Cylinders 

Snow H. Tseng*, Jed Greene, and 
Allen Taflove 

ECE Department 
Northwestern University, 

Evanston, IL 60208 

Joseph T. Walsh, Jr. 
Biomedical Engineering Department 

Northwestern University, 
Evanston, IL 60208 

Duncan Maitland 
Lawrence Livenmre National LaboratOIy 

Livermore, CA 94550 

The goal of this research is to investigate the two-dimensional (2-D) 
electromagnetic wave scattering properties of a random cluster of electrically 
large dielectric cylinders. This problem arises in the study of the passage of a 
laser beam through biological tissues containing tubules, fibrils, and collagen 
fibers. We seek to determine the relative impact upon the scattering cross-section 
of the cluster's global geometry versus the distribution, composition, and 
geometry of the cylinders comprising the cluster. 

In principle, finite-difference time-domain (FDTD) methods can be used to 
model this problem However, the spatial resolution requirements ofFDTD limit 
are applicability to clusters having a relatively small number of electrically large 
cylinders. A more promising approach is the pseudo-spectral time-domain (PSTD) 
technique, which permits the use of much lower-resolution grids than FDTD. 
This allows 2-D clusters having hundreds or even thousands of electrically large 
cylinders to be modeled using available computers. 

In this paper, we report the application to this problem of PSTD with the 
UPML absorbing boundary condition Using a parallel-processing computer at 
Lawrence-Livermore National Laboratory, simulation results have been obtained 
for the optical scattering properties of random clusters of thousands of -1O-).lm 
diameter dielectric cylinders. Each cluster modeled has macroscopic overall 
dimensions in the order of I mm x I mm. 

Our research provides perhaps the first results for the electromagnetic 
scattering properties of a large-scale random system of particles obtained by 
rigorously solving Maxwell's equations with subwavelength resolution. 
In addition to this potential theoretical advance, this work may provide practical 
means to apply optical technology to diagnose pathological conditions such as 
cancer and to track tissue changes during therapeutic interventions. 
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Determination of the Shielding Effectiveness of an Aluminum 
Honeycomb Panel Modeled as an Array of Cylindrical 

Waveguides 

D.C. Love*, EJ. Rothwell 
Electrical and Computer Engineering Department 

Michigan State University 
East Lansing, MI 48824 
rothwell@egr.msu.edu 

Aluminum honeycomb panels are widely used for structural support on NASA 
spacecraft projects. These panels provide a combination of relatively low mass 
and high strength, which is highly advantageous in space applications. While the 
mechanical features of these panels are well known, the electrical characteristics 
are not well understood. This paper investigates the shielding effectiveness of 
aluminum honeycomb panels. This is done by modeling the panel as an array of 
cylindrical waveguides and determining the penetration of an incident 
electromagnetic (EM) field. If the panels are found to perform well as EM 
shields, future NASA projects might use that feature to address electromagnetic 
compatibility (EMC) issues. 

A model for determining the shielding effectiveness of an aluminum honeycomb 
panel is presented. The reflected field above the panel and the transmitted field 
below the panel are represented with Floquet modes (B. Widenberg, S. Poulsen, 
and A. Karlsson, J. Electro. Waves Applic., 14, 1303-l328, 2000). The fields 
within the panel are modeled using cylindrical waveguide modes. Enforcing 
boundary conditions on tangential fields at the interfaces gives an infinite system 
of equations describing the unknown Floquet mode and waveguide mode 
coefficients. The system of equations· is then truncated and solved using standard 
techniques. 

This paper considers two cases for the cross-section of the cylindrical 
waveguides: rectangular and circular. Future work will consider the use of 
waveguides with hexagonal cross-section. It is anticipated that while the 
hexagonal case most clearly resembles the physical structure of· the panel, the 
circular or rectangular results may prove equally reliable in the determination of 
shielding effectiveness. 

0-7803-7846-6/03/$17 .00 ©2003 IEEE 627 

iif 



Electromagnetic scattering from a curved faces 
wedge via the Parabolic Equation Method 

R.D. Graglia', G. Pelos/, S. Seller/' 
I Department of Electronics Polytechnic of Turin 

Corso Duca degli Abruzzi 24, 1-10129, Torino - Italy 

2Department of Electronics and Telecommunications 
University of Florence - Via C. Lombroso 6117, 1-50134 Florence - Italy 

The Parabolic Equation (PE) method is a High Frequency technique for the 
evaluation of the diffracted field from wedge shaped region. It consists in a very 
efficient numerical solution of an approximate, Parabolic, differential equation 
derived from the original, Elliptic, Helmholtz equation. The Parabolic equation 
contains the slowly variable envelope of the diffracted field as unknown, and 
implicitly include the radiation conditions at infinity, hence allowing for a very 
efficient marching-in-space numerical solution. 

The PE has shown to be able to treat very complex problems, as anisotropic 
impedance wedges (Pelosi, Selleri, Graglia, IEEE Trans. Antennas Propagat., 
45(5), 1997) and even transparent wedges (Graglia, Pelosi, Selleri, IEEE Trans. 
Antennas Propagat, 49(12), 2001), as well as wedges with complex illuminations 
(Pelosi, Selleri, IEEE Trans. Antennas and Propagat., 47(10), 1999). 

Being the method based on the scattered field alone, it can be applied only if the 
Geometrical Optics (GO) field is known and if a suitable starting point for the 
marching in space solution can be obtained. In this contribution the PE will be 
applied to a perfectly conducting wedge exhibiting curved, convex faces. This is a 
field of remarkable interest since many structures, like the edges of parabolic 
antenna reflectors, are better modeled with wedges delimited by curved faces than 
by wedges delimited by straight faces. 

While in previous works the main issue was the computation of both the GO field 
and the starting conditions here the main issue lies in the domain shape. Straight 
faces wedge regions have, in a cylindrical reference centered on the edge of the 
wedge, a width in the <I> co-ordinate which is constant with the distance from the 
edge p. This allows for a very easy numerical solution. In the problem at hand, on 
the contrary, the width in <I> increases as a function of p, and greater care must be 
put into the numerical solution. The choice of convex wedge faces is bound to the 
need to avoid whispering gallery modes. 

This work is supported in part by the Italian Ministry of University and Scientific 
Research under Grant MM09327718: "New analytical and numerical models of 
electromagnetic scattering and diffraction," and by the Microwave Engineering 
Center for Space Applications (MECSA) - Italy. 
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Electromagnetic Scattering from a Gap in a Magneto-Dielectric 
Coating on an Infinite Ground Plane 

G. R. Simpson* and W. D. Wood 
Air Force Institute of Technology Graduate School of Engineering and Management 

2950 P Street, Wright-Patterson AFB, OH, 45433-7765 
E-mail: george.simpson@wpafb.af.mil 

The electromagnetic scattering from a gap in a magneto-dielectric coating on an 
infinite ground plane is analyzed. In this context, the gap forms a break only in the 
material slab coating while the ground plane is continuous and unbroken. The 
volume equivalence principle is used to convert the gap region to one containing 
unknown volumetric equivalent currents. The equivalent problem then is one of 
determining equivalent currents radiating in the presence of an unbroken grounded 
magneto-dielectric slab. A Green's function for this geometry is developed which 
consists of two terms: a direct coupling term and correction term to account for the 
multiple reflected wave series resulting from the grounded-slab geometry. The 
second term is formulated using periodic array theory and is derived using the Array 
Scanning Method (ASM). A set of coupled integral equations based on the 
equivalent currents is then solved via the Method of Moments (MoM) using point 
matching. 

The model can represent a gap that is of a general two-dimensional (2D) shape and 
can be filled with an inhomogeneous material possessing isotropic magnetic and 
dielectric constitutive properties different from those of the slab coating. The 
properties of both the gap filler and the slab coating materials can be complex in 
representation of lossy materials. The scattering from the gap is evaluated for plane 
wave illumination that is either TM or TE polarized. 

This hybrid Green's Function / MoM technique is validated using a general-purpose 
MoM reference code and measured data obtained on an ReS measurement range. 
The results show the hybrid method is accurate and more time efficient than methods 
relying on general-purpose codes. 

New Knowledge: Extends ASM to application of surface feature scattering 

Relation to previous work: ASM developed by Munk and Skinner for finite periodic 
array transmission, reflection, and scattering. 

The views expressed in this article are those of the author and do not reflect the official policy or position 
of the United States Air Force, Department of Defense, or the U.S. Government. 
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Study of Electromagnetic Field Radiation from Apertures 
using the Alternating-Direction Implicit Finite-Difference Time-Domain 

(ADI-FDTD) Method 

Xi Shao"', Omar M. Ramahi'·3.4, Lin Li"', Baharak Mohajeriravani' and Neil Goldsman' 
'National Space Science Data Center (NSSDC), Goddard Space Flight Center, NASA 

Greenbelt, MD 20771, USA 
'Electrical and Computer Engineering Department, 3Mechanical Engineering Department, 

and 'CALCE Electronic Products and Systems Center, University of Maryland, 
College Park, MD 20742, USA 
www.enme.lImd.edll/-oramahi 

Metal enclosures with apertures are typically used as chasses for high-speed 
computer systems. As the clock frequency increases, the metal wire and interconnects on 
printed circuit boards can act as antennas or radiators, whose radiation intensity increases 
with frequency. Apertures present on the enclosures are primarily intended for thermal 
management. Li and Ramahi [IEEE APSIURSI Symposium, 2002] proposed a novel 
structure to reduce field leakage from apertures by coating a layer of conducting material 
(of much smaller conductivity) on top of the metallic aperture. The coating works to 
reduce radiation, especially at frequencies at or close to the natural resonance of the 
aperture. In this work, we developed an alternating-direction implicit finite-difference 
time-domain (ADI-FDTD) method that is capable of providing a more accurate definition 
of the electromagnetic fields within the very thin coating layer surrounding the aperture. 
This multi- grid ADI-FDTD algorithm can efficiently model the problem of a radiating 
object in the presence of an aperture coated with a thin film material. The thickness of the 
film can be substantially smaller than that of the metallic surface. We validated our 
algorithm by comparison to results using other well-established commercial tools. We 
investigated the effect of textured and/or thin-film material inclusion on the enhancement 
or reduction of the field in the exterior of an enclosure containing the aperture. Mitigation 
of transmitted radiation sees critical applications in the field of electromagnetic 
interference, enhancing radiation, on the other hand, is important in a wide range of 
applications form maximizing efficiency of antennas to improving the effectiveness of 
near field optical microscopes. We will present results showing current distribution on 
the material surrounding the aperture, and present a discussion on the physical aspects of 
the aperture radiation phenomenon. 
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Analysis of Transient Scattering from Multiregion Bodies Using 
the Plane Wave Time Domain Algorithm 

* J. Gao t, B. Shankert , D. S. Weile§ and E. Michielssent 

12120 Engineering Building, Dept. ECE, Michigan State University, 
East Lansing, MI 48824, USA, {gaojun, bshanker}@egr.~su.~du 

lCenter for Computational Electromagnetics, 1406 W.Green St., Dept. ECE, 
University of Illinois, IL, 16801, USA, emichiel@uiuc.edu 

§140 Evans Hall, Dept. ECE, University of Delaware 
Newark, DE 19716, weile@ece.udel.edu 

Integral equation based methods for time domain scattering analysis are computa­
tionally intensive with a cost scaling of O(NtN'}) , where Ns represents the number 
of surface unknowns modeling the current on the body, and Nt denotes the number 
of time steps in the analysis. The PWTD algorithm considerably alleviates this cost, 
and has been used in accelerating the analysis of scattering and radiation from per­
fect electrically conducting (B. Shanker, A. A. Ergin and E. Michielssen, Proceedings 
of IEEE Antennas and Propagation Society International Symposium, 2, 1342-1345, 
1999) and penetrable bodies (B. Shanker, A. A. Ergin, and E. Michielssen, J. Opt. 
Soc. Am. A, 19, 716-726, 2003). 

In this paper, a novel time domain integral equation technique for analyzing tran­
sient scattering from arbitrarily shaped bodies that comprise of different regions 
will be presented. These regions could be conducting or penetrable. In each region, 
the time domain Stratton-Chu integral equations are reduced to a set of matrix 
equations by (i) expanding currents in space and time in terms of Rao-Wilton­
Glisson and approximate prolate spheroidal basis functions, respectively, and (ii) 
by Galerkin testing in space and point matching in time. Our earlier efforts in 
analyzing this problem suffered from two deficiencies: (i) Despite being implicit, 
the procedure was unstable for several geometries, (ii) when it was stable, it often 
was inaccurate as the degree of implicitness increased. Recent work has shown that 
use of bandlimited functions for representing temporal variation considerably alle­
viates this problem when analyzing scattering from PEC objects (D. S. Weile, N. 
W. Chen, B. Shanker and E. Michielssen, Proceedings of IEEE Antennas and Prop­
agation Society International Symposium, 162-165, 2002). This paper extends the 
proposed scheme to multiply connected domains. Boundary conditions between re­
gions are enforced using the algorithm proposed by Medgyesi-Mitschang et. al. (L. 
N. Medgyesi-Mitschang, J. M. Putnam, and M. B. Gedera, J. Opt. Soc. Am. A,l1, 
1383-1398, 1994). The set of equations thus obtained is solved using a MOT scheme 
that is augmented with the PWTD algorithm. To implement the latter, multiple 
trees and interaction lists are necessary (one for each region) as the wave speed is 
different in each domain. The proposed technique has been applied to the analysis 
of scattering from electrically large bodies. Details of the method and numerical 
results that demonstrate its efficiency will be presented. 
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Scattered Fields Computed from the Ramp Response 

Leon Peters, Jr. 

The use of Ramp Response to compute the back scattered fields (DL Moffatt, IEEE 
Trans AP-17, 299-307, 1969) from conducting targets represents a long neglected 
technique. This has now been improved by including penetrable targets and refining the 
contribution from the shadowed part of the target. The accuracy of this ramp 
computation has been demonstrated for dielectric and conducting targets including 
spheres, cones, double backed cones, an ogive, blocks and a pyramid. This approach has 
also been used to develop an image of a buried A.P. mine (s. Nag and L. Peters, IEEE 
Trans. AP-49, 32-40, 2000). 

The ramp response was derived from Physical Optics to obtain 

(I) 

where A is the transverse cross sectional area of the target at the position z = vt , where 
2 

the incident ramp waveform becomes non zero, and v is the phase velocity in the ambient 
medium. The time t is modified in the shadowed region of the target since the path is 
now along the surface of the target and the magnitude of the incident wave is adjusted to 
account for focusing. Eq. (I) is modified by including a reflection coefficient for 
penetrable targets. Finally f,. (t) is Fourier transformed and multiplied by (jw)2 to obtain 
the usual scattered fields in the frequency (jw) domain. This approach is far simpler than 
the usual Physical Optics computation. 

Recent results show that this approach gives very accurate results in the Rayleigh 
region and the early time scattering at higher frequencies. It is only required that 
scattered fields from creeping waves, multiple edge diffraction, etc., be added to obtain 
the late time response as will be discussed. 

Finally, this modified approach results in an improved version of Physical Optics as 
will be demonstrated using the nose-in incidence case for a conducting cone. The ramp 
response from the wedge on the back of the cone (shadow region) is accurately predicted 
via this ramp approach whereas Physical Optics needs to use the Physical Theory of 
Diffraction for this task. 
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Integral equation methods for solving problems of scattering on an unclosed cone 
structure 

Vladimir A. Doroshenko 
Kharkov National University of Radioelectronics 

14, Lenin av., Kharkov, 61166, Ukraine 
E-mail: vladdoroshenko@Yahoo.com 

The method based on using the integral Kontorovich-Lebedev transforms and 
the semi-inversion method is a successful one for studying boundary electrodynamics 
problems with single periodical slotted cone geometry(there is one cone strip in the 
period). Taking into consideration a multi-element cone structure(there are several 
strips in the period) makes applying the above mentioned method extremely tedious. 
The task of this work is to find a method that uses singular integral equation to solve an 
excitation problem for a periodic cone structure with any number of strips(S) in the 
period. 

Let a semi-infinite perfectly conducting infinitely thin circular cone ~ with N 
equally spaced slots cut along the generatricies be excited by a radial harmonic electric 
or magnetic dipole. The angular width of the slots and the period of the cone are d and 

I = 2:n:/ N respectively. By virtue of introducing Debye potentials and the integral 
Kontorovich-Lebedev transforms the electrodynamics boundary problem is reduced to 

solving dual series equations for unknown Fourier coefficients y~:'~ of electromagnetic 

field components. The dual series equations are equivalent to singular integral 
equations like these: 
I) for electrical dipole excitation,J=I, 

...!..- f FcIfl-a)<I>, (a)da +...!..-f[ A~~ -K,(IfI- a ) f1(a)da = ei'~,'Jf, 
2n s 2n s 

nd • ~ 1 Inl· 
IfIE S :-<lvtl=:;n ,F(lf/-a) = L..J----e"''''-a), 

I n.ON(n+v) n 

K (1fI- a) = ~ __ I_r1s(J) ein('Jf-a ), 
I ~ N(n+v) n m,n , 

2) for magnetic dipole excitation,J=2, 

.!.. f<I>2(~) d~ +.!.. f K(~ -1fI1)<I>2(~)d~ =iei"1.'Jf, ,lfIlE S, 
ns~-1fI1 ns 

K(t;-Iff,) =..!..ctg t;-Iff, __ I ___ 1_' (7TEiV~ _..!..J_I __ .!... L r1g(2) ein('JfI-<) . 
1 2 2 t;-Iff, 2N sinnv v A:2 2 , .. 0 n m.n , 

<I>(IfI)=~Y'(j)ein", IfI E [-nn] SU)=O[ sin
2

y ) -1/2=:;v<I/2 
J L.J m,ll' "m,1I N 2 ( )2' , 

n- n+v 

m ,mo E Z , A,<.:!, A,<;; are known. 
These integral equations can be solved numerically by the descrete singularities 
method. 
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Radio Interference Excision: A Pulsar Observer's Perspective 

David Nice 
Physics Department, Princeton University 

The temporal and frequency variability of pulsar signals make their observation 
particularly vulnerable to radio frequency interference. Pulsar observations are 
made over wide bandwidths at low frequencies (typically between 0.4 and 2.4 GHz), 
often outside the protected bands. Interference from radar installations, television 
stations, and other terrestrial sources are a perennial problem. 

From an RFI perspective, the most challenging pulsar observations are searches 
in which neither the pulsar rotation frequency nor its dispersion measure (chirp rate) 
are known. The data sets are time series of 106 to 108 spectra, sampled at intervals 
under 1 ms, each with 102 to 103 spectral channels. Fourier and other techniques 
are used to detect swept periodic signals within the data set. Several steps must be 
taken to mitigate RFI: 

1. Monitor the passband in real time with a spectrometer and chart recorder. In 
cases of severe interference, reallocate the telescope time to some other project. 

2. Search for and remove broadband spikes in power with time resolution of 
order 0.1 second. The most prominent such sources are radar transmitters 
and lightning. 

3. Examine spectra for excess power in single channels on time scales of seconds 
or minutes. The most prominent sources are communications carriers. 

4. After Fourier transforming the time series, excise known RFI frequencies such 
as the 60 Hz power line, 1.2 Hz cryogenic pumps, etc. 

5. Delete RFI-prone portions of the data at long periods (greater than a few 
seconds) and small dispersion measures. 

6. If the observations cover a series of different telescope pointings made in 
sequence, search for (and remove) repeated detections of the same candidate 
pulsar frequency at different sky locations. 

7. Manually examine the data after the fact for repeated detections of the same 
frequency at widely separated points. 

All of these steps hinge on the assumption that RFI is confined to particular ranges 
of frequency and/or time. Increased use of spread spectrum techniques will make 
RFI more difficult to remove. 

Searches for single (non-periodic) pulses are particularly difficult because single 
pulses are easily mimicked by RFI. Dispersion of astronomical signals is key to 
distinguishing them from (un-dispersed) terrestrial signals. 

Observations of pulsars with known periods are somewhat less vulnerable to RFI 
(since the signal is naturally "switched"), and steps 4 through 7 above are typically 
not needed. Still, we have found basic time and frequency domain RFI excision 
leads to distinct improvement in the quality of such observations. Data acquisition 
systems based on baseband detection and software analysis are particularly well 
sui ted to this task. 
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Radio Frequency Interference Mitigation Techniques for 
Pulsar Observations 

Scott M. Ransom 
McGill University Physics Dept., Montreal, Quebec, Canada 

Abstract 
Radio Frequency Interference (RFI) has become a tremendous 

problem for radio pulsar astronomers over the past decade. Since 
pulsars are intrinsically weak radio sources that show significant flux 
variations over timescales of several microseconds, their observation 
requires large telescopes with sensitive receivers, long integration times, 
wide bandwidths, and fast sample rates. Additionally, the dispersive 
effect of the ionized interstellar medium necessitates maintaining high 
frequency resolution across the bandwidth as well. Unfortunately, these 
characteristics of pulsar observations make them extraordinarily 
sensitive to interference as well as to pulsars. 

Sensitive searches for new pulsars are especially vulnerable to 
interference. In general, a pulsar searcher must contend with three 
basic forms of RFI during a search observation: 1. narrow bandwidth 
but long duration signals (i.e. television and radio stations), 2. strong 
broadband but short duration events (i.e. lightning, garage door 
openers, microwave ovens), and 3. lOW-level broadband emissions (i.e. 
unshielded electronics). Each of these interference forms must be dealt 
with - and hopefully removed - in a different manner. 

Over the past several years, I have developed a suite of pulsar 
analysis software designed specifically for high sensitivity searches of 
long duration radio observations. RFI mitigation was designed into the 
system at a fundamental level and has proved essential in today's noisy 
interference environment. The software removes each of the three main 
types of interference mentioned above using a series relatively simple 
time- and frequency-domain algorithms. In this talk I will describe the 
RFI mitigation algOrithms used in this software, their effectiveness at 
removing interference in data of widely varying quality, and the potential 
interference issues pulsar astronomers will face in the coming years. 
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Characterization & Mitigation of L-Band Ground-Based Aviation 
Radars 

S.W. Ellingson* & G.A. Hampson 
The Ohio State University, ellingson. l@osu. edu 

The 1100-1400 MHz band is important for spectroscopy of HI at high red­
shift, pulsar work, and SETI. Observations at these frequencies are compli­
cated by pulsed interference from ground-based aviation radars. These radars 
typically transmit pulsed fixed-frequency or chirped sinusoidal waveforms with 
pulse lengths of 5-75 j.lS, 1-27 ms between transmitted pulses, and bandwidths 
on the order of 1 MHz. Transmit powers range from 103 W to 106 W into a 
highly-directional antenna which rotates in azimuth with period on the order 
of 10 s. Pulses are easily detected through the sidelobes of radio telescopes at 
least 100 km away, and further when the radar beam is directly pointed at the 
receiving site or a reflecting object, such as an aircraft. The carrier frequency 
separation between radars detected at any given site can be 10 MHz or less, 
making observations in larger bandwidths (desirable for pulsar work, for exam­
pIe) a challenge. The spectrum between carrier frequencies is also corrupted 
to some degree due to the extended sidelobes associated with the pulse edges, 
which distorts noise baselines and overwrites spectral features. Pulsar surveys 
are affected because radar pulses tend to saturate dedispersion/periodicity 
searches (especially at low dispersion measures), masking pulsar candidates. 

We have analyzed several radars received at the Arecibo Observatory using 
datasets obtained during recent observations. These datasets reveal informa­
tion about the waveforms and propagation characteristics that can be exploited 
for mitigation purposes. Using this data, we discuss some simple methods for 
detection and removal of the radar pulses. Also, we present a coherent sub­
traction technique that has not previously been applied to the radar problem. 
This new technique provides an alternative to blanking, which is undesirable 
in pulsar and SETI work. Using a very crude implementation of the coherent 
subtraction approach, we show that a radar can be suppressed by at least 16 dB 
in integrated spectra, and that the maximum single-pulse power observed at 
the output of the canceler is ~ 15 dB less. We find that the primary limitation 
is the performance of the pulse detector, not that of the canceler. As a result, 
the performance using blanking turns out to be about the same. Also, we 
demonstrate that the matched detector for pulses from this radar is relatively 
insensitive to astronomical transients (e.g., giant pulses), and quantify the risk 
of such transients being falsely identified as radar pulses. 
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Design of an L-band Microwave Radiometer with Active 
Mitigation of Interference 

G.A. Hampson', S.W. Ellingson, & J.T. Johnson 
The Ohio State University, hampson. 8@osu. edu 

Radio frequency interference (RFI) impairs L-band radiometry outside the 
protected 20 MHz frequency band around 1413 MHz. However, bandwidths of 
100 MHz or more are desired for certain remote sensing applications as well as 
certain astronomy applications. Because much of the RFI in this band is from 
radars with pulse lengths on the order of microseconds, traditional radiome­
ters (i.e., those which directly measure total power or power spectral density 
integrated over time scales of milliseconds or greater) are poorly-suited to this 
task. Simply reducing integration time and discarding contaminated outputs 
may not be a practical answer due to the wide variety of modulations and pulse 
lengths observed in L-band RFI signals, the dynamic and complex nature of 
the associated propagation channels, and the logistical effort associated with 
post-measurement data editing. This motivates the design and development of 
radiometers capable of coherent sampling and adaptive, real-time mitigation 
of interference. 

Such a radiometer will be described in this presentation. This design is 
capable of coherently-sampling up to 100 MHz bandwidth at L-band. RFI 
mitigation is implemented in FPGA components so that real-time suppression 
is achieved. The system currently uses a cascade of basic time- and frequency­
domain detection and blanking techniques; more advanced algorithms are un­
der consideration. The modular FPGA-based architecture provides other ben­
efits, such as the ability to implement extremely stable digital filters and the 
ability to reconfigure the system "on the fly". An overview of the basic design 
along with on-the-air results from an initial implementation will be provided 
in the presentation. Related L-band RFI surveys will be described to illustrate 
the relevance of this approach in a variety of operating conditions. 
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Radio Frequency Interference Measurement and 
Mitigation with the Production Test Array 

Geoffrey C. Bower 
UC Berkeley Radio Astronomy Laboratory 

gbower@astro.berkeley.edu 

January 15, 2003 

The Production Test Array is a three element interferometer that prototypes 
systems for the Allen Telescope Array. The PTA uses the 6.1-m offset Gregorian 
antenna, log-periodic feed, broadband LNA and optical signal path of the ATA. 
The system has continuous frequency coverage from 500 MHz to 11 GHz. We 
are using the PTA to test the capability of the ATA to implement radio fre­
quency interference mitigation schemes in the environment of Hat Creek Radio 
Observatory. 

Initial results from optical pointing indicate that the PTA antennas have a 
pointing stability of ~ 10 arcsec, which is substantially better than the specifi­
cation. This is important, though, because amplitude miscalibration is a critical 
failure mode in interferometric nulling schemes. 

We are also making measurements of the interference environment. This 
includes the effects of self-interference. We intend to make angular RFI patterns 
that will allow us to determine the location of interferers. We can compare 
these results with interference measurements made with an isotropic antenna 
also located at Hat Creek. These measurements permit us to test the frontend 
for saturation in the presence of powerful interferers. 

A test correlator will be installed in the Spring which will allow us to do high 
throughput RFI experiments, as well. The four-station correlator will process 
100 MHz of bandwidth continuously. Earlier experiments with the software 
correlator of the Rapid Prototyping Array were limited by low bandwidth, low 
throughput and unstable bandpasses. We expect to see the limits of algorithms 
such as the postcorrelation method much more readily. 

0-7803-7846-6/03/$17.00 ©2003 IEEE 640 



·96 

·98 

Real-Time Adaptive Cancellation of GLONASS Interference in 
OR Signal observations at the Green Bank Telescope 

Andrew Poulsen', B~ian D. Jeffs*', Chad Hansen', Karl Warnick', and Rick Fishe? 
Brigham Young University', bjeffs@ee.byu.edu, and 

National Radio Astronomy Observatorl, rfisher@nrao.edu 

This paper reports on development and experimental evaluation of a real-time DSP-based 
adaptive canceller used to remove orbital satellite RFI from radio telescope observations. 
Effective operation in driving GLONASS interference well below the integrated noise floor has 
been demonstrated at both the Green Bank Telescope (GBT), and at the Very Small Array (VSA) 
of four 3 meter dishes located at Brigham Young University. The system is implemented as an 
LMS adaptive canceller filter with complex coefficients and a programmable delay line for bulk 
phase shift correction. The canceller's primary channel input is the corrupted telescope signal, and 
the high interference to signal ratio (lSR) reference source is obtained from a low-cost dish steered 
to track the offending satellite. At the GBT, this reference antenna is a 3.7 m dish on a AZ-EL 
mount driven by commercial satellite tracking software. This antenna is located more than a 
kilometer from the GBT primary. Since the interfering signal is strong at the reference, we were 
able to use off-the-shelf commercial low noise amplifiers and a simple receiver design. 

The programmable DSP platform uses four 200 MHz, high-end Texas Instruments 
floating point processors and custom digital receiver front-ends. This system performs the 
following real-time functions: sampling up to four signal channels at 65 MS/s, complex 
basebanding, band selection, decimation, bandpass filtering, two channel 1024 point power 
spectrum estimate and accumulation, and 20 complex tap FIR LMS adaptive filter. As compared 
to a post processing approach to cancellation, the real-time DSP system has several advantages. It 
can easily be inserted as a transparent front-end process in an existing telescope system, as we 
have demonstrated at the GBT. No long-duration, high data rate recording is needed, which is 
particularly useful ifthe desired output is just the result of a long integration. Post processing 
adaptive filtering requires huge data storage. DSP hardware (programmable and FPGA based) are 
now fast enough to support most desired bandwidths (we have demonstrated I to 4 MHz BW 
operation with our system). 

The figures below illustrate real-time cancellation performance with a 12 tap FIR. 
Processing bandwidth is I MHz, with I kHz bin width for the 1024 point power spectral estimates, 
which are also computed in real time over 27 seconds of integration. In the left figure, the GBT 
signal is corrupted by a sidelobe of the GLONASS transmission band. The adaptive filter 
removes this interference and corrects the noise floor. No OH signal was present. The right figure 
shows GLONASS cancellation at the VSA. A simulated OH source (FM sweep) obscured in the 
primary, is clearly visible between 1608.7 and 1608.9 MHz after filtering. 

Fleal-leme G8T GLONASS Cancellation Real·lime VSA. GLONASS Cancellation 
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Adaptive Interference Cancellation Using an Array Feed Design 
for Radio Telescopes 

Chad Hansen, Karl F. Warnick, * and Brian Jeffs 
Department of Electrical and Computer Engineering 

Brigham Young University 
Provo, UT 84602 

There has been a great deal of work in the past to eliminate or reduce radio 
frequency interference (RFI) in radio astronomy observations due to satellite 
systems such as the Russian Federation Global Navigation Satellite System 
(GLONASS), which operate near radio astronomy frequency bands of interest. 
These sources are difficult to deal with because they are non-stationary and emit 
high power signals. Current approaches to this problem are adaptive filtering, 
adaptive nulling, and blanking of intermittent interferers. Adaptive filtering and 
adaptive nulling require at least one auxiliary antenna. For applications where 
multiple antennas are undesirable, adaptive cancellation can be done on a single 
dish antenna using an array feed. 

Phased array feeds have been used on radio astronomy antennas in the past to 
compensate for reflector aberrations, improve the efficiency of off-axis beams, 
and to electronically synthesize multiple scanned beams for rapid sky coverage. 
Full-sampling focal plane arrays have also been designed using electrically small 
elements, such as dipoles. This type of an array is a good candidate for use with 
RFI mitigation because it allows many degrees of freedom. Simulations of an 
array feed in conjunction with a very large array (VLA) model antenna show that 
the signal-to-interference ratio can be significantly improved using adaptive 
beamforming techniques such as linear constrained minimum variance (LCMV). 
We are also studying how the array design can be optimized for both adaptive 
cancellation and maximum receiver sensitivity (gain/system temperature). 
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Wide Band Nulling with a Single-Tap Beamformer 

G. R. Harp*, SETI Institute, S. W. Ellingson, The Ohio State University 

We investigate the capabilities ofthe proposed Allen Telescope Array (ATA) for flexible 
beamforming with a focus on wide-bandwidth pattern nulls co-existent with high point 
source sensitivity. The ATA is a new radio interferometer dedicated to SETI and radio 
astronomical observations under construction in Hat Creek, California. As designed, 
ATA comprises N = 350 6-meter dishes operating over a frequency range of 0.5-11 GHz. 
The large N of this array offers unique opportunities for beamforming in radio 
astronomical applications, some of which are explored here. 

Because of ATA's large analyzed bandwidth (100 MHz), the beamformers are 
constrained to a simple design. Each signal entering the beamformer is delayed to form a 
simple beam at the point of observation. Additionally, each signal may be multiplied by a 
complex coefficient before summation, corresponding to a single-tap FIR filter. Despite 
the fact that each signal is manipulated with only a single coefficient, we show that 
pattern nulls can be created with surprisingly large bandwidth (e.g. > 100 MHz). 

F or the purposes of this demonstration we introduce a new iterative approach for the 
calculation of beam former coefficients consistent with the given constraints. The main 
appeal of this approach is heuristic; it is easy to see how narrow-band pattern nulls are 
generalized to the wide-band case. The main exposition of this work uses the iterative 
technique, but the same concepts are also demonstrated using conventional linearly-

o 

-10 

-20 

~ -30 .. ., 
~ -40 o 

D.. 

g' -50 
...J 

-60 

-70 

-80 
1.405 1.415 1.425 

Frequency (GHz) 

1.435 

A 10 MHz null is formed in a region far from the beam 
pattern maximum. The figure compares the frequency 
dependence of the pattern gain as a function of frequency. 

0-7803-7846-6/03/$17.00 ©2003 IEEE 643 

constrained methods. 

Focusing on the design of a 
"complete" ATA (scheduled 2005) we 
study the point source signal to noise 
ratio (SNR) as it varies with null 
bandwidth. For a single point null the 
SNR varies linearly with bandwidth, 
dropping to zero for BW - 250 MHz . 
We also explore narrow band, large 
solid angle nulls and similarly find a 
uniform decrease in SNR with 
increasing solid angle (SNR 
approaches zero for solid angles - 300 
square arc min.). For nulls with both 
finite solid angle and finite bandwidth, 
we introduce a single parameter which 
can be used to predict SNR for the 
general case. 



ATTENUATION OF RFI BY INTERFEROMETRIC IMAGING ARRAYS 

ABSTRACT 

Richard A. Perley 

National Radio Astronomy Observatory, 
1003 Lopezville Road, Socorro, NM 87801 USA. 

e-mail: rperley@nrao.edu 

Attenuation and/or removal of extraneous signals is critical in radio astronomy, where the spectral Oux density of 
extraterrestrial radiation is many orders of magnitude less than that of nearby, man-made emissions. With the increased 
demand for wide bandwidths - in part due to tuning requirements, and in part due to the need for increased sensitivity 
- and at the same time with the increased commercial use of radio frequencies, current and future radio astronomical 
telescopes must pay special attention to mitigation of unwanted emissions. 

It has long been known that imaging interferometers have an advantage over total-power ('single-dish ') telescopes, due 
to their use of the phase of the correlated signals. As the interfering signal originates from a different location than the 
desired signal, the phase properties of the correlated signal are distinctively different than that of the desired astronomical 
signal. Averaged over time, a signi£cant attenuation of the unwanted signals will occur, relative to desired signals. 

The amount of attenuation is a complicated function of many variables - frequency, baseline length, sky location, and 
the durations of the interference and/or observation. Past work on the response of an interferometer to RFI have given 
functional forms permitting calculation of the expected attenuation, these are not explicitly cast in a useful form allowing 
easy estimation of the attenuation. 

The current work derives the attenuation of unwanted signals by a phase-tracking imaging interferometer from the point of 
view of astronomical imaging. So far as the correlator and imaging processes are concerned, a local source of unwanted 
emission is no different from the emission from a strong astronomical source located in a far sidelobe. A practical 
expression allowing calculation of interferometric attenuation as a function of source location, baseline length, frequency, 
and duration is derived, and its predictions compared to detailed simulations. 

Ongoing work on the practicality of accurate interfering signal subtraction from post-correlation data, using methods well 
known to radio astronomers who remove interfering background sources, will also be described. 
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How to Keep Computer and Digital Signals out of your 
Radio Telescope: Interference Suppression Begins at Home 

T.L. Landecker1, R.V. Casorsol 

1 Dominion Radio Astrophysical Observatory, Herzberg Institute of Astrophysics, l\ationa.1 
Research Council, Penticton, B.C., Canada, V2A 6K3 

The high aensitivity of modern radio telescopea derives from low-noise receivers suppl..,. 
mented by clever signal processing sJgorithms, inevitably carried out with computers e.n~ 
digital-signe.l processing equipment. The march of technology brings these influences intQ 
conflict. As digite.l signal pror ..... ing proliferates and operates at higher speeds it generatel! 
ever more spurious signals which are picked up by increasingly sensitive front ends. 

This talk describes techniques and policies developed at the Dominion Radio Astropbysie<\l 
Observatory for suppressing interference from digital equipment. Every device that enters 
the Observatory buildings is tested. The test equipment consists of a broadband ante~ 
with pre-amplifier, feeding onto a spectrum anal~r. One antenna/amplifier pair covers 50 
to 1000 MHz and another covers 1000 to 2000 MHz. Amplifier gains and spectrum ane.lyzer 
setting are standardized. Testing is on a go/no-go be.sis. If emissions exceed the level hi. 
the middle of the screen, the device must be shielded. If emissions are below this level, the 
device can be used without shielding. The passlfaillevel has been ce.lculated by estimat~ 
(and measuring) the tolerable level of an interfering signal continuously present, given the 
particuiar telescopea in use at the Observatory. • 

Modern persone.l computers fail the test, almost without exception, and must be shielded·. 
We have developed a standard enclosure based on a box fabricated from sheet e.Iuminnm'. 
All periphere.l interconnection lines alld power lines are filtered. A similar enclosure is use<! 
for laser printers. This computer cnclosure costs about Can$1000. It is much cheaper than 
the additione.l cost of a Tempest specified computer because we do not attempt to shiel" 
frequencies below 100 MHz. At frequencies up to 3 GHz the enclosure delivers a shieldlnR; 
effet:tiveness of about 50 dB. We have been forced to modify the design as computer clockli 
have climbed past 400 ).1Hz. 

There are some costs, other than the purely fine.ncial. It is generally advisable to build 
the r.omplltp,r enclosure r.on..iderably larger than the r.omputer to avoid overhp.ating. Thiil 
uses office space, and we may be shortening the life of the computer slightly by raising it~ 
operating temperature. Some r.ompllter enclosures need extra fans, which make noL.e. It 
is generally not necessary to shield computer monitors. Digital LED displays cannot b~ 
shielded and are not permitted. 

To shield large digital systems, it is worth buying commercial enclosures, either shielded 
individne.l racks or shielded rooms. There is no cost advantage in attempting to bnild such 
devices on your own. 
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RFI TIGHT MODULES AND ENCLOSURES FOR THE EVLA PROJECT 

Steven Durand*, Jim Jackson, and Robert Ridgeway 
National Radio Astronomy Observatory 

Socorro, NM 87801 

The EVLA Project expands the operating range of the present VLA receivers to 
cover frequencies from 1 to 50 GHz. This enhancement increases the antenna's 
susceptibility to internal and external Radio Frequency Interference (RFI). Also, 
the baseline plan moves the samplers, the digital transmission system, and the 
monitor and control ethernet switches into the vertex room of each antenna. 
These requirements necessitate the use ofRFI-tight enclosures for all analog and 
digital electronics. 

Astronomical data will be sampled using four sets of 4-GHz and I-GHz digital 
samplers. These samplers will provide high-speed parallel data to the Digital 
Transmission System (DTS) operating at 10 Gigabits/second. The digital clock 
rates and signal levels present a strong interference source. Successful shielding 
was obtained by building a double wall aluminum enclosure. Each set of 
samplers and DTS circuit cards are placed in a 10" x 6" x 20" module enclosure. 
This enclosure has liz-inch thick brass honeycomb air filters on the top and 
bottom. Four of these module-enclosures are placed in an RFI tight bin. The bin 
also has multiple I-inch thick brass honeycomb air filters on the top and bottom. 
Two-inch thick RFI absorbing foam sheets line the bin, and RFI gaskets are used 
between the modules and the bin. The resulting enclosure provides over 90dB of 
shielding from 0.2 GHz to 20 GHz, and provides refrigerated airflow through 
each module. 

The monitor and control enclosure-shielding requirement is less demanding since 
the selected commercial ethernet switch clock rate is lower. Preliminary test data 
indicates the switches radiate from 0.5 to 6 GHz. Additionally, fifty fiber pairs 
are required to interconnect the switches to the antenna modules. Although the 
optical connectors can be installed and polished in the field, it would be preferable 
to use pre-manufactured cables. To accommodate the fiber-optic cables, ten liz" 
diameter byl2" long wave-guides were installed in the top of the enclosure. 
Honeycomb air filters, RFI foam and gaskets are used in this enclosure. This 
enclosure provides over 90 dB of shielding from 0.1 to 8 Ghz. 

Performance details of these enclosures will be presented during the presentation, 
along with cost information. 
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Spectrum Management: The First Step in Interference Avoidance 

Ken Tapping 

Herzberg Institute of Astrophysics 
PO Box 248 

Penticton, BC, V2A 6J9 
Canada 

Ken. Tapping@nrc-cnrc.gc.ca 

The best time and place to avoid interference problems to radio astronomical 
observations is in Geneva, at meetings ofthe International Telecommunications Union. 
Mitigation of interference during the observations or when analyzing the data involves 
departure from optimal conditions for observing efficiency, with the concomitant 
restrictions as to observation planning or possibly having to accept some data 
degradation. 

Ideally, interference problems are avoided by not allocating to active radio services 
(those involving the transmission of signals) frequency bands that have the potential to 
give rise to interference problems with radio astronomical observations. Unfortunately, 
what were good allocations in the past are now, thanks to increasing spectrum use, the 
implementation of space radio services and many other radio services, now very 
unsatisfactory, but due to massive capital investments by operators of radio services are 
not easy to change. 

This has led to the complicated and difficult situations we are faced with now, with 
discussions of band sharing, guardbands, collaborative scheduling, and the equivalent 
power flux density model for estimation of potential interference problems. It is more 
important than ever that radio astronomers participate strongly in the management of the 
radio spectrum: in special-interest groups such as the IAU, URSI and IUCAF, national 
discussions and being members of national delegations to the International 
Telecommunications Union. 

In this talk we'll discuss the processes whereby the spectrum is managed, what is going 
on now, and what we need to do to ensure that there will be the minimum number of 
interference problems in the future, with as many of those as possible being addressable 
through other mitigation methods. 

URSI Commission J: Special Session on Radio Frequency Interference Mitigation 
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A Spectrum Study of Usage in and Adjacent to Passive Scientific Bands 

Allen Petrin' 
Georgia Institute of Technology, 324341 GA Tech Station, Atlanta, GA, USA, 30332-1005, 
me@allenpetrin.com 

Paul G. Steffes 
Georgia Institute of Technology, School of Electrical and Computer Engineering, 777 Atlantic Dr., Atlanta, 
GA, USA, 30332-0250, psll@prism.gatech.edu 

I.) Commission & Session: J7 Radio Astronomy Spectrum protection and interference mitigation 

2.) New results of spectrum usage from a recently developed advanced broadband spectrum search system. 

3.) This provides actual measured data on potential sources of interference presented previously. 

Abstract: 

A Radio Spectrum Evaluation System (RSES) has recently been constructed at the Georgia Institute of 
Technology. This system provides coverage from 500 MHz to 6 GHz and provides both azimuthally­
resolved power flux density (PFD) data, as well as the omnidirectional incident power flux density. This 
system provided the capability to observe and analyze spectra in multiple dimensions: frequency, location, 
space, azimuth, polarization and time. 

In this presentation measurements and analysis of spectrum usage in the 608 - 614 MHz, 1395 -1430 
MHZ, and 4950 - 5000 MHz bands currently used for radio astronomy and passive sensing will be 
presented. The measurement ofthese bands was undertaken in an urban area, saturated with spectrum 
users, to increase the probability of intercepting spurious emissions. Such emissions are a common source 
of interference for passive sensing and other sensitive spectrum users. This study will be focus on 
establishing a baseline for determination of the future interference potential of systems such as WMTS 
(Wireless Medical Telemetry Service) or fixed and mobile services in shared or adjacent bands. 
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COMPUTING THE IMPEDANCE MATRIX ELEMENTS USING LINE INTEGRALS 

John S. Asvestas* 
NAVAIR 
RF Sensors Division 4.5.5 
B2187, S2190 48110 Shaw Rd. 
Patuxent River, MD 20670 

Henry J. Bilow 
Naval Research Laboratory 
Code 5314 
4555 Overlook Ave. SW 
Washington, D.C. 20375 

It was shown in a recent article (W. B. Gordon and H. J. Bilow, IEEE Trans. An­
tennas Propagat., 50, 308-311, 2002) that, given a planar surface and a vector­
valued function tangential to it, then the integral of this vector over the surface 
can be expressed as a line integral over the boundary of the surface. The vector in 
the line integral is not the same as in the original integral. What in effect has been 
done through this transfonnation is to, in a way, perfonn one of the integrations in 
the surface integral and reduce it to a single integral over the boundary of the sur­
face. Where numerical evaluation of integrals is involved, it is usually easier to 
deal with single (line) integrals than double (surface) integrals. 

With this as the motivation, and also in the hope of reducing the computational 
load for the same level of accuracy, we use the approach of Gordon and Bilow 
(G&B) to calculate the elements of the impedance matrix for the case when the 
integration surface is made of triangular facets and the Rao-Wilton-Glisson func­
tions are used as basis and testing functions. For this case, the integral that repre­
sents the vector in the line integral can be evaluated analytically. We are espe­
cially interested in the case when the observation point is close enough to the in­
tegration triangle so as to cause numerical instabilities. In a typical fashion, we 
extract the static part of the integrand in the surface integral, and evaluate it ex­
actly using the approach of Gordon and Bilow rather than triangle coordinates. 
We then reduce the remaining integral to a line integral around the triangle's pe­
rimeter. For the observation point near the triangle, this integral can be computed 
using a Gauss-Legendre quadrature (GLQ) over each side of the triangle. We con­
sider a worst-case scenario and compute this integral. We compare the results 
with those obtained using the traditional approach of a seven-point GLQ for the 
surface integral over the surface of the triangle. As a reference ("exact") solution 
we use one where the integral is computed in double precision via a Simpson Rule 
over a very fine mesh. We compute Gaussian quadrature results in both single and 
double precision arithmetic to allow separation of the errors due to round-off and 
cancellation from the errors due to approximating the integral via GLQ. 

Commission and Session: Commission B7 (Numerical methods: int. eq. based) 
What new knowledge is contributed by this paper? This study is conducted in the 
interest of increasing the accuracy of the impedance matrix elements and decreas­
ing the computational load. 
Relationship to previous work: See reference above. 
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A New Matrix-free Approach to the Computation of Electromagnetic Fields 
Generated by a Surface Current Distribution 

S. Rosace, A. Monorchio, G. Manara 
Dept. of Information Eng. 
University of Pisa, Italy 

R. Mittra 
EMCLab 

Penn State University, USA 

A major step in the numerical solution of electromagnetic scattering problem entails the 
computation of the electric field generated by a surface current distribution. The scattered electric 
field, thus computed, is used to derive the total tangential electric field on the surface of the 
scatterer, upon which the boundary condition is imposed to solve the scattering problem. 
Typically, the scattered field computations involve a matrix-vector product, with the matrix 
generated by using the RWG bases and the vector representing the induced current on the surface 
of the scatterer. This process can be highly CPU-intensive, both in terms of time and memory, 
especially when the object size is large. Although the Fast Multiple Method (FMM) has been 
introduced to speed up the required product, the near-field interaction matrices, which must be 
stored in the CPU, can still burden the memory quite considerably for large problems, and the 
matrix-vector operation can be costly despite the application of FMM to off-diagonal blocks. 

For planar structures, such as thin plates, an FFT approach has been successfully employed to 
reduce the memory and CPU time considerably. In this approach, the convolution operation 
between the induced current J and the Green's function G is transformed in a product in the 
spectral domain by first sampling the J in a uniform Cartesian grid. The electric field is 
subsequently derived over the entire surface via an inverse transform operation on (1 . G) , again 
using the FFT. To the best of our knowledge this procedure has not been extended to the case 
where the surface on which the E-field is desired is not coplanar with that of the current 
distribution J (or parallel to it), except via the use of multiple inverse FFT's of (j . G) for 
different values of z, a procedure that is numerically very inefficient. 

In this paper, we show how the desired if -field can be computed over the entire surface in 
one step, rather than one point at a time, in a highly efficient manner by using a spectral domain 
technique combined with an analytic continuation procedure. The procedure is valid for all 
distances and angles between the planes and totally bypasses both the matrix generation as well as 
evaluation of matrix-vector products employed in conventional schemes. The procedure is well 
suited for use in the Characteristic Basis Function Method (CBFM) for solving EM ~cattering 
problems, which has been recently introduced in the literature by a number of workers for efficient 
solution of the problem of EM scattering from large scatterers. These functions are often 
analytically transformable, and their use obviates the need to carry out the FFT of the current 
distribution, a procedure that can suffer from aliasing and discretization ,f~~~lems. 

z 

d 

Plane of Current 
Distribution J(x,y) 

/' 
x 

Fig.l. Geometry of System 

0-7803-7846-6/03/$17.00 ©2003 IEEE 651 

160r:-~-_~"'d.,.O..!!th ... ta'i'.,,30,--====..., 

140 \ I ~~:~_ ~°ri~~~1 :~~:~ 
120 \ 

100 

80 

60 

40 

20 

\ 
\ 

\", 
.................. -.--~-_~ h 

3 
x'-axis 

Fig.2. Comparisons of Fields computed 
by two different methods 



Multilevel Non-uniform Grid Algorithm for 
Fast Iterative Solution of Scattering Problems 

Amir Boag(I)' and Eric Michielssen(2) 
(I) Department of Physical Electronics, Tel Aviv University, Tel Aviv 69978, Israel 
(2) Department of Electrical and Computer Engineering, University of Illinois at 

Urbana-Champaign, 1406 W. Green Street, Urbana, IL 61801, USA 

Rigorous analysis of scattering by arbitrary shaped bodies is often effected via 
numerical solution of pertinent integral equations. For simplicity, we consider a two­
dimensional scattering by an open perfectly conducting surface analyzed via the 
Electric Field Integral Equation (EFIE). The number of field and current sampling 
points on the surface is proportional to its electrical dimensions, i.e., of O(N), where 
N = kR , R being the radius of the smallest circle circumscribing the scatterer and k -
the wavenumber. Due to O(N3) computational complexity of conventional direct 
solvers, iterative approach becomes a necessity for analysis of electrically large 
problems. Solving EFIE, each iteration requires evaluation ofthe electric field due to a 
given surface current. Straightforward evaluation of the field at O(N) points by 
surface integration involving summation of O(N) terms amounts to O(N') operations. 
This high computational burden underlines the need for using fast field evaluation 
techniques. 

In this paper, we develop a novel non-uniform grid (NG) technique that facilitates the 
numerically efficient evaluation of the field produced by a given current distribution 
(A. Boag, et aI., IEEE Antennas Wireless Propagat. Lett., vol. 1, no. 7, pp. 142-145, 
2002). The algorithm is based on the observation that, locally, the phase compensated 
field radiated by a finite size source is an essentially bandlimited function of the 
angular and radial coordinates of the source centered spherical coordinate system. The 
angular bandwidth is proportional to the linear dimensions of the source, while the 
local bandwidth with respect to the radial distance decreases rapidly with the distance. 
Therefore, the radiated field can be sampled on a non-uniform spherical grid with 
radial density decreasing with the distance from the source. The total number of grid 
points is proportional to the source region dimensions. 

With this in mind, we introduce a multilevel algorithm based upon a hierarchical 
decomposition of the scatterer surface into subdomains. At each level, the domain 
decomposition proceeds by subdividing each parent domain into a number of 
subdomains. At the finest level, for each small subdomain, radiated fields are 
computed directly at a small number of points of a very coarse non-uniform spherical 
grid. Next, the fields of each group of adjacent subdomains are aggregated into those 
of the parent subdomain and defined over a finer non-uniform grid. Transition from 
coarse to fine grids is effected by interpolation. The phase common to all source 
points in a given subdomain is removed from the field prior to interpolation, thus 
rendering the field a slowly varying function of the spatial variables. Following the 
interpolation step, the phases are restored and partial fields aggregated. At the highest 
level, the fields are interpolated to the scatterer surface. The proposed multilevel 
algorithm attains an asymptotic complexity of O(NlogN). A multilevel 
implementation of the NGTD scheme will be presented along with numerical examples 
demonstrating its efficacy. 
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Efficient analysis of electromagnetic problem involving large 
bodies using current modes 

Felipe Catedra*, Carlos Delgado*, Stefano Luceri*, Francisco Saez de 
Adana*, Fernando Rivas** 

**Departamento de Electr6nica. EUP de Linares. Universidad de Jaen, 
SPAIN 

*Departamento de Teoria de la Seiial y Comunicaciones. 
Universidad de Alcala ,28806 Alcala de Henares (MADRID), SPAIN 

Fax: + 34 91 8856699, email: felipe.catedra@uah.es 

ABSTRACT 

It has been shown that the current in large bodies can be efficiently 
represented by means of current modes, each one of them defined by means 
of an exponential function which amplitude and exponent change slowly 
along the smooth areas of the body (Z. Altman, R. Mittra. IEEE 
Transactions on Antennas and Propag., pp 744-751, April 1999). Recently 
it has been shown that the amplitude and phase functions of the modes can 
be interpolated efficiently from a reduced set of sampling points using 
splines functions like NURBS (Non-Uniform Rational Bi-splines Surfaces), 
(0. Gutierrez, F. Saez de Adana, F. Rivas, I. Gonzalez, M.F. Catedra: 
"Method to interpolate the induced current with a low amount of sample 
points by means of Bezier surfaces", Electronics Letters, to appear. 2003). 
In this communication a very efficient way to compute the far or near field 
due to a current mode is presented. In the computation of the integrals that 
appear in the field evaluation the integrand function is traditionally sampled 
at a rate in accordance with the Nyquist criterion, say at least twice the 
maximum spatial frequency, that represents a minimum of four samples per 
wavelength, although many times a rate of eight or ten samples per 
wavelength is used. In the approach that will be presented the phase 
variation of the mode is extracted, reducing by order of magnitude the 
sampling rate required to compute the integrals. This means an spectacular 
reduction in the CPU-time evaluating the field. The approaches described 
can be combined in an iterative approach to find the induced current solving 
integral equations because the current is represent efficiently using current 
modes and the iteration between modes are evaluated considering very 
small and frequency independent sampling rates. 
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Fast Computation of Radar Cross Section for Multiple Incident 
Angles by using Characteristic Basis 

V.V.S.Prakash and Raj Mittra 
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The Pennsylvania State University, University Park, P A 16802-2705 

E.mail: vvp2@psu.edu 

Conventional approaches to solving scattering problems by using the Method of 
Moments (MoM) involves the geometry discretization with a size ranging from 1../10 to 1../20. 
Thus, as the object becomes large in terms of the wavelength, the size of the associated MoM 
matrix grows very rapidly, and this, in turn, places an inordinately heavy burden on the CPU in 
terms of memory and time. One of the promising techniques that utilizes higher level basis 
functions to reduce the size of the MoM matrix is the recently introduced Characteristic Basis 
Function Method (CBFM) [V.V.S.Prakash and R.Mittra, "Characteristic basis Function Method: 
A new technique for fast solution of integral equations", Microwave Opt. Tech. Lett., Jan. 2003]. 
The CBFs are specially constructed to fit the object geometry by incorporating the physics of the 
problem into the basis functions, and the domain spanned by these functions can be many 
wavelengths. However, these CBF's depend on the excitation vector, and hence, must be 
regenerated anew for each change of the incident angle. This poses a problem when the response 
of the structure needs to be computed for a large number of incident angles. The present study is 
focused to alleviate the aforementioned problem by employing a set of basis functions that are 
invariant to the angel of incidence, and are derivable from the original CBF's. Also, we present a 
systematic way of improving the accuracy of the solution by using these new invariant basis. 

In order to derive a set of basis that are invariant of the angle of incidence, we first 
analyze the geometry for a small number of incident angles, say K, for which we construct the 

CBF's. For a given block 'i', the set of vectors {J~j)}k with k = 1,2, .. , K define a reduced order 

subspace Sj of the original Hilbert space. These basis vectors define a subspace S containing the 

CBF's, but one has to decide how many of them are necessary. In order to define an ort:lOnormal 

basis of Sj, vectors {J~j)}k are arranged column wise in a matrix Y, which is subjected to the 

singular-value decomposition (SVO). Since the singular values typically range over several orders 
of magnitude, not all of them are needed to achieve a desired accuracy level. Let 'L' be the 
number of significant singular values that need to be retained. We make use of the L left singular 
vectors to construct basis for each of the blocks. The original matrix is then reduced to a size of 
ML x ML. It is possible that the number of significant singular values L be greater than M, in 
which case the size of the reduced matrix is slightly greater than that obtained with the original 
CBFM. However, this is offset by the fact that the same set of basis functions can now be used 
over the entire range of incident angles, and, hence, a numerically efficient solution to the 
scattering problem can be obtained by using these in place of the conventional CBF's. 

The numerical accuracy and the computational advantages of the proposed technique are 
illustrated by studying the problem of plane wave scattering from PEC objects, while varying the 
incident angle over a wide range. Our numerical experiments reveal that the results obtained from 
the proposed approach are even closer to those of the rigorous MoM simulation, than when the 
original CBFM is used, including the grazing angle cases, which are difficult to simulate 
accurately. 
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A Novel Single-Level SVD to Compress RWG EFIE Matrix for Scattering Problems 

Seung-Mo Seo', Jin-Fa Lee 

The ElectroScience Laboratory 
The Ohio State University 

1320 Kinnear Rd, Columbus, OR 43212 
e-mail: sms@esl.eng.ohio-state.edl! 

An electric field integral equation (EFIE) using RWG basis functions is formu­
lated to solve electromagnetic scattering problems by perfect conducting objects. 
The solution of large-scale electromagnetic scattering problems using the method 
of moments (MoM) suffers both the storage and computational complexity of a 
dense impedance matrix. For a general MoM problems using N basis functions, 
the computational complexity is O(N2) for storing and solving the impedance ma­
trix via an iterative algorithm. There have been a number of successful algorithms 
that reduce the numerical complexity such as the fast multipole method (FMM) 
(R. Coifman, V. Rokhlin, and S. Wandzura, " The Fast Multipole Method for the 
Wave Wquation: A Pedestrian Prescription", IEEE AP, pp7-12, 1993) and singular 
value decomposition (SVD) based algorithms (S. Kapur and D. E. Long, "IES3, 
IEEE/ACM, 448-455,1997). 

This paper descibes a novel single-level dual rank SVD algorithm to reduce the 
memory usage and computational complexity for solving PEC scattering problems. 
The algorithm shows that the memory usage and computational complexity are both 
O(N3/2) with the number of groups chosen to be proportional to N 1/2 where N is 
the number of unknowns. The system matrix are divided into two categories: self 
and coupling matrix blocks. The group self matrix blocks is assembled as a dense 
matrix. As for the group coupling blocks, the SVD compression scheme is ap­
plied except the touching groups which will be assembled as a dense matrix. The 
SVD algorithm can be divided into four parts: grouping, initialization, construc­
tion of Q by dual ranking in an iterative scheme and computation of R by LU de­
composition. The unique feature of the proposed approach is that the compression 
is achieved without assembling the entire matrix. The paper also describes "geo­
neighboring" preconditioner. The preconditioner when used in conjunction with 
GMRES is proven to be both efficient and effective for solving the compressed 
matrix equations. Details of algorithm and some examples will be presented and 
discussed at the presentation. 
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An O(N3/2
) MoM Computation of Electromagnetic Radiation and Scattering 
Problems Using A Novel Single Level IE-SVD Algorithm 

Kezhong Zhao' and Jin-Fa Lee 
1320 Kinnear Rd., Columbus, Ohio 43212 

EleclroScience Lab., Dept. of Electrical Engineering, The Ohio State University 
(Summit to URSI Commission B: B7-Numerical methods: integral-eq. Based) 

Solving large-scale electromagnetic problems by integral equation methods 

suffers from O(N 2 J numerical complexity of memory requirement and CPU time, 
where N is the number of basis functions. A novel single level dual rank IE­
SVD algorithm efficiently compresses the system matrix to reduce the memory 
requirement and CPU time for both matrix assembly and matrix-vector 
multiplication to O(N3

/
2 J. The algorithm forms the Q - R factorization of rank 

deficient local matrices due to non-self group interactions by ranking the most 
linearly independent basis functions in the transmitting group and the most 
significant ones in the receiving group. There have been a number of successful 
algorithms that reduce the numerical complexity of IE methods such as the fast 
multipole method (FMM) [I] (R. Coifrnan, V. Rokhlin, and S. Wandzura, IEEE 
AP. Mag, 7-12, 1993) and the SVD based algorithms presented in [2] (S. Kapur 
and 1. Zhao, DAC, 141-146, 1997) and [3] (S. Kapur and D. E. Long, ICCAD, 
448-455, 1997). The 2-level FMM combined with the iterative techniques has 
reduced the numerical complexity to O(N3

/
2 J to solve dense integral equation 

matrices that arise from the Helmholtz equation. One major drawback of this 
approach is its dependence on the integral equation kernel. For complex Green's 
functions, such as the layered medium Green's function, the application of FMM 
is much more involved than the surface scattering problems where the free space 
Green's function can be employed. The SVD algorithm presented in [2] reduces 
the numerical complexity of the matrix-vector multiplication to O(NlogN), but 
its matrix assembly stage, which requires the construction of the impedance 

matrix prior to its factorization, has O(N 2 J computational cost. The integral 
equation solver IES3 given in [3] reduces the numerical complexity of both the 
matrix assembly and solution to O(N log N) by using an adaptive grouping of 
basis functions and an interpolation-based construction of the Q - R matrices in 
SVD, which assumes that the integral equation kernel is smooth over local 
regions of space. The key step in [3], the matrix assembly process without the 
knowledge of the full MoM matrix, is very vague. The method presented in this 
paper tends to overcome the above drawbacks of the previous algorithms such 
that: It is independent of the integral equation kernel, or it does not depend on the 
exact knowledge of the Green's function; It assembles the local Q and R matrices 
without a priori knowledge of the local matrix itself; It is free of the previous 
assumptions about the kernel of the integral equation, namely, the smoothness of 
the kernel to implement reduced sampling procedure in [3]. 
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On the Application of Wavelet-Like Basis Functions in 
Finite Element Algorithms 

W. Elliott Hutchcraft(*), Richard K. Gordon 
Department of Electrical Engineering(*) 

University of Mississippi 
Anderson Han Box 7 
University, MS 38677 
Phone: (601) 234-4912 

Fax: (601) 232-7231 
Email: eeweh@olemiss.edu 

Wavelets and wavelet techniques have become important topics in the computational 
sciences in recent years. Their application in the area of research in computational 
electromagnetics has only occurred rather recently; however, wavelets have received abundant 
attention in the scientific literature. Wavelets have been used in many different algorithms. For 
example, wavelet methods for differential equations have been developed by Jaffard and 
Laurencot (S. Jaffard and Ph. Laurencot, Wavelets: A Tutorial in Theory and Applications, pp. 
543-60 I, 1992). The use of wavelet-like basis functions in the finite element solution of one­
dimensional electrostatics problems in which either Dirichlet or Neumann boundary conditions are 
enforced at each endpoint of the interval has been discussed by Gordon (R. Gordon, Proc. of the 11" 
Annual Review of Progress in Applied Computational Electromagnetics, pp.559-567, 1995). 
Although the methods discussed above were using wavelets in frequency domain approaches, they 
have also been used in time domain techniques. Krumpholz and Katehi have used wavelet 
expansions in the multiresolution time domain (MRTD) method (M. Krumpholdz and L. P. B. 
Katehi,1EEE Trans. on Microwave Theory and Techniques, vol. 44, no. 4, pp. 555-571, April 1996). 

In this presentation, wavelet-like basis functions will be incorporated into several different 
differential equation based algorithms. A two-dimensional time domain algorithm employing 
wavelet-like basis functions will be used to solve electromagnetics problems. One difficulty with the 
traditional FETD method is that it can require the solution of a large matrix equation for each time 
step; however, in the time domain approach presented here, the solution of a matrix equation for each 
time step is not required. In this sense, it is more like the traditional FDTD technique originally 
developed by Yee (Yee, 1EEE Trans. Antennas Prop., vol. AP-14, pp. 302-207,1966). To generate 
the wavelet-like functions, a variation of the technique presented by Jaffard will be used. Following 
Jaffard, Hutchcraft, Harrison, and Gordon have previously generated two-dimensional wavelet-like 
basis functions by beginning with the traditional tetrahedral basis functions. But in this presentation, 
instead of pursuing this more time consuming approach, a combination of one-dimensional wavelet­
like basis functions will be used to generate the two-dimensional basis. First, Neumann and Dirichlet 
basis functions will be developed for both the x and y directions. For each field component, the two­
dimensional basis functions will be derived from combinations of two sets of the one-dimensional 
basis functions. Finally, these new basis functions are employed in an FETD algorithm. This 
method will be used for the solution of several problems; comparisons with analytical and FDTD 
results will be presented. Also, two-dimensional electrostatics problems will be solved using the 
same technique described above to derive the two-dimensional basis set. Comparisons of the number 
of steps required for convergence will be made between the traditional finite element algorithm, the 
previous method for developing wavelet-like basis functions, and the new method for generating 
two-dimensional wavelet-like basis functions. Finally, higher order wavelet-like basis functions will 
be discussed. These basis functions are generated from the higher order finite element basis 
functions. Comparisons between first order and higher order traditional and wavelet-like basis 
functions will be presented. 
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On Improving the Efficiency ofthe Use of Wavelet-Like 
Basis Functions in Finite Element Algorithms 

Suppakiat Tuksinvarajan, W. Elliott Hutchcraft, Richard K. Gordon(*) 
Department of Electrical Engineering(*) 

University of Mississippi 
Anderson Hall Box 41 
University, MS 38677 
Phone: (601) 234-5388 
Fax: (601) 232-7231 

Email: eegordon@olemiss.edu 

Wavelet analysis has recently begun to attract widespread interest in the computational 
sciences. In computational electromagnetics, wavelet bases have been used in both partial 
differential equation approaches and integral equation techniques. 

In this presentation, techniques for improving the efficiency of the use of wavelet-like basis 
functions in the finite element method will be discussed. Although the use of wavelet-like functions 
has advantages such as the lowering of the condition number of the system matrix, there are also 
some drawbacks related to their use. One of the main disadvantages involves the time required to 
generate the wavelet-like basis. When wavelet-like basis functions are used, time must first be 
spent in generating these functions. Orthogonalization is required during the generation of the 
basis, and the orthogonalization process requires the calculation of the square root of a large matrix. 
Previously, this has been done using a procedure that requires the determination of the eigenvalues 
and eigenvectors of the large matrix. However, the square root of this matrix can also be found using 
an iterative technique. A discussion of the advantages and disadvantages of the utilization of this 
iterative procedure will be presented. 

Another disadvantage of the use of wavelet-like basis functions is that it yields a fully 
populated system matrix rather than the sparse system matrix that is obtained when traditional finite 
element basis functions are used. This can lead to an increase in the memory and computational 
requirements of the solution procedure. An investigation of the deletion of insignificant elements 
from the system matrix will be presented. 

When a convergence study is conducted using wavelet-like basis functions, it is easy to 
use solutions obtained at earlier steps of the study as starting points for solutions at later steps. 
This can result in a significant reduction in the amount of time required to conduct the 
convergence study. This technique will also be discussed in detail. 
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Solution of Electromagnetic Boundary Value Problems by the Plane Wave 
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Raj Mittra 
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The numerical solution of electromagnetic boundary value problems by the Finite 
Element Method (FEM) yields reliable results with a moderate number of degrees of freedom 
for low and medium frequencies when the well-known 'resolution rule' is satisfied. 
According to this rule, for an accuracy of I %, around 10 nodes per wavelength are required. 
Therefore, if the wavelength is small with respect to the physical dimensions of the 
computational domain, the matrix resulting from the FEM discretization becomes huge 
especially for 3D problems. In this case, the problem becomes unmanageable even with very 
powerful computers. 

In this paper, we present a new approach for the FEM solution of high frequency 
problems by defining new basis functions for the representation of field quantities. The basic 
idea is to incorporate the known behavior of the solution in a rational way to improve the 
performance of standard FEM models. To this end, the finite element space is constructed by 
multiplying the standard shape functions with a space of functions having good local 
approximation property. This seems to be a natural way to include 'a priori' information 
about the local behavior of the solution. 

In 2D applications, the finite element basis functions are obtained by multiplying the 
standard finite element shape functions N, by a set of functions Pm (1') = exp( - jkii m .1') , 

which represent plane waves propagating in the direction of the unit vector U m • The standard 

basis functions are 'enriched' by the plane wave solutions. It should also be mentioned that 
each N" having a compact support, acts as the 'windowing function' of the plane wave 

solutions. In this way the conformity of the FEM formulation is preserved. In 2D, we seek a 
solution to the Helmholtz equation of the form 

N M 

(0(1')= LL>,mN,(r)exp(-jkum.r) 
i=] m=] 

This expression is substituted in the weak variational formulation to yield the FEM 
matrix equation. The elements are no longer subject to the 'resolution rule', and it is possible 
to handle high frequency problems by a relatively reduced number of unknowns. A higher 
order Gaussian quadrature is used to evaluate the oscillatory integrals appearing in the 
calculation of the FEM matrix entries. In addition, owing to the special form of the FEM 
representation, PML mesh truncation is successfully applied in the plane wave enriched FEM 
formulation for the truncation of the unbounded computational domain. 

In spite of the increased number of degrees of freedom per node, this approach results in 
a considerable decrease in the computational burden, realized by representing the fields in the 
domain by a reduced number of 'electrically large' elements. 
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(C-COM) for Finite Element Simulations 

Xin WUl ,3 andOmarM. Ramahil ,2,3 
I Mechanical Engineering Department, 2Electrical and Computer Engineering 

Department, and 3CALCE Electronic Products and Systems Center 
2181 Glenn L. Martin Hall, James Clark School of Engineering, 
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The Complementary Operators Method (COM) and its concurrent version, the 
Concurrent Complementary Operators Method (C-COM) have been shown to provide 
very high degree of absorption even for angles incident on the computational boundary at 
near grazing incidence. In previous works, the C-COM was applied to the finite­
difference time-domain (FDTD) method and to the finite-difference frequency-domain 
(FDFD) method. The strength of the COM and C-COM is that they can fully cancel the 
first-order reflections that arise when the computational domain is terminated with an 
absorbing boundary condition (ABC). The cancellation results from the averaging of the 
two solutions arising from the two independent but complementary operations. The C. 
COM is more effective because the averaging can be done concurrently. Because of their 
high accuracy and implementation simplicity, the COM and C-COM operators have been 
successfully applied to open-region electromagnetic scattering problems, radiation 
problems and optical beam propagation problems. In this work, we extend the theory of 
the C-COM to two-dimensional finite element algorithms. We present the formulation of 
the complementary operators in a finite element paradigm and discuss mesh shape 
constraints that are relevant to the application of the averaging perimeter. We present 
numerical results and comparison with other boundary conditions including the perfectly 
matched layer (PML). Finally, we discuss computational burdens associated with the 
implementation. 
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ON THE CONDITION NUMBER OF VARIOUS FINITE ELEMENT 
MATRICES INVOLVED IN THE NUMERICAL SOLUTION OF 

ELECTROMAGNETIC RADIATION OR SCATTERING PROBLEMS 

Bruno Stupfel 
CEA/CESTA, Commissariat a l'Energie Atomique, B.P. 2, 33114 Le Barp, France 

The finite element method (FEM) is a powerful numerical technique for solv­
ing scattering problems involving inhomogeneous penetrable 3D objects. For open 
region problems, the radiation condition may be rigorously taken into account 
by prescribing either an exact radiation condition (e.g., an integral equation) on 
the outer surface of the object, or approximately by implementing an absorb­
ing boundary condition (ABC) or a perfectly matched layer (PML) on the outer 
boundary terminating the FE mesh. The whole set of equations may be solved 
either directly, or iteratively by using, e.g., a domain decomposition method that 
reduces the memory storage requirements. 

All of these techniques imply the solution of one or several linear systems 
that result from the FE discretization of Maxwell's equations inside a given (here 
simply connex) computational domain, on the boundary of which various boundary 
conditions (Be's) are prescribed. If the electrical size of this domain is large, then 
the number of unknowns may be such that iterative solvers are needed to reduce 
the computing time and memory storage. In this case, the number of iterations 
and, hence, the computational time required to achieve a given numerical accuracy 
are known to increase with the condition number ri of the FE matrix. 

In this paper, we attempt to draw the rules that govern the behaviour of ri. 
To this effect, an eigenmode technique is proposed that allows us to dissociate 
the influence of the FE mesh and FE bases fuctions from the one of the actual 
physical cavity, i.e., the computational domain with its constitutive materials and 
BC's. We introduce the eigenmodes associated with this cavity, and establish the 
relationship between the eigenvalues of the FE matrix and those of the matrix 
of the same FE variational formulation written in the basis of these eigenmodes. 
Numerical examples are provided for ID and 3D problems that illustrate the results 
so obtained. For example, ri increases with the number of unknowns Nj for fixed 
N, it increases when the order of the FE bases functions increases, or when the 
frequency decreases. Also, regarding the PML, we have come to the conclusion 
that the ill-conditioning of the FE matrices reported in the literature does not 
stem from the characteristics of the physical cavity, but from the FE mesh indeed. 
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Numerical Evaluation of the Drill Collar, Borehole, and Invasion 
Effects on MWD Tools for Oil and Gas Exploration 

Y.-K. Hue!', B. Donderici!, F. L. Teixeira!, L. San Martin2, andM. Bitta~ 

!ElectroScience Laboratory and Department of Electrical Engineering, 
The Ohio State University, Columbus OH 43212 

2Halliburton Energy Services, Houston TX 77032 

The neglect of the effect of the drill collar, antenna geometry, borehole and invasion in 
the modeling of wave propagation measurement-while-drilling (MWD) tools for oil and 
gas exploration in dipping and horizontal wells has been motivated, in addition to the 
inherent technical difficulty, by the realization that in oil-based mud these effects are 
known to be very small. However in conductive mud, the combined effect of the metal 
collar, antenna geometry, the borehole fluid and invasion on the measurement can 
become significant. The I-D approximation is no longer acceptable in this situation. 

A systematic study in horizontal wells of these effects is presented. This study is carried 
out with a 3-D PDE-based code in cylindrical coordinates that is tested by comparison 
with analytic and semi-analytic solvers. This 3-D EM solver is matrix-free and has a low, 
O(N) computational complexity (where N is the number of unknowns) both in terms of 
CPU time and memory requirements. The 3-D cylindrical grid is made quite compact 
around the tool by implementing a PML absorbing boundary condition directly in 
cylindrical coordinates. The new 3-D code incorporates the effect of the metal collar and 
the exact antenna geometry. This code has enabled us, for the first time, to evaluate 
systematically the combined effect of the drill collar, antenna geometry, borehole 
conductivity and invasion on the measurement in horizontal well environments. 

We first evaluate the results in oil-based mud and compared the results against I-D code 
results. Next, we evaluate a vertical well case and compared the results with a 2-D semi­
analytic code. These two cases serve to establish the accuracy of the new approach. We 
then study the effect of mud conductivity and tool standoff on the MWD measurements 
in a horizontal well. After that, the effect of invasion is included. Symmetrical and non­
symmetrical circular and elliptic invasion, in horizontal wells, are evaluated. 
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Accurate EM modeling of Logging-while-drilling (LWD) resistivity tool responses is key in the 
interpretation process. Existing modeling codes typically use point magnetic dipole 
approximation. However, if the inhomogeneities are close to the tool and comparable to the tool 
size it may be necessary to include the tool details in the model. 

In the past decade significant progress has been made in solving tool responses in complex 3D 
environment using the point dipole model approximation. Most commonly used software is 
based on finite-difference approximation, optimal gridding and efficient material averaging 
schemes. Although there is a need for more efficient modeling at propagation tool frequencies 
(400 kHz and 2 MHz), that is considered to be mature technology, and such codes are highly 
efficient and often are even run in the inversion loop. 

For proper characterization of "near effects" such as borehole effect it is necessary to include the 
tool details in the model. Very often that becomes a challenging modeling problem, primarily 
because of the problem scales, conductivity contrast up to 105 and necessity to handle tool details 
of order of mm, as well as formation features. The goal is to compute induced voltages at 
receivers accurate within a fraction of a percent. The difficulties are following: (1) generating 
and discretizing the 3D tool/formation model, (2) solving the resulting, usually ill-posed, system 
of equations, which typically has millions of unknowns, (3) evaluating the accuracy of results, 
and (4) refining the problem if necessary in order to get the required accuracy. 

Two approaches for efficiently solving 3D LWD tool responses are presented. Finite-difference 
technique is developed in cylindrical coordinate system, using Spectral Lancosz Decomposition 
method (SLDM) and material averaging scheme. The program allows computation of multiple 
frequency responses in one step. Material averaging is an effective way of reducing the size of the 
problem and it may be used in non-metallic domain. 

The second approach is based on finite element method (FEM). The program uses multi-grid 
preconditioning and algebraic multigrid (AMG) solver, combines prismatic and tetrahedral 
elements, taking special care of anisotropic meshes. The unique feature of the program is dual 
(goal-driven) adaptive technique, where mesh adaption process is guided in order to get the most 
accurate solution in the most important part of the domain. 

Modeling results are presented for three cases: (1) borehole eccentering responses; (2) responses 
of the tool to the boundary with the presence of the borehole, and (3) how the presence of nearby 
metallic objects affect the air-cal. All responses are computed for an array resistivity tool 
operating at 2 MHz, having transmitter-receiver spacing up to 43". 
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The BCGS-FFT Method for 3-D Objects m Subsurface 
Layered Media 

Xuemin Millard and Qing Huo Liu 
Department of Electrical and Computer Engineering 

Duke University 
Box 90291 

Durham, North Carolina 27708 

Scattering of electromagnetic waves by penetrable, inhomogeneous objects of arbitrary 
shape embedded in a planarly layered background is an important research area in subsurface 
sensing. In particular, such near-surface applications are common to geophysical exploration, 
environmental characterization, and detection and identification of landmines, unexploded 
ordnance and underground structures. Simulation of an arbitrary object in such a layered 
medium is a challenging task because of the complex background and the large number of 
unknowns associated with realistic targets. 

In this work we focus on subsurface sensing of inhomogeneous objects buried in a layered 
medium. Since the scattering object has an arbitrary inhomogeneity, volume integral equa­
tion methods are more suitable (the surface integral equation methods which are amenable to 
the fast multi pole acceleration are in general more appropriate for homogeneous or perfectly 
conducting objects). Unfortunately, until very recently there has been little progress in the 
development of fast algorithms for such complicated environment. Most previous efforts have 
focused on the method of moment (MoM), which requires O(N2) computer memory, and 
O(N3 ) (direct inversion) or O(N2 ) (iterative inversion) CPU time, where N is the number 
of unknowns. 

To solve the volume electric field integral equation for electromagnetic scattering from 
inhomogeneous objects in a layered medium, we have recently developed the stabilized 
biconjugate-gradient (Bi-CGSTAB) iterative solver combined with the fast Fourier trans­
form (FFT) (Xu and Liu, IEEE Antennas Wireless Pmpagat. Lett., vol. 1, pp. 77-80, 2002). 
This technique is thus called the BCGS-FFT method; it can solve the volume integral equa­
tion in the layered medium with O(N log N) CPU time and O(N) computer memory. We 
have demonstrated that the BCGS-FFT method is much more efficiently than the CG- and 
BCG-FFT methods in a homogeneous background. In this presentation, the main theory of 
the BCGS-FFT method will be summarized and its applications in subsurface measurements 
of electromagnetic scattering from inhomogeneous objects in planarly layered media will be 
illustrated. 
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Breaking the Diffraction Limit in Wave Physics 

Fu-Chiarng Chen*, Allaeddin A. Aydiner, and Weng Cho Chew 
*Kyocera Wireless Corp., 10300 Campus Point Drive, San Diego, CA 92121 
Center for Computational Electromagnetics and Electromagnetics Laboratory 
Dept. ofECE, University of Illinois at Urbana-Champaign, Urbana IL 61801 

(fchen@ieee.org*, aydiner@uiuc.edu, w-chew@uiuc.edu) 

Recently, there has been a renewed research interest on breaking the diffraction limit in 
wave physics. The diffraction limit (or Rayleigh criterion) describes that we cannot 
inscribe a feature or see a feature smaller than half-wavelength of the exposing wave. In 
this talk, we will review and discuss two different experimental verifications to overcome 
the diffraction limit reported previously in two different regimes. In the acoustics regime, 
sub-wavelength focusing has been achieved using a time-reversal mirror and an acoustics 
sink (J. de Rosny and M. Fink, Physcial Review Letters, vol. 89, no. 12, pp. 124301-1 -
124301-4,2002). In the above paper, the investigators presented an experiment where an 
ultrasonic source is time reversed and a focal spot size is achieved much less than the 
diffraction limit. The investigators brought up the possibility of focusing towards a sub­
wavelength spot underlines the issue of the time reversal of a field containing evanescent 
waves. In the electromagnetics regime, we have experimentally demonstrated super­
resolution imaging in nonlinear inverse scattering (F.-C. Chen and W. C. Chew, Applied 
Physics Letters, vol. 72, no. 23, pp. 1284-1287, 1998). The inverse scattering imaging 
experimental setup was based on a time-domain ultra-wideband microwave imaging 
radar system. The experimental data were processed with the distorted Born iterative 
method (DBIM), and showed that it could resolve features smaller than the half­
wavelength dictated by the Rayleigh criterion for limited angle tomography. We have 
attributed the phenomenon to the mUltiple scattering effect within an inhomogeneous 
body. The high spatial frequency (high resolution) information of the object is usually 
contained in the evanescent waves when only single-scattering physics is considered. 
Multiple scattering converts evanescent waves into propagating waves and vice versa. 
Hence, in an inverse scattering experiment, even though an object has to be interrogated 
with a propagating wave, and that only scattered waves corresponding to propagating 
waves can be measured, the scattered waves contains high resolution information about 
the scatterer because of the evanescent-propagating waves conversion. Therefore, an 
inverse scattering method that can unravel the mUltiple scattering information can extract 
the high-resolution information on a scatterer. Note that DBIM can be regarded as an 
extended form of a time-reversal mirror. In this talk, we will re-examine the physics 
behind the nonlinear inverse scattering approach to achieve the super-resolution imaging. 
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Synthetic Aperture Imaging through a Dispersive Dielectric Layer 

'Margaret Cheneyl and Clifford J. Nolan2 

I Rensselaer Polytechnic Institute, Department of Mathematical Sciences, Troy, New 
York 12180, USA, cheney@rpi.edu 

2University of Limerick, Department of Mathematics and Statistics, Ireland, 
clifford.nolan@ul.ie 

We consider the problem of synthetic aperture imaging through a known homogeneous 
layer of (temporally) dispersive material. We seek to make an image of a !:lat earth under 
the layer from backscattered waves emitted from an antenna following an arbitrary !:light 
path. 

We use a linearized scalar model for the wave propagation, namely 

\72 ESC - Ott (COEr *t ESC) = - V OttEin, (I) 

where 

lOr *t E(t, x) = 10
00 

Er(S, x)E(t - s, x)ds, (2) 

Er (S, X) being known and V (X) being unknown. We use anyone of a number of formulas 
for lOr that may be appropriate (causal) effective-medium models for vegetation. Much of 
the analysis could also apply to imaging through soil. 

Analysis of the problem requires a number of steps: 

I. Use an explicit representation for the half-space Green's function in terms of its 
Fourier transform in time and in the lateral variables. 

2. Use I) to £nd the £eld Ein emanating from the antenna. This involves a rudimentary 
model for the antenna as well as the signal waveform sent to the antenna. 

3. Combine I) and 2) to obtain a mathematical model for the signal received at the 
antenna. 

4. Estimates on lOr show that the expression obtained in 3) is in the form of a Fourier 
integral operator F applied to the unknown V. 

5. Apply a £ltered backprojection operator Q to the data to make an image. The form 
of the £Iter is obtained from analysis of the composition QF. The theory shows that 
the resulting image preserves the visible singularities (edges) in the original scene. 
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An Efficient Approach for the Analysis of Printed Geometries with Multiple 
Vertical Metallization and their Optimization 

M Emre Yavuzl ,Noyan Kinayman2 and M IrsadiAksunl 

I. Koc University. Dept. of Electrical &Electronics Eng., 34450 Sanyer istanbul-Turkey 
e-mail.memre@ku.edu.tr.iaksun@ku.edu.tr 

2: MIA-COM, A Tyco Electronics Company,Corporate R&D,lOll Pawtucket Blvd MIS 261 
Lowell, MA 01853 e-mail: kinayman@tycoelectronics.com 

Introduction of the closed-fonn Green's functions into the Method of Moment 
(MoM) fonnulation results in a significant improvement in the computational efficiency 
of the MoM. However, the application of the MoM using the closed-fonn Green's 
functions to geometries consisting of vertical metallization is not as straightforward as its 
applications to geometries consisting only horizontal conductors. It is demonstrated that 
the computational cost of the approach does not increase with the number of vertical 
metallization, providing the vertical strips employ the same number of basis functions. 
This is because the MoM matrix entries corresponding to the basis functions on a vertical 
strip are obtained as a function of p and because the domains of the integrations along the 
vertical strips are the same. Once the relation between a basis and testing function on a 
vertical strip is found, the same expression can be used for different values of p where the 
other vertical metallization are located. 

Since the closed-from Green's functions are generally obtained at fixed z points, 
to handle the integrations along the z axis encountered in the inner product tenns, the 
spectral-domain Green's functions and vertical portion of either the testing or basis 
function or both are integrated along the z-axis analytically, then, the resulting function is 
approximated using the GPOF method. According to this scheme, the GPOF method is to 
be used as many times as the combinations of testing and basis functions along the 
vertical metallization. Therefore, to obtain efficient operation, the vertical strips are 
required to have the same number of basis functions, allowing less number of calls for the 
GPOF method. However, for general geometries, it may be difficult to have the same 
number of basis functions for each vertical strip. To improve its efficiency and eliminate 
its restriction of using the same number of basis functions, the number of GPOF call must 
be decreased and the integration along the z-axis should be perfonned accurately. This 
goal is achieved by obtaining the closed-fonn spatial-domain Green's functions at 
different z values and employing a numerical integration method for the integration along 
z-axis. 

In this work, the operations of both techniques for different geometries involving 
different number of vertical metallization are studied, and comparative efficiencies are 
presented. Then, these approaches are combined with an optimization algorithm, Genetic 
algorithm, to optimize the perfonnance of microwave circuits and antennas. 
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An Integral Equation Based Algorithm for Analysis of Surface 
Plasmon Polaritons 

C. Trampel', G. Kobidze, and B. Shanker 

2120 Engineering Building, Dept. ECE, Michigan State University, 
East Lansing, MI 48824, USA,{ trampelc,kobidze,bshanker }@egr.msu.edu 

Surface plasmons are charge density oscillations that occur at metal-dielectric inter­
faces. The periodic surface charge density creates a quasi-planar two dimensional 
electromagnetic waves that propagates along the interface, a surface plasmon polari­
ton (SPP). Surface plasmon polaritons that occur at interfaces between two infinite 
media do not couple to external radiation. Periodicity in the metal layer facilitates 
coupling to the incident field. Interactions between SPPs and a periodic array of 
scatterers have been explored analytically (M. Kretschmann and A. A. Maradudin, 
Phys. Rev. B, 66, 245408(8), 2002). The dispersion relation for SPPs was derived 
by Kretschmann et al. via a homogenous form of the reduced Rayleigh equation. 
Enhanced transmission properties of surface plasmons have been studied experimen­
tally (H. F. Ghaemi, Tineke Thio, and D. E. Grupp, Phys. Rev. B, 58, 6779-6782, 
1998). Peaks in transmission are observed at wavelengths corresponding to surface 
plasmon polariton modes on both surfaces of a metal film with holes. 

In this paper, we propose a frequency domain integral equation (FDIE) based tech­
nique for analyzing surface plasmon polaritons supported by a metal film perforated 
with a array of subwavelength cylindrical holes. The metal film is modelled via the 
Drude nearly-free-electron form of the dielectric function. The properties of the 
metal are accounted for explicitly by using the Stratton-Chu equations for the inte­
rior domain. The resulting equations are then reduced to a set of matrix equations 
by representing the equivalent electric and magnetic current in terms of RWG basis 
functions. Periodic green's functions are used to enable the analysis of infinitely long 
perforated structures. In the conference, we shall report our findings on (i) different 
metals and their response; (ii) the effect of period and perturbations to these; (iii) 
the effect of thickness of the film; and (iv) response as a function of frequency. 
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A Simple, Nearly Perfectly Matched Layer for General Electromagnetic Media 

Steven A. Cummer*, Wenyi Hu, Electrical and Computer Engineering Department, Duke 
University, Durham, NC 27708, USA (email: cummer@ee.duke.edu) 

A new implementation of the perfectly matched layer (PML) absorbing boundary 
condition is presented [Cummer, IEEE Microwave and Wireless Components Lett., in 
press, 2003]. This formulation is designed such that the partial differential equations in 
the PML are identical to those in the regular medium for any linear electromagnetic 
material. Only simple first order ordinary differential equations that relate various field 
components are added to the PML system of equations. This property makes this method 
particularly simple to implement, especially in complex dispersive and anisotropic 
materials, because explicit partial difference equations (which can be tedious to derive) 
do not need to be rederived for the PML. 

We call this method the nearly perfectly matched layer (NPML) because it employs 
variable changes that are not strictly exact when the PML conductivity is spatially 
varying, as it normally is for maximum absorbing performance. Such inexact coordinate 
stretching has been used in other apparently effective PML formulations [Tentzeris et aI., 
IEEE Trans. Antennas Propagat., 1999]. Comparisons of the NPML with the 
convolutional PML [Roden and Gedney, Microwave Opt. Tech. Lett., 2000] in a 
dispersive dielectric show that the NPML is as effective an absorber as exact PML 
formulations, and we also demonstrate its performance in truncating a domain containing 
anisotropic and dispersive magnetized plasma. This indicates that the details of the 
numerical implementation, rather than the exactness of the analytical formulation, 
dominate the absorbing performance when the PML layer parameters are nearly optimal. 
We further analyze the NPML formulation to demonstrate why it performs numerically 
as well as an exact PML, despite its theoretical inexactness. 
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Parallel Iterative Solution Techniques for Integral Equation Methods 

Joseph D. Kotulski 
Sandia National Laboratories 

P.O. Box 5800 
Albuquerque, NM 87185-1152 USA 

Integral equation methods together with sub-cell algorithms have been an extremely 
useful tool in addressing many complicated, realistic problems. The solution process for 
integral equation methods result in the construction of a linear system of equation cast a 
matrix equation. The solution of this matrix equation can be done directly via LU 
decomposition using iterative techniques. When the iterative technique is chosen an 
appropriate method has to be used as well as a preconditioner. Alternatively, fast 
methods (such as FMM and AIM) require the use of iterative schemes since the entire 
matrix is not computed directly. 

There is a large repository of parallel iterative solvers that are available but they are 
normally appropriate for real sparse matrices. By recasting the complex formulation into 
an equivalent real formulation real. valued parallel solvers can then be applied to the 
original complex problem. Depending on the equivalent real formulation the spectral 
properties will vary which will affect convergence. By using appropriate preconditioners 
this convergence will be accelerated. The solver package that is used is Trilinos, which an 
object -oriented solver package written in C++. 

This presentation will examine preconditioner strategies that will be exercised on a 
number of different types of problems with different field formulatiolll (EFIE, CFIE). 
The spectral properties of the matrix will be examined before and after preconditioning. 
In addition, different Krylov solvers will be used and the results compared to the direct 
solution method (LU decomposition). The parallel implications and efficiency will also 
be described and discussed. 

Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin 
Company for the United States Department of Energy under Contract No. DE-AC04-
94A185000. 
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Fast Global Radiation Boundary Conditions 
Based on Non-uniform Grid Approach 

Amir Boag, Uri Shemer, and Raphael Kastner 
Department of Physical Electronics, Tel Aviv University, Tel Aviv 69978, Israel 

Differential equations based techniques, such as finite element and finite difference 
methods, are often preferred for analyzing electromagnetic problems including 
inhomogeneous materials. For configurations defined in unbounded domains, these 
techniques must be augmented by absorbing boundary conditions, which allow for the 
truncation of the computational domain. Conventional local Absorbing Boundary 
Conditions (ABCs) including the Perfectly Matched Layer (PML) type absorbers 
facilitate such mesh truncation as long as the boundary surface is convex. The 
convexity requirement translates into a significant additional computational cost when 
treating an essentially concave geometry since a relatively large "white space" must be 
meshed in order to obtain a convex exterior boundary. Alternatively, boundary 
integral formulations allow for arbitrary shaped exterior boundaries, however at the 
cost of making the boundary conditions global. Therefore, in order to be 
computationally competitive, the boundary integral operators must be evaluated 
invoking fast algorithms. 

In this paper we propose the use of the recently proposed Non-uniform Grid (NG) 
approach (Boag et aI., IEEE Antennas Wireless Propagat. Lett., vol. I, no. 7, pp. 142-
145 2002.) for a fast evaluation of the boundary integrals. As an example we consider 
a two-dimensional scattering by a thin concave shell forming a large open-ended 
cavity. In addition, we assume the usage of a generic iterative solver that becomes a 
necessity for analysis of electrically large problems. With a conventional ABC 
approach requiring a convex exterior boundary, the entire interior of the cavity is 
meshed resulting in a number of unknowns proportional to the electrical dimensions of 
the scatterer squared, i.e., of O(N'), where N = kR , R being the radius of the smallest 
circle circumscribing the scatterer and k is the wavenumber. A conventional approach 
would require O(N') operations at each iteration step. On the other hand, if the 
computational domain is confined by a conformal boundary, the number of unknowns 
and boundary points is proportional to the electrical dimensions of the scatterer, i.e., of 
O(N). Clearly, direct evaluation of the boundary integral would then require O(N') 
operations, i.e., the same order as the ABC based approach. This high computational 
burden underlines the need for using fast field evaluation techniques. 

We will demonstrate that the usage of the two-level NG algorithm reduces the 
computational cost of evaluating the boundary integrals (a single iteration) from O(N') 
to O(N 3

/'). The multilevel algorithm attains an asymptotic complexity of O(NlogN). 
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Numerical Evaluation of the Polarizabilities of Complex Scatterers with 
High-order Boundary Element Model 

Seppo Jarvenpaa*, Pasi YIa-Oijala, Ari Sihvola 

Electromagnetics Laboratory, Helsinki University of Technology 
P.O. Box 3000, FIN--02015 HUT, Finland 

When a dielectric inclusion is put into a homogeneous electric field, it causes a per­
turbation to the total electric field distribution. The perturbation is concentrated in the 
neighborhood of the inclusion. The dipole moment induced in such a scatterer can be 
identified with the source of the dipolar component in the scattered field, and it is propor­
tional to the external electric field. The ratio between these two, the induced dipole mo­
ment and the external field is called polarizability of the scatterer and it is an important 
parameter in electrostatics, quasi statics, and also in electrodynamics and in modelling of 
materials. 

The polarizability can be calculated by solving boundary integral equation 

() T + 1 () T - 1 J (') a ( 1 ) , cPe r = -2-cP r + ~ cP r an' Ir _ r'l dS, ron S (1) 

s 
for the unknown potential function cP. In this equation, S is the surface of the inclusion, 
cPe = - Eez is the potential of the incident field, and cP is the total potential on the 
surface. The ratio of the permittivities is denoted by T = Ed Ee, where Ei is permittivity 
of the inclusion. The outward normal to the surface is n' at point r'. 

Equation (1) is sol ved in this work by the Galerkin method. The surface is discretized 
with planar triangles, and the potential and the test functions are spanned with third 
order piecewise polynomial basis functions. In order to ensure accuracy of the solution, 
the inner integrals of those terms where rand r' are close to each other are evaluated 
analytically. 

In the talk, results will be shown for the polarizability of dielectric polyhedra (cube, 
tetrahedron, octahedron, dodecahedron, icosahedron) and also for the response of clus­
ters of two spheres which are used for the dielectric modelling of dry snow. 
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Fast Multipole Algorithm Frame Analysis 

L.J. Jiang*, and W.C. Chew 

Center for Computational Electromagnetics and Electromagnetics Laboratory 
Department of Electrical and Computer Engineering 

University of Illinois at Urbana-Champaign 
Urbana, 1L 61801-2991 

FMA (Fast Multipole Algorithm) is becoming popular with the increasing computer 
capabilities and complex electromagnetics requirements. Its principles, cost and memory 
distributions have an important impact on the efficiency of the applications based on it. 
A careful FMA frame analysis can guide researchers to develop an optimized algorithm. 
This study is meant to analyze how FMA distributes the computational loads, and find 
the ways to improve the FMA performance. 

The most popular FMAs focus on the static cases and high-frequency dynamic cases. 
In principle, they are all based on the addition theorem, albeit with different implemen­
tations. The far-field interactions are computed through aggregating the outgoing waves, 
translating the outgoing waves into the incoming waves, and disaggregating the incoming 
waves. The near-field interactions are evaluated directly. The speedup of FMA over MoM 
comes from the off-diagonal matrix-vector product approximated by error-controllable 
factorized far-field interactions. At least one buffer box is necessary to make the error 
controllable. So there are MoM (near field) and FMA (far field) parts in a complete FMA 
procedure. The cost balance between them is important and needs to be optimized. 

Since the static Laplacian equation is scale invariant, the multipole expansion of the 
static Green's function can be scaled so that all levels share the same translators. However, 
these translators are dense matrices. Then most computational time is spent on the 
outgoing-wave to incoming-wave translation stage. Of all levels, the finest level has the 
heaviest load. As a result, the total cost of the static FMA is O(N) (where N is the basis 
function number). 

For the dynamic case, the wave equation is scale variant. In contrast, the dynamic 
translators are diagonal and cannot be shared between levels. Since the radiation and 
receiving patterns only compose of propagating waves, the dynamic FMA suffers from low­
frequency breakdown. Because of the oscillatory field, the radiation patterns of different 
levels in the dynamic FMA have different bandwidth. So interpolations and anterpolations 
are needed in the aggregations and disaggregations to reduce the workload. Analysis 
shows that when the level number is large, the computational cost of aggregation and 
disaggregation will become very large. The load of every level is of the same order, 
which means that the FMA frame shifts the cost to different levels to improve the general 
performance. As a result, the total dynamic cost will be O(N log N). 

Cost estimation equations and simulation data will be presented in the conference to 
support the above statements derived from the FMA frame analysis. Suggestions on how 
to improve the efficiency of FMA will be provided. 
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Multi-Level Fast Multipole Algorithm for Dielectric Targets 
in the Presence of a General Layered Background 

Wenbin Lin and Lawrence Carin 
Department of Electrical and Computer Engineering 

Duke University 
Box 90291 

Durham, NC 27708-0291 

There are many radar-sensing applications for which one is interested in electromagnetic 
scattering from general dielectric targets embedded in a multi-layered medium, including 
scattering from buried pipes and land mines. Such a analysis may also be applied to 
analyze scattering from a model tree and general surface and subsurface inhomogeneities 
(e.g. rocks). Despite this wide range of applications, there has been relatively little 
research published on rigorously analyzing scattering from general dielectric targets 
embedded in a layered medium, especially for electrically large targets. With regard to an 
integral-equation analysis, the principal challenge in a surface-integral-equation analysis 
involves efficient computation of the layered-medium Green's function, this representing 
a problem of long-term interest. We consider several different techniques for evaluating 
the layered-medium Green's function for dielectric targets, particularly with regard to 
their applicability for the multi-level fast multipole algorithm (MLFMA). 

In this talk we consider the MLFMA analysis of a general dielectric target situated in an 
arbitrary layered medium. Several example results are presented, with comparison to 
reference solutions. Moreover, careful attention is given to the approximations employed 
when evaluating the layered-medium Green's function. In particular, we carefully 
consider the importance of the surface-wave poles and their importance as a function of 
target and layered-medium type. 

0-7803-7846-6/03/$17.00 ©2003 IEEE 679 

iiii 



Multi-Level Fast-Multipole Analysis of Induction Problems 

Xiaolong Dong and Lawrence Carin 
Department of Electrical and Computer Engineering 

Duke University 
Box 90291 

Durham, NC 27708-0291 

The sensing of buried unexploded ordnance is typically performed with magnetometers 
and via electromagnetic induction (EMI). Magnetometers are passive, sensing the 
presence of a subsurface ferrous target by detecting subtle local changes in the earth's 
magnetic field. EMI represents an active sensor, in which low-frequency fields are 
emitted and the scattered fields measured. To mitigate losses in the soil, EMI sensors 
typically operate at kilohertz frequencies. If a buried target is non-ferrous, as are many 
buried unexploded ordnance, for example, then EMI is required (such targets are invisible 
to a magnetometer). 

It is of significant importance to understand the EMI signature of buried metal targets, 
since such a signature is ultimately used for inversion (to determine whether the 
subsurface target is a UXO, or clutter). In this paper we consider the numerical analysis 
of EMI sensing of general conducting and ferrous targets. A frequency-domain 
volumetric integral equation formulation is employed. Since EMI frequencies are 
considered, the target may not be modeled as a perfect electric conductor (e.g. the 
properties of the metal play an important role in the target's EMI signature). 

Although the UXO are typically very small with respect to the EMI wavelength, the 
numerical analysis is very expensive computationally. In particular the size of the 
volumetric basis functions must be small relative to a skin depth. Since the skin depth is 
typically very small relative to the size of the target, the number of unknowns N may 
become quite large, significantly taxing memory and computational resources. We 
therefore analyze the volumetric integral equation by an extension of the fast-multipole 
method to low frequencies. 

The numerical formulation is discussed in detail, and the results of the model are 
compared to measurements. 
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Fast High-Order Solutions for Electromagnetic 
Scattering from Three-Dimensional Bodies 

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

Department of Electrical and Computer Engineering 
University of Illinois 

Urbana, Illinois 61801-2991 

Recent advances in the development of computational methods have made it fea­
sible to obtain fast and accurate solutions for electromagnetic scattering from com­
posite scatterers. The multilevel fast multipole method (MLFMA) is an O(Nlog N) 
algorithm used for reducing the computational complexity of integral equation-based 
methods. Using computers commonly available today, this method can be employed 
to solve large problems in the range of hundreds of thousands of unknowns. The 
main purpose of this paper is to summarize our research in the developement of 
fast and accurate scattering solutions for composite scatterers. Towards this pur­
pose, we have developed two sets of higher-order MLFMA solutions. The first 
set of higher-order solutions are the traditional higher-order solutions employing 
higher-order forms of Rao-Wilton-Glisson (RWG) basis functions that guarantee 
the normal continuity of the expanded unknown current density and the Galerkin's 
method. Consequently, this method can be applied only to well-connected meshes. 
The second set of solutions are based on a set of novel higher-order basis functions 
known as the grid-robust basis functions. These basis functions represent the un­
known electric current density within each patch using the Lagrange interpolation 
polynomials. The Lagrange interpolation points are chosen to be the same as the 
nodes of the higher-order Gaussian quadratures. As a result, the evaluation of the 
integrals in the method of moments (MoM) is greatly simplified when using point­
matching technique. More importantly, these basis functions do not require the side 
of a triangular patch to be entirely shared by another triangular patch; hence, the 
resultant MoM is applicable even to defective meshes. 

The salient features of the two higher-order, MLFMA solutions can be sum­
marized as following: higher-order basis functions are employed in conjuction with 
higher-order geometry description, the Poggio-miller-Chang-Harrington-Wu-Tsai (P 
-MCHW) surface integral formulation is used to handle different dielectric materi­
als, the impedance boundary conditon (IBC) and resisitive sheet condition (RS) 
are incorporated, the MLFMA solutions are MPI-based implementations and hence 
capable of working on distributed memory systems, and an highly efficient pre­
conditioner such as an incomplete LU (ILU) preconditoner is interfaced through a 
standard software package. The higher-order solutions are also applicable to the case 
when mixed-order basis functions (with low-orders on small patches and high-orders 
on large patches) are employed. 
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Abstract 
Electromagnetic wave scattering problems involving electrically large complex 

objects, for example, aircraft, rocket, automobile and spacecraft have been intensively 
investigated with the advancement of the computer. In order to solve large complex objects 
using method of moments (MoM), a surface is discretized into finite elements and the integral 
equations with the unknowns on each finite element are formulated. The resultant matrix 
equation comprises all interactions between field and source points is often solved by iterative 
method like the Conjugate Gradient (CG) method-it takes an extremely long time if especially 
large scattering objects with a large number of unknowns are solved. 

The fast multipole algorithm (FMA) and multilevel fast multipole algorithm 
(MLFMA) are methods to remedy the unprecedented time-consuming calculation by 
diagonalizing the matrix elements expressed by interactions between the field and the source 
points with the assistance of the addition theorem in MoM. In this algorithm, the Green's 
operator is factorized and expressed in more than three steps; aggregation PIi, diagonal 
translation an and disaggregation AI" processes. 

where 

and 

(1)( )_ 1 e2K 
- ( \::: ( \- ( ) Ho kPii - 2" Jo dafJ}I' a)Ul'l a )fJli a 

fJ
- ( ) - -ikpwcos(a-¢ij/") 

ii' a -e ~i (a) = e -ikp/, cos(a-¢i,,) 

(I) 

(2) 

(3) 

Since the Hankel functions have the tendency of divergence, the truncation number P of the 
diagonal translation operator an must be determined carefully in the numerical 
implementation. In order to calculate faster with high precision, the optimum truncation 
number P should be determined as small as possible. The truncation number P is 
conventionally determined by the number of digits of accuracy do. 

Ohnuki and Chew have proposed the novel expression of the number of digits of 
accuracy that is defined by do-d/. The do part stands for the convergence rate of the Bessel 
functions in the multipole expansion. Therefore, this value is determined by the element 
location. For conventional use, the maximum box size equals to the diagonal length of the 
box is chosen to predict the error bound. On the other hand, the d/ part stands for the 
divergence rate of the Hankel function of the diagonal translation operator. This is determined 
by the distance between the two box centers. 

This paper clarifies the relation between the various parameters, for instance, 
truncation number, buffer number, box number, element location, element number. The novel 
truncation number P is determined as the function of not only the element location but also 
the buffer number. The novel truncation number defined by the novel rule is smaller than the 
conventional truncation number. Time reduction by adopting the novel rules together with the 
excellent calculation precision is expected. 
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Computing the Translation Operator by Sampling the Green Function at Low 
Frequencies 

Liang Xuan* and Robert J. Adams 
Electrical & Computer Engineering 

University of Kentucky 
Lexington, KY 40506-0046 

lxuan@uky.edu 

Efficient numerical simulation of integral formulations of electromagnetic problems 
entails the use of a compression algorithm for the underlying Green function. If a 
simulation domain is subdivided into N elements, a traditional discretization of the 
integral equation leads to a linear system of the form Ax = b where A contains O(N2) 
nonzero elements. Several methods have been developed to reduce this cost scaling to 
O(N log N) or less. An important group of these techniques are the Fast Multipole 
Methods (FMMs). The earliest form of the FMM algorithm (Greengard and Rokhlin, 1. 
Compo Phys., 1985) is applicable to low-frequency problems. A more recent FMM 
algorithm, based on a diagonalization of the translation operator, is efficient at higher 
frequencies (Rokhlin, 1. Compo Phys., 1990). 

An important feature of these FMMs is their dependence on a detailed analysis of the 
underlying Green function. The analysis facilitates the numerical implementation of a 
compressed representation of the free-space kernel without sampling the underlying, 
dense operator. Unfortunately, this feature of the FMM also makes it difficult to directly 
extend the method to Green functions which satisfy more general boundary conditions. 

As discussed in separate papers presented at this meeting, a technique has been developed 
which determines a compressed, plane wave representation of the Green function at high 
frequencies using only sparse numerical samples of the Green function. In this 
presentation we will discuss an analogous procedure for compressing the Green function 
at low frequencies. As in the high-frequency algorithm discussed elsewhere, the low­
frequency algorithm discussed here is based on an asymptotic expansion of the Green 
function. The low frequency translation operator is subsequently determined from sparse 
numerical samples of the underlying Green function. 

Asymptotic matching of the high-frequency and low-frequency expansions will be shown 
to yield a uniform compression algorithm for the free-space Green function based only on 
asymptotic representations satisfying the wave equation. The extension of these results 
to Green functions satisfying more general boundary conditions is discussed in a separate 
presen ta ti on. 
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Non-Destructive Fault Location on Aging Aircraft Wiring Networks 
Part 1 - Cost-Optimized Solutions 

By: You Chung Chung**, Chet Lo**, John Mahoney**, Jeremy Pruitt**, Ryan 
Hanks**, Santi Basava**, Cynthia Furse' 

Center of Excellence for Smart Sensors 
University of Utah' and Utah State University** 

50 S. Campus Drive4120 Old Main Hill 
Salt Lake City, Utah 84112 Logan, Utah 84322-4120 

Age-related malfunctioning of wiring infrastructure in aircraft, space vehicles, 
trains, nuclear power plants, high speed data networks, and even the family 
home and car is an area of critical national and international concern. As these 
networks age, the wires become brittle and crack, break, or short circuit, 
sometimes dangerously, sometimes with annoying intermittents. Millions of man 
hours are spent each year trying to locate these faults, and costs from this 
maintenance and the associated down time run into the billions of dollars. The 
problem of locating the faults is notoriously frustrating. When a car will not start 
in the morning, is it a dead battery, corroded connector, broken battery cable, 
alternator, or electrical connection to the alternator? Merely debugging this very 
simple system will take a significant amount of time and a few cases of trial and 
error. Imagine when the complexity of this system is multiplied a hundred-fold, 
and the fault is buried deep within several miles of power distribution wire on an 
aircraft scheduled to depart for Chicago in twenty minutes. 

This paper describes a set of cost-effective sensors that are being applied to 
handheld fault location meters and in situ testing systems for pre-flight fault 
detection and location. Three specific sensor families are described - a 
Frequency Domain Reflectometer, a set of CapaCitance sensors, and a new 
class of Correlation sensors. Several advanced Signal processing methods are 
compared for accuracy, efficiency, and applicability to realistic, noisy, ill-matched, 
lossy aircraft cables with complex loads. A comparison of accuracy, cost, 
complexity, and functionality reveals the most cost-effective solution depending 
on the system requirements. 

These sensors and associated algorithms are tested and compared on a variety 
of realistic wiring platforms including the US Navy's F-18, P3, E-2C, and C2 
aircraft. The system-level design considerations are included to begin to 
understand the most effective method of deploying an in situ network health 
monitoring system. 
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Non-Destructive Fault Location on Aging Aircraft Wiring Networks 
Part 2 - Live Wires in Flight 

By: Paul Smith**, Alyssa Magelby", Deekshit Dosibhatla**, Chet Lo, Cynthia 
Furse", Jacob Gunther** 

Center of Excellence for Smart Sensors 
University of Utah" and Utah State University** 

50 S. Campus Drive4120 Old Main Hill 
Salt Lake City, Utah 84112 Logan, Utah 84322-4120 

Aging aircraft wiring has been identified as an area of critical national concern. 
As the system ages, the wires become brittle and crack, break, or develop short 
circuits. Short circuits, in particular, have been implicated in a variety of smoke 
incidents, in-flight fires, and crashes. Some of these faults are intermittent, 
occurring only sporadically as the physical vibration, stresses, temperatures, 
electrical loads, moisture condensation, etc. change throughout the flight. When 
the plane is on the ground, no fault can be found. These types of problems are 
among the most frustrating for aircraft maintainers, resulting in a typical "no fault 
found" incident taking tens or even hundreds of hours to locate. Some planes 
even remain grounded for extended periods of time until basic electrical systems 
can be fully replaced at great cost and labor. One of the greatest hazards of 
these systems is that they may foreshadow a more serious in flight hazard as a 
small fault grows, yet for all intents and purposes, the system checks out OK. 

This paper describes two systems based on spread spectrum technology that are 
the first known sensors that can actively locate faults on live wires in flight without 
disrupting or interfering with existing 400 Hz power or 1553 data bus signals. 
These systems are found to be highly robust to in-line noise, connection 
mismatches, etc. They provide measurements accurate to within inches or feet 
over several hundred inches of both shielded and unshielded cables. They can 
function accurately within a realistic network environment, and can locate 
intermittent short circuits (wet or dry arc events) in flight. The sensor 
development and testing for realistic situations, algorithms for enhanced data 
processing, and real-time analysis methods are described. 
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Coupled Transmission Lines as a Time-Domain Directional 
Coupler 

CarlE. Baum 
Air Force Research Laboratory 

Directed Energy Directorate 
Kirtland AFB, NM 

Abstract 

Directional couplers are a well-established microwave subject, various 
bibliographies and texts being available. Here our attention is limited to TEM 
transmission-line couplers for their potential time-domain application. This is 
further restricted to uniform two-conductor plus reference transmission lines of 
finite length because, as we shall see, the coupler samples the waveform of 
interest over a time window of twice the transit time in the coupler without 
distorting the waveform. This can be compared to another type of directional 
coupler which senses the time derivative of the waveforms [C. E. Baum, "A 
Sensor for Voltage, Current and Waves in Coaxial Cables", Sensor and 
Simulation Note 447, 2000]. These kinds of directional couplers have application 
to various measurement situations, including measuring the returning transient 
signal in a radar antenna which is also used for transmission of the radar pulse. 
Our general derivation covers previous work with some extension. Note that 
some authors refer to this type of device as a contra-directional coupler. 

Here we show that a traditional type of transmission-line directional coupler can 
be made to operate for temporal waveforms as well. There is a time-window of 
width 2ft during which the coupled waveform is the same as the incident 
waveform times a constant. This requires that, in the simplest operation, 2ft be 
longer than the time duration of the pulse of interest. One can extend this to 
longer times by appropriate data processing, noting the more complete description 
of the scattering-matrix elements. Our general approach to the theory has 
revealed various cases of potential interest. The fully symmetric case (symmetry 
between wires 1 and 2 as well as source and load impedances) with identical 
resistive impedances (cable characteristic impedances) on all four ports gives 
rather simple final answers. There are, however, more general cases that still lead 
to zero transmission form port 1 to port 4 (the directional-coupler criterion) in 4. 

Noting that a transmission-line model is used for the coupler, there are some 
errors in modeling a real such device. In particular, at frequencies high enough 
that radian wavelengths are not large compared to the cross-section dimensions, a 
full wave analysis may be required. Near the ports the abrupt changes in the 
cross-section geometry may make evanescent modes significant there. 
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EXTRACTION OF COMPLEX NATURAL RESONANCES FROM 
RADAR SIGNATURES MEASURED IN TIME DOMAIN 

R. Toribio(\), J. Saillard(l), P. Pouliguen(2) 

(J1Laboratoire IRCCyN, UMR CNRS 6597, division SETRA, Ecole Poly technique de 
Nantes, 

Mt. lRESTE, La Chantrerie 44306 Nantes cedex 3 
Raphael. Toribio@polytech.univ-nantes.tr 

(2IDGAICELAR, BP 7419,35174 Bruz Cedex 

Radar signatures, in the resonance region, can be recognized thanks to their 
Complex Natural Resonance's (CNR's), in the context of the Singularity 
Expansion Method (S.E.M). Hence the time domain response rt ( t ) of a target, 

illuminated by an E.M. wave, can be written as the sum of two terms: 

N 

rt(t} = fe(t}+ LR;eO';t sin(w;t} (1) 
;=1 

The first term fe(t) represents the impulsive behaviour of the signal. 

The second term is the "late time response" which describes all the phenomena 
occurring on the object surface (e.g. creeping waves). It represents the time 
domain area used to determine the CNR's. 
O'j and Wj are respectively the damped coefficient and the resonance pulsation 
of the ilh CNR. R. is the corresponding residue of the ilh CNR. 

t 

CNR's can be extracted in the time domain thanks to some improved versions 
of Prony method, such as TLS Prony or TSD-TLS Prony. In practice all these 
formalisms still remain sensitive to important additional noise. A new approach 
consists in considering a pre-conditioned signal. It can be shown, with analogy 
of High Resolution Techniques, that the use of the auto-correlated signal after 
filtering keeps the late time response properties (sum of damped sinusoids) and 
reduces effects of additional noise. Then, the use of improved Prony methods 
with auto-correlated measured signals increases the accuracy of CNR's 
extraction. 

The presentation will show the benefits of using auto-correlated measured 
signals in order to improve CNR's extraction. The results will be presented 
mainly for conducting canonical targets (dipole, sphere, cylinder, ... ). The 
signatures have been recorded using an UWB laboratory measurement system 
developed by CELAR (French defense organization) in an anechoic chamber. 
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Sequential Quarter-Wave Transmission-Line Transformers 

Carl E. Baum 
Air Force Research Laboratory 

Directed Energy Directorate 
Kirtland AFB, NM 

Abstract 

A recint paper [C. E. Baum, "Nonumiform-Transmission-Line Transformers for 
Fast High-Voltage Transients", Circuit and Electromagnetic System Design Note 
44,2000] considers a quarter-wave trasmission-line transformer for improving the 
matching of a switched oscillator to an antenna with an input impedance in the 
100 Q range. There it was observed that a significant increase could be made in 
the peak voltage (or equivalently, peak power) delivered to the antenna. The 
stored energy in the switched oscillator is, of course, then delivered in a shorter 
time while still approximately maintaining the basic oscillator frequency. 

In stepping up the voltage delivered to the antenna we have the associated 
problem of insulating the antenna input so as to withstand the higher voltage. 
Perhaps it would be better to step up the voltage in a more gradual way so that as 
one progressed away from the reflector focus and the feed arms became farther 
apart the voltage could be allowed to be larger without breakdown. As we shall 
see, this is accompanied by an increase in the transmission-line characteristic 
impedance as one progresses away form the switched oscillator. 

A sequence (cascade) of quarter-wave transmission-line transformers can then 
have some advantages over a single transformer. The voltage is allowed to more 
gradually increase throught the sequence, potentially giving better insulation 
characteristics in some applications. In the limit of a large number of cascaded 
transformers the ensemble gives a version for discrete frequencies comparable to 
a continuously varying transmission-line characterisitc impedance as used for a 
pulse transformer. 
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Analysis and Optimal Design of Vertically and Horizontally 
Corrugated Monopole Antenna 

Dazhi Yang, Yilong Lu * 
School of Electrical and Electronic Engineering 

Nanyang Technological University 
Nanyang Avenue, Singapore 639798 

email: eylu@ntu.edu.sg 

Abstract 

This paper presents the analysis and optimal design of two new types of broadband antennas, 
a vertically corrugated monopole antenna and a horizontally corrugated monopole antenna by 
using the modal expansion analysis and genetic algorithm. The structures of these two antennas 
are shown in Fig. 1. The antennas are fed through infinite grounding plane by coaxial cables with 
the monopole shaped in corrugated form to broaden the bandwidth. Most traditional analyze 
of monopoles are based on method of moments (MOM), for which the impedance results and 
the accuracy are often not satisfactory. The modal expansion analysis technique (Z. Shen and 
R.H. MacPhie, Radio Sci., 5, 1037-1046, 1996 & Z. Shen and R.H. MacPhie, IEEE Trans. on 
Antennas and Propagat., Vol. 49, No. 11, 1525-1531, 2001) is a more accurate and efficient method 
for axis-symmetric cylindrical antenna structures. It is applied in this paper to compute the 
electromagnetic fields and input impedance response of the proposed antennas. To achieve better 

Top-Sleeves Antenna 

(a) Structure of Vertical Corrugated Monopole 
Antenna 

Discs Antenna 

, , , 

! 1 

i 

(b) Structure of Horizontal Corrugated 
Monopole Antenna 

Figure 1: Two Corrugated Monopole Antennas Fed by Coaxial cable 

and more stable bandwidth performance of the desired antennas, the effective Emperor-Selective 
genetic algorithm (EMS-GA)(B K Yeo and Y Lu, IEEE Trans. on Antennas and Propagat., 
Vol. 47, No.5, 823-828, 1999) is applied for automatical optimization. Genetic Algorithms are 
stochastic search and optimization techniques modelled on the mechanics of biological genetics 
and natural evolution. It becomes very popular in optimization of many engineering problems 
today. In EMS-GA, real number vectors associated with the proposed antennas' geometrical 
dimensions are used as the chromosomes. The optimally designed antennas can achieve very wide 
bandwidth. The performance of these two proposed antennas are compared. The effects due to 
the vertical and horizontal corrugates are analyzed and discussed. 
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Design and Radiation Characteristics of Low Profile TM21 Ring Antenna and 
Concentric Linear Monopole Assembly 

Author: 
Court Rossman', Centurion Wireless Technologies, Scotts Valley, CA. 

This report presents the design considerations for a low profile TM2l mode satellite-radio antenna 
at 2.3GHz. A low profile antenna assembly, intended for installation on top of an automobile, is created to 
generate a circular polarized (CP) conical pattern for satellite reception (optimized for geosynchronous 
satellites) and a linear monopole radiation pattern for terrestrial reception. The CP conical pattern is 
generated using a two wavelength ring tuned for the TM2l mode (fig. I) (R. Garg, P. Bhartia, I. Bahl, A. 
Ittipiboon, "Microstrip Antenna Design Handbook", Artech House). A simple low profile CP patch does 
not have a broad enough beamwidth to serve as a satellite antenna for lower elevations. A helix or crossed 
dipole can be used to generate cardioid patterns, but these are taller antennas. 

Top loaded monopole, 
shunt match 

TM2l metal ring 

Mode separator 

LNA shields 

Feed post for Ring 

Substrate with metal ground 

Fig. 1: CP TM2l ring 1 linear monopole (satellite/terrestrial) antenna assembly. 

A design parameter is the width of the ring. Wider is better than thinner for four reasons: First, 
the radiation from a wide-trace ring is dominated by the E fields on the outer edge of the ring, and the gain 
closer to the horizon is greater. The feed point impedance is reduced to a reasonable design value, due to 
the ability to move the feed point inwards from the outer circumference. Finally, the bandwidth is larger 
and the efficiency is better due to the larger effective antenna volume. 

The TM21 ring antenna needs a ground plane. A very small ground plane is better than an infinite 
ground plane for low elevation gain (fig. 2). An infinite ground plane prohibits CP radiation along the 
horizon. Smaller ground planes can be used on fiberglass trucks or front dashboards. The gain at low 
elevation can also be increased (better than most other antennas) by placing the ring on a metal pedestal, 
due to imaging effects (fig. 3). 

Fig. 2: Satellite pattern using 20 inch and 4.4'iilch diameter 
ground plane. 
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Wideband Low-Profile Canted Antennas for Array Applications 

J. T. Bemhard*, B. Herting, P. Mayes, N. Chen, and E. Michielssen 
Electromagnetics Laboratory and Center for Computational Electromagnetics 

Department of Electrical and Computer Engineering 
University of Illinois at Urbana-Champaign, Urbana, IL 61801 

jbemhar@uiuc.edu 

Planar microstrip antennas revolutionized phased array technology decades ago. To 
enable the next levels of array functionality, however, new array elements with expanded 
capabilities and appropriate array strategies are required to operate over wide frequency 
bands. While patch antennas have many desirable characteristics, their narrow 
impedance bandwidths make them unsuitable for wideband applications. Common 
wideband antennas, on the other hand, promise increased bandwidth, but at the expense 
of greater physical size and/or reduced gain. This situation captures a fundamental 
physical limitation analogous to the gain-bandwidth tradeoff in electrical networks. In 
the case of antennas, this limitation is defined by gain-bandwidth and size. Therefore, in 
order to increase significantly the bandwidth of low-profile antennas, the effective 
volume occupied by the antenna structure must be increased. There are two alternatives: 
(a) increase the height, or (b) increase the lateral dimensions. These choices have 
implications not only for antenna design but also attainable array performance. 

A number of groups are pursuing wideband and ultra-wideband antenna arrays. The 
motivation for this research is the ability to use one antenna aperture for a number of 
applications across a large frequency spectrum, reducing the number of antennas on 
platforms such as satellites, vehicles, and ships. Most often, variants of TEM horns or 
Vivaldi tapered slot antennas are implemented and do provide very wide band operation. 
However, these antennas are not applicable in many scenarios due to their large 
thickness, complicated and labor-intensive feed networks, and considerable weight. 

Figure 1: Non-resonant canted 
sector antenna. 

In this presentation, we will describe 
experimental and simulation results on a family 
of low-profile antennas (non-resonant canted 
sectors - a single element is depicted in Figure 
1) intended for wideband applications where 
traditional periodic patch antenna arrays 
severely limit performance. The results will 
illustrate compromises between the total height 
of the antenna above the ground plane, 
achievable impedance bandwidth, and radiation 

characteristics. Current designs show promise with over £10% jn~ntaneous bandwidths 
intain useful broadside radiation erforrnance. Simulation strategIes, solutions for 

fabrication of these low-pro I e structures (similar to those described in J.-C. Langer et 
ai., IEEE Microwave and Wireless Components Letters, 3, 2003) and the development of 
related structures that ameliorate the poor broadside radiation characteristics as frequency 
increases will also be discussed. 
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The present work has been developed in a recent cooperation between the University 
ofROMA TRE and Alenia Spazio (ALS). 
ALS has been and is currently involved in National, European and International 
programs on Remote Sensing, Telecommunications and Science applications from 
UHF up to Ka band frequencies. In that frame, one of the main activities of the ALS 
Antenna Department is the design of planar array antennas using microstrip 
technology. Typical antenna designs for space applications have to match the 
following requirements: impedance bandwidth, gain, radiation pattern polarization 
purity or ellipticity bandwidth (in case of circular polarization), coverage requirements 
(shaped beams), port-to-port isolation (mutual coupling in case of arrays), low weight 
and low profile, structure stifihess, thermal stability, easy technology and 
manufacturing repeatability. In order to accomplish the previous constraints, a wide 
typology of patch antennas can be designed and the choice of the final radiator has 
been derived after a trade-off evaluation. For example, impedance bandwidth 
requirements can be achieved in some cases using a stacked patch configuration 
through direct feeding, aperture feeding (COSMO-SKYMED program), 
electromagnetic coupling feeding (WRAS and LAGRANGE programs); weight 
requirements can be matched using Kapton-Kevlar materials (MARE-SS, SICRAL 
program); polarization purity can be optimised with sequential rotation techniques 
(WRAS program). In that scenario, the design of new patch antenna layouts exhibiting 
enhanced electrical and mechanical performances with respect to standard microstrip 
radiators can be considered as a challenging aspect for the electrical engineer. From 
that point of view, the present work deals with the design of a novel patch radiator for 
both array and "stand-alone" configuration. More in detail, the design refers to slotted 
patch antennas, with linear or circular polarization features and fed by probes or 
microstrip lines. The slots etched on the patch surface increase the design freedom 
degrees (shape, allocation and size of the slots) with respect to standard microstrip 
radiators and permit the control of the antenna resonant frequencies, impedance 
bandwidth, surface current densities, radiation pattern, through a proper design. 
Particularly, the obtained features of the proposed antennas are broadband or multi­
frequency operation, working frequency shift, antenna compactness and mass saving. 
The electrical design of such radiators have been performed by a numerical code 
implemented by the University of Roma Tre. This tool is based on a rigorous full­
wave Electric Filed Integral Equation (EFIE) approach developed in the spectral 
domain and assisted by a combined Genetic Algorithm (GA) - Method of Moments 
(MoM) optimisation module allowing a very fast, easy and accurate design of slotted 
patches matching some prescribed requirements. The numerical results obtained 
through this code have been compared with those of commercial software employing 
the same theoretical method (e.g. Ensemble) and with measured data. 
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A Planar Dual-Band 
Reduced-Surface-Wave GPS Antenna 

Lorena I. Basilio, Richard L. Chen, Jeffery T. Williams, and David R. Jackson 

Applied Electromagnetics Laboratory 
Department of Electrical Engineering 

University of Houston 
Houston, Texas 77204-4005 

A significant contributor to positioning errors in GPS systems is the interference caused 
by multi path reflections. Particularly problematic are multipath signals that impinge on 
the antenna at low elevation angles and those that are a result of ground reflections or 
scattering from the supporting structure of the antenna. Attempts to reduce these effects 
by using "choke-ring" ground planes, coating the ground plane with resistive or 
absorbing materials, and using sophisticated signal-processing techniques have proved to 
be only moderately successful and often introduce significant cost or weight. 

Recently, a single-band GPS microstrip antenna design, based on the Reduced-Surface­
Wave (RSW) concept, was introduced. This RSW-GPS antenna significantly reduces the 
deleterious effects of low-angle and ground-bounce multipath signals. In addition to 
having the advantages common to microstrip antennas, this GPS antenna design provides 
performance comparable to or better than most commonly used high-precision GPS 
antennas, including choke-ring and pinwheel designs. 

For many high-precision GPS applications it is necessary to simultaneously receive the 
coded GPS signals at both the L1 and L2 frequency bands. In addition, with the 
emergence of other GPS bands and the Galileo global positioning system, dual­
systemlband receivers and, hence, suitable dual-band antennas are required. 
Unfortunately, the narrow bandwidth of the single-band RSW-GPS antenna is not 
sufficient to cover the multiple bands. In this presentation a planar dual-band RSW GPS 
microstrip patch design is introduced for high-precision dual-systemlband applications. 
This antenna integrates two RSW elements, each operating at different bands, to realize 
dual-band performance. 

The integration is achieved by the development of a new inverted RSW element (IRSW) 
that is complimentary in geometry to the original RSW structure (the radiating edge of 
the IRSW is the inner edge, and a short-circuit boundary is used at the outer edge). As 
with the original RSW design, this new IRSW element is based upon the reduced surface 
wave principle. The RSW antenna is placed inside the IRSW antenna, allowing for a 
completely planar design that can be fed by a single feed network. Due to the inherent 
reduced surface wave properties of both elements, the impedance and radiation properties 
of the individual elements are largely unaffected by the presence of the other. In this 
presentation, the RSW design principles will be reviewed and specifically applied to the 
new IRSW element, for which impedance and radiation properties will be shown. The 
integrated dual-band RSW GPS antenna will then be introduced and characterized. 
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A Comparison Between the Currents of a Multi-Mode 
Spiral on Planar and Curved Surfaces 

G. A. Thiele*, R. P. Penno, and S. W. Schneider 
AFRLISNRR, WP AFB, OH 

A planar 4-arm spiral is capable of multi-mode operation (i.e., 3 modes). It has 
been previously shown that a single planar multi-mode spiral can be used for 
angle of arrival (AOA) estimation. Comparison of the phases of the mode­
former outputs produces an estimate of the azimuth, which is often the primary 
angle of interest. Best phase accuracy is obtained when the highest order mode 
(e.g., mode 3) is used because it has the highest rate of phase change with angle. 
However, mode three phase has a phase ambiguity and that is resolved using the 
mode 1 (lowest order mode) phase output. Comparison of the magnitudes of 
the various modal outputs yields an estimate of the elevation angle. 

For a planar multi-mode spiral, the magnitude and phases of the modal outputs 
have been accurately calculated and confirmed by measurement over a 
hemispherical range of angles. However, in many applications it is desirable, if 
not necessary, to conform the spiral to a curved surface such as that of a 
cylinder with circular cross-section. In order to use the multi-mode spiral for 
AOA in this situation, the changes in the magnitudes and phases of the modal 
outputs, from those in the planar case, must be known or predictable. It is the 
purpose of this paper to show such changes and how they affect the usefulness 
of the multi-mode spiral for AOA when conformed to the surface of a circular 
cylinder. 

To be presented at the 2003 URSI North American Radio Science Meeting, June 22-27, 
Columbus, OH 

I) Commission B, suggested Session B 1.5, Mechanical Distortion Effects in Arrays and 
Reflectors 

2) New knowledge: How conforming a multi-mode spiral to a curved surface affects its 
performance in an AOA application. 

3) Relationship to previous work: It is an extension of recent work at WPAFB in the 
development of a wideband AOA system. 
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Stability of the Time Domain Finite Element Method 

Thomas Rylander' and Jian-Ming Jin 
Center for Computational Electromagnetics 

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

Urbana, Illinois 61801-2991 

The finite element method (FEM) formulated in the time domain is attractive 
for devices with complex geometry in three dimensions where an accurate result is 
required in a wide frequency band. For time domain computations in general, it is 
well known that a numerically stable time-stepping scheme is necessary for reliable 
results. This talk features stability issues related to the time domain FEM. 

The talk will include a review of some recent results on the stability of explicit­
implicit hybrid time-stepping schemes for Maxwell's equations (Thomas Rylander 
and Anders Bondeson, "Stability of explicit-implicit hybrid time-stepping schemes 
for Maxwell's equations," J. of Comput. Phys., vol. 179, no. 2, pp. 426-438, July, 
2002). The recently developed and new hybrid scheme combines the efficiency of 
the finite-difference time-domain (FDTD) scheme with the ability of the FEM to 
model complex boundaries. In fact, the FDTD scheme can be deduced by FEM 
techniques, i.e. edge elements on cubes with lumping by trapezoidal integration, 
and consequently the hybrid method can be considered as a pure FEM. The hybrid 
method is derived by applying the Galerkin's method to the self-adjoint Maxwell's 
equation. This implies that the discretized "\7 x j1-1\7x"- and "E"-operators are 
real symmetric semi-positive definite and positive definite matrices, respectively. 
The eigenvalues k2 of the corresponding eigenvalue problem are therefore real and 
non-negative which is necessary for stability. In fact, the hybrid algorithm is stable 
for time steps up to the stability limit of the FDTD without added dissipation and 
the proof of stability will be presented during the talk. The hybrid scheme is free 
from spurious solutions. 

We are currently working toward a generalization of this proof of stability, which 
is intended to include the recently developed conformal perfectly matched layers for 
the time domain FEM (Thomas Rylander and Jian-Ming Jin, "Conformal Perfectly 
Matched Layers for the Finite Element Method in the Time Domain," submitted 
to 2003 IEEE AP-S International Symposium). The status of this work will be 
reported during the talk. 
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Solving Radiation Problem with EFIE in Time Domain 
Using Laguerre Polynomials 

lZhong Ji, Tapan K. Sarkar, and 2Baek Ho Jung 

IDepartment of Electrical Engineering and Computer Science 
Syracuse University, Syracuse, NY 13244 

E-mail: zji@syr.edu, tksarkar@syr.edu 
2Department of Information and Communication Engineering 

Hoseo University, Asan 336-795, Korea 
E-mail: bhjung@office.hoseo.ac.kr 

A time-domain electric field integral equation (TD-EFIE) is presented to obtain the 

radiation from arbitrarily shaped three-dimensional (3D) open conducting bodies. 

The most popular method to solve a TD-EFIE is the marching-on in time (MOT) 

method using triangular patches and vector basis functions. The TD-EFIE with the MOT 

method suffers from its late-time instability, which usually takes the form of an 

exponentially increasing oscillation that alternates in sign at each time step. Instead, we 

solve the wave equation by expressing the transient behaviors in terms of Laguerre 

polynomials. By using these orthonomal basis functions for the temporal variation, the 

time derivatives can be handled analytically. Since these weighted Laguerre polynomials 

converge to zero as time progresses, the induced electric currents when expanded in a 

series of weighted Laguerre polynomials also converge to zero. In order to solve the wave 

equation, we introduce two separate testing procedures, a spatial and temporal testing. By 

introducing first the temporal testing procedure, the marching-on in time procedure is 

replaced by a recursive relation between the different orders of the weighted Laguerre 

polynomials. The other novelty of this approach is that through the use of the entire 

domain Laguerre polynomials for the expansion of the temporal variation of the current, 

the spatial and the temporal variables can be separated. 

In this paper, an unconditionally stable solution for the TD-EFIE algorithm has been' 

proposed for calculating radiation of 3D arbitrarily shaped open conducting structures. To model 

arbitrarily shaped structures, triangular patch modeling has been employed to provide more 

flexibility. A marching-on-in-order method is used to solve the TD-EFIE with weighted Laguerre 

polynomials. Numerical results are presented, which show the validity of the presented 

methodology. 
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Time Domain Finite Element Method using Laguerre Polynomials 

as Temporal Basis Functions 

Young-Seek Chung§, Tapan Kumar Sarkar*, and Baek Ho Jung** 
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Chungnam 336-795, Korea 
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In recent times, the finite element method in time domain (FETD) has been introduced to 

analyze transient electromagnetic problems. By introducing triangular or tetrahedral 

elements in two or three-dimensional problem, it is easy to apply the FETD method to 

highly complex shaped models. And by using the Newmark-Beta method, one can obtain 

an unconditionally stable FETD formulation. By introducing the Newmark-Beta method, 

although one can eliminate the limitation of time step, the larger value of the time step 

causes larger numerical error. 

In this paper, we propose a new unconditionally stable solution procedure for the FETD 

method using weighted Laguerre polynomials as temporal basis and testing functions. By 

introducing the temporal testing procedure, instead of the marching-on in time technique, 

we introduce the marching-on in order of the temporal functions. Therefore, we can obtain 

the unknown coefficients for the basis functions from the dh order to the Nt order by 

solving recursively the proposed new FETD. And also, the proposed method produces the 

same banded sparse system matrix as the conventional FETD method, which is independent 

of the order of temporal basis functions. So, assembling this sparse system matrix only once 

as like the conventional FETD method with the Newmark-Beta method, we can obtain the 

transient electromagnetic fields. Considering the bandwidth and the time interval, we can 

calculate the minimum number of the temporal basis functions. Numerical results are 

presented to illustrate the validity of this algorithm. 
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Temporal Basis of Weighted Laguerre Polynomials in 
Finite Element Method 
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The finite element method in time-domain (FETD) provides a direct way of solving 
transient electromagnetic problems. Also, FETD allows analysis of complex structures 
better than other numerical methods. The time-domain analysis has been usually done 
with a marching-on time scheme that requires much computation time if the 
electromagnetic problem is large and many time steps are required. 

In this work, a scheme based on temporal basis functions is presented. By using a 
temporal basis, the transient behavior of the unknown function of the electromagnetic 
problem is described by a set of coefficients. In this paper the chosen basis functions 
are weighted Laguerre polynomials with increasing orders. The advantage of this 
election is that the coefficients of the derivative of a function can be handled 
analytically from the coefficients of the original function. This fact allows the 
replacement of the marching on time schemes of classical FETD methods by a 
recursive relation between the coefficients of different orders. The result of this 
procedure is a matrix linear system with different right hand vectors for each 
coefficient of the unknown function but with the same matrix of the linear system. 
Therefore the computation of all coefficients can be done very efficiently. 

Two-dimensional and three-dimensional scattering problems are presented in order to 
show the efficiency and the accuracy of this numerical technique. Among the two­
dimensional problems the incidence of a planar wave over a metallic and dielectric 
cylinder of infinite length is studied. The scattered electromagnetic field produced by 
the incidence of a planar wave over a metallic and dielectric cube is studied in order to 
test the numerical procedure in three-dimensional problems. In all cases a gaussian 
pulse is used to model the temporal variation of the incident electromagnetic wave. 

The results are compared with other electromagnetic analysis tools and the agreement 
is excellent. 
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A Penalty Method for Multidomain Pseudospectral 
Time-Domain (PSTD) Algorithm 

Gang Zhao* and Qing Huo Liu 
Department of Electrical and Computer Engineering 

Duke University 
Durham, North Carolina 27708 

The pseudospectral time-domain (PSTD) method has demonstrated significant advan­
tages over the finite difference time-domain (FDTD) method due to its less sampling density 
and higher-order accuracy. However, traditional pseudospectral methods with a fixed global 
distribution of grid points suffer from an intensive computational burden and severe time­
step (.6.t) restriction when solving problems with strong internal inhomogeneities. This leads 
to the need for development of multidomain approaches. 

Previously, we have implemented the 3-D multidomain PSTD algorithm built on a 3-D 
hexahedral mesh accurately conformal to the problem geometry. The multidomain strategy 
allows for a flexible treatment of strongly localized features and avoids the intensive opera­
tions on the global domain. We have shown the versatility of the multidomain PSTD method 
for the simulation of inhomogeneous and conductive media (G. Zhao and Q. H. Liu, IEEE 
Microwave Wireless Compon. Lett., in press). 

In spite of its flexibility, the multi domain scheme requires an extra computational step, 
namely subdomain patching, to reconcile the field values at the interface of nonoverlapping 
sub domains. To this end, the characteristic and physical boundary conditions have been 
developed for the multidomain PSTD algorithm. However, none of these techniques natu­
rally guarantees that the updated fields at the interface still satisfy the original Maxwell's 
differential equations. Besides, the sequence of patching is dependent on the indexing of sub­
domains, which can incur singularity problems at the locations of edge and corner, resulting 
in a potential accuracy and stability degradation. Therefore, a stable and accurate patching 
technique is called for to bring the advantage of the PSTD method into full play. 

The penalty method (J. Hesthaven and D. Gottlieb, SIAM 1. Sci. Comput., 17,579-612, 
1996) seeks for the compromise between the boundary conditions and the equation itself by 
weakly enforcing the boundary conditions as a penalty term to the equation. This approach 
has been proved to be asymptotically stable, and has been successfully applied to the finite 
element method. In this work, we apply the penalty method to our previously developed 
multidomain PSTD algorithm, to achieve a stable and accurate interface patching technique. 
This will increase the robustness of the PSTD method, and further broaden its application 
areas. 
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Comparison of High-order Spectral Element and 
Finite Difference Methods for Electromagnetic Wave 

Propagation 
Martin Sjogren, Jan Nordstrom, Uppsala University, Swedish Defence Research Agency 

As the demands on accuracy increase for complicated problems in electromagnetics, the 
focus naturally turns to higher-order numerical methods, two of which have been vali­
dated, evaluated and compared in this paper. 

The first time-domain method is the unstructured spectral element method, a type of 
discontinuous Galerkin method based on a collection of elements, on which Lagrangian 
polynomials of varying order act as basis functions. The second type of method is 
the finite difference time domain scheme. This method is based on a structured grid, 
and deals with discontinuities by means of a penalty procedure similar to the one used 
in the spectral element method. In both cases, a high-order Runge-Kutta scheme is 
implemented for the time development. 

Emphasizing efficiency and long-time stability, a comparison of the spectral element and 
finite difference methods has been carried out in a two-dimensional reflection-refraction 
situation where a plane electromagnetic wave encounters a dielectric material disconti­
nuity. In the paper, this comparison is discussed in detail. 

For both methods, the use of proper characteristic boundary conditions ensures an error­
boundedness in time which is necessary in calculations that run over long periods of time. 
The finite difference scheme also proves to be about a factor of 5 more efficient than the 
spectral scheme. However, this Cartesian sample problem is more or less tailored for 
finite differences. A more complicated geometry would favor the spectral scheme, mainly 
because of the relative ease of constructing an unstructured grid for such a geometry. 

We also relate this comparison to problems closer to real life by considering a full-size 
radar scattering calculation on a 7 m generic missile. With the spectral element method 
and an incoming radiation of 1 GH z, the calculation took about 30 CPU-hours. This 
and corresponding calculations are also discussed in the paper. 
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Several time domain formulations have been presented for the solution of the 
electromagnetic scattering from arbitrarily shaped 3-D structures using triangular patch 
modeling technique. For the solution of a time-domain integral equation, the marching-on 
in time (MOT) method is usually employed. A serious drawback of this algorithm is the 
occurrence of late-time instabilities in the form of high frequency oscillation. In this paper, 
we present a new technique to obtain stable responses of the time-domain electric field 
integral equation (TD-EFIE) for arbitrarily shaped 3-D dielectric objects using Laguerre 
polynomials as temporal basis functions. 

The Laguerre series are defined only over the interval from zero to infinity, and hence, 
are considered to be more suited for the transient problem, as they naturally enforce 
causality. Using the Laguerre polynomials, we construct a set of orthonormal basis 
functions. Transient quantities that are functions of time can be spanned in terms of these 
orthogonal basis functions. The temporal basis functions used in this work are completely 
convergent to zero as time increases to infinity. Therefore, transient response spanned by 
these basis functions is also convergent to zero as time progresses. Using Galerkin's 
method, we introduce a temporal testing procedure, which is similar to the spatial testing 
procedure of the method of moments. By applying the temporal testing to the TD-EFIE, we 
can eliminate the numerical instabilities. Instead of the MOT procedure, we employ a 
marching-on in-degree procedure by increasing the degree of the temporal testing functions. 
Therefore, we can obtain the unknown coefficients of the expansion by solving a matrix 
equation recursively with a finite number of basis functions. 

Transient equivalent currents and far field obtained by the method presented in this paper 
are accurate and stable. The agreement between the solutions obtained using the proposed 
method and the IDFT of the frequency-domain solution is excellent. 
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Non-uniform Grid Time Domain Approach for 
Fast Multilevel Evaluation of Transient Fields 
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We consider the problem of analyzing scattering from an open three-dimensional 
perfectly conducting surface through the Marching On in Time (MOT) based solution 
of a time domain electric field integral equation. Each MOT step requires evaluation 
of the electric field generated by all historic surface currents. The number of field and 
current sampling points on the surface is proportional to its electrical dimensions, i.e., 
of O(N) where N = (kR)2, where R denotes the radius of the smallest sphere 
circumscribing the scatterer and k is the wavenumber at the highest frequency present 
in the incident field. The straightforward evaluation of the instantaneous field at O(N) 
spatial observation points by surface integration, which requires the summation of 
O(N) partial fields for each observer, amounts to O(N2) operations. This high 
computational burden underscores the need for using fast field evaluation techniques. 

In this paper, we develop a novel non-uniform grid time domain (NGTD) technique 
that facilitates the numerically efficient evaluation of the field produced by a given 
current distribution. The algorithm is based on the observation that, locally, the delay 
compensated field radiated by a finite size source is an essentially bandlimited function 
of the angular and radial coordinates of the source centered spherical coordinate 
system. The angular bandwidth is proportional to the linear dimensions of the source, 
while the local bandwidth with respect to the radial distance decreases rapidly with the 
distance. Therefore, the radiated field can be sampled on a non-uniform spherical grid 
with radial density decreasing with the distance from the source. The total number of 
grid points is proportional to the source region dimensions. 

With this in mind, we introduce a multilevel algorithm based upon a hierarchical 
decomposition of the scatterer surface into subdomains. At each level, the domain 
decomposition proceeds by subdividing each parent domain into a number of 
subdomains. At the finest level, for each small subdomain, radiated fields are 
computed directly at a small number of points of a very coarse non-uniform spherical 
grid. Next, the fields of each group of adjacent subdomains are aggregated into those 
of the parent subdomain and defined over a finer non-uniform grid. Transition from 
coarse to fine grids is effected by interpolation. The time delay common to all source 
points in a given subdomain is removed from the field prior to interpolation, thus 
rendering the field a slowly varying function of the spatial variables in the retarded 
time domain. Following the interpolation step, delays are restored and partial fields 
aggregated. At the highest level, the fields are interpolated to the scatterer surface. 
The proposed multilevel algorithm attains an asymptotic complexity of O(NlogNJ. 

A high-order accurate multilevel implementation of the NGTD scheme will be 
presented. Its performance will be compared to that of the established plane wave time 
domain algorithm in terms of both CPU time and memory consumption. 
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University of Illinois at Urbana-Champaign Universita di Siena 

Urbana, IL 61801, USA 53100 Siena, Italy 
tDept. EeE, Michigan State University 

East Lansing, MI 48824, USA 

A fast time domain integral equation (TDIE) based solver pertinent to the analysis of 
transient scattering from doubly periodic, perfect electrically conducting (PEC) structures, is 
presented. The proposed solver relies on a fast scheme for evaluating transient electromagnetic 
fields generated by doubly periodic and temporally bandlimited source distributions that hinges 
on Floquet decomposition concepts as well as more classical accelerators. 

Transient scattering from doubly periodic structures traditionally has been analyzed using 
finite difference methods. Unfortunately, when the structure under study is obliquely excited, 
classically constructed finite-difference solvers require future fields values, i.e., noncausal data, to 
update current ones, and therefore cannot be applied. Most fixes to this problem are either hard 
to implement or limited in scope. A recently developed TDIE-based solver resolved the issue of 
noncausality through the introduction of time-shifted temporal basis functions and a prolate-like 
extrapolation scheme for bandlimited signals [N.-W. Chen, B. Shanker and E. Michielssen, lEE 
Proceeding-Microwaves Antennas & Propagation., 2002, in press]. Unfortunately, this solver is 
computational expensive in the sense that its computational cost scales as O( N; Ni) , where N, 
and N, denote the number of spatial basis functions describing the currents on PEC elements in 
the mothercell-viz. where the integral equation is being enforced-and the number of time steps 
in the analysis, respectively. This scaling law precludes the application of this solver to the 
analysis of complicated structures. 

The computational cost of this solver can be attributed largely to its need to evaluate the 
scattered field, viz. the field radiated by the currents on the periodic structure, for every time step. 
The proposed fast TDIE-based solver reduces this cost by expressing the scattered field in terms 
of time domain Floquet waves. Only a small number of Floquet waves suffices to represent the 
field provided that it is generated by quiescent bandlimited sources. The Floquet waves therefore 
cannot account for fields produced by sources in the immediate vicinity of the mothercell. As a 
result, fields in the mothercell are split into two components. First, there are the fields associated 
with sources in cells in its immediate vicinity: they are evaluated classically, using a low­
frequency plane wave time domain algorithm [K. Aygiin et al., Proc. Int. Con! in 
Electromagnetics in Advanced Applications. 769-782. 2002], or by a time domain AIM scheme [A. 
Yilmaz et al., IEEE APS Symp. Dig., 166-169,2002]. Second, there are the fields produced by 
sources that do not reside in the immediate vicinity of the mothercell: they are evaluated using the 
aforementioned Floquet expansion. By doing so, the computational complexity of the scheme 
scales as O(NmodeN,N,log2 N,) where Nmode denotes the number of modes used in the Floquet 
expansion. Numerical results that demonstrate the efficiency and accuracy of the proposed 
scheme will be presented. 
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Integral Method 
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2 2120 Engineering Building, Department of Electrical and Computer Engineering, Michigan State 
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While time domain surface integral equation formulations typically lead to the most 
efficient methods for analyzing scattering from nonpenetrable or homogenous penetrable 
objects, their volume extensions are required when modeling inhomogenous scatterers 
(N. T. Gres et ai., Radio Sci. 36(3), 379-386, 2001). When compared to differential 
equation solvers, such as those based on the finite-difference time-domain (FDTD) 
method, volume integral equation solvers inherit most advantages of their surface 
counterparts. In particular, they (i) implicitly impose the radiation condition, (ii) do not 
discretize space around the scatterer, (iii) do not suffer from phase dispersion errors, (iv) 
do not constrain the time-step size by the spatial discretization dimensions (K. Aygiin et 
ai., Int. J. Num. Mod.: Elect. Net. Dev. & Fields 15,439-457,2002), and (v) because of 
all of the above, typically require fewer unknowns for a given accuracy. Despite all these 
features, the high computational complexity and memory requirements of classical 
marching-on-in-time algorithm (MOT) based integral equation solvers render them 
unpopular compared to differential equation solvers. Indeed, classical MOT 
computational complexity and storage requirements scale as O(NtN3) and O(N3) , 
whereas FDTD simulations typically require O(N!N~) operations and O(N~) storage. 
Here Nt and N v are the number of MOT time steps and spatial vector basis functions 
(typically the volumetric rooftop basis functions), and N; and N~ are the number of 
FDTD time steps and grid points such that both solvers simulate fields throughout the 
scatterer for the same duration and with similar accuracies. 

Recently, the time domain counterpart of the adaptive integral method (TD-AIM) for 
accelerating the solution of time domain surface integral equations has been developed. 
TD-AIM pre-corrects near-field interactions and efficiently computes far-field 
interactions through multilevel space-time fast Fourier transforms. The fast Fourier 
transforms are facilitated by an auxiliary (volumetric) uniform mesh that contains the 
scatterer (unlike the FDTD grid, this mesh does not extend beyond the scatterer since 
there is no explicit termination by absorbing boundary conditions). When applied to 
quasi-planar scatterers the TD-AIM algorithm achieves linear complexity (within a 
logarithmic factor) for surface integral equations. In this work, TD-AIM is extended to 
volume integral equations, where it also achieves near-linear complexity. Specifically, 
the computational complexity and memory requirements of TD-AIM for the solution of 
volume integral equations are O(NtNclog(NgNc)logNg) and O(NgNc) , respectively, 
where Nc is the number of nodes on the uniform mesh and N g is the maximum transit 
time in time steps across the scatterer (i.e., the length of the current history that has to be 
stored). For volume integral equations, Ng - NJ/3 and Nc - N v . 
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Discrete Wavelet Transform Compression for Time Domain Integral Equations 

Ali E. Yllmaz*, Jian-Ming Jin, and Eric Michielssen 
Center for Computational Electromagnetics 

Department of Electrical and Computer Engineering 
University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA 

In recent years, various fast algorithms for accelerating the solution of time domain 
integral equations (TDIEs) have been proposed. Multilevel space-time FFT -based 
algorithms for accelerating TDIE solution schemes are particularly promising because 
they apply not only to free-space problems, but also, with minimal modifications, to 
layered, lossy, and dispersive media problems without significant increase in 
computational complexity. Whenever the Green's function has a temporal tail, the 
classical marching-on-in-time (MOT) analysis of a scattering problem requires O(NtNl) 

memory and O(N/Nl) operations for Nt simulation time steps and Ns spatial samples. 
FFT-based algorithms, on the other hand, exploit the space-time translational invariance 
of the integral kernel and reduce this memory requirement to O(N,Nc) and the 
computational complexity to O(N,Nclog(N,Nc)logN,). Here Nc is either Ns for 
uniform scatterer discretizations, or the numbers of nodes on an auxiliary projection mesh 
for nonuniform discretizations. 

In practice, when the scatterer grows electrically large, the bottleneck of FFT -accelerated 
TDIE solvers is their storage requirement. While the overall memory requirement is 
better than that of classical MOT solvers (Nc grows as at most N;/2), the dependence on 
N, limits the duration of the analysis, thereby constraining the applicability of these 
methods to nonresonant scenarios. Here, we report on a discrete wavelet transform-based 
compression scheme that reduces the memory appetite of both classical MOT solvers and 
their FFT-based accelerators. In contrast to previous efforts to reduce the memory 
requirements ofTDIE solvers-in which wavelets were used to compress either the MOT 
spatial memory demands or the spatio-temporal memory demands of global solvers­
here, wavelets are used to efficiently compress temporal waveforms within an MOT 
framework. Such compression is possible because, for example, typical MOT solvers 
require the current waveforms to be heavily oversampled to obtain accurate solutions. 
However, this high sampling rate is not required to store past current values; in the end, 
they are represented by bandlimited waveforms. Specifically, while O(NtNc) distinct 
values are required by the FFT-accelerated TDIE solvers (to store the impedance 
matrices, current history, and partially computed future field values), these values are not 
needed at all Nc space- and N, time-points simultaneously. For example, at each spatial 
point the known current values can be uncompressed right before they are needed and 
compressed right after they are used. If this procedure were repeated at each time step, 
however, its complexity would be of O(NcN,2). Rather, a multilevel compression 
scheme is used that in structure matches the treatment of temporal FFTs in FFT­
accelerated solvers: progressively larger blocks of currents are compressed at larger time­
steps, and the larger the block the less often it is compressed. This leads to a complexity 
of O(NcN, 10gN,) for the compression scheme. 
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Time domain integral equation (TDlE) solvers, while ideal candidates for analyzing 
broadband/nonlinear electromagnetic phenomena, rapidly become impractical for 
large-scale simulations because of their high computational complexity and memory 
requirements. Various fast algorithms have recently been proposed to overcome the 
computational burden of classical marching-on-in-time (MOT) solution of TDIEs. One 
such algorithm, the multilevel plane wave time domain (PWTD) method dramatically 
accelerates the solution for analysis of arbitrarily shaped scatterers (B. Shanker et aI., 
IEEE Trans. Antennas Propagat., to appear in Jan. 2003). In a PWTD enhanced MOT 
solver, at each time step, the computation of the fields (due to the previously calculated 
currents) is performed in two stages: The "near-field" interactions are evaluated 
directly; the "far-field" interactions are calculated by the PWTD algorithm by 
expressing the fields in terms of plane waves and efficiently propagating them using 
diagonal translation operators. To date, the PWTD-augmented MOT solvers have been 
successfully applied to accelerating analysis of large-scale scattering, radiation, 
electromagnetic compatibility, etc. on serial computing platforms. 

Here a parallel paradigm is proposed to further increase the capabilities of the PWTD­
accelerated MOT solvers. The efficiency of the parallel solver is directly related to the 
balanced distribution of the computational load and memory requirements among 
multiple processors. In the proposed scheme, the near-field computations are evaluated 
in parallel in a straightforward manner, whereas the far-field computations are 
distributed using a hybrid spatial/angular partitioning scheme. At the lower levels of 
the PWTD algorithm, the unknowns are divided among the processors according to 
their spatial locations, whereas higher-level plane waves are distributed according to 
their angles. The proposed scheme has been implemented on a distributed memory 
parallel cluster using the massage passing interface (MPI) for inter-processor 
communication and applied to a range of transient scattering problems to verify its 
accuracy and efficiency. Computational complexity, parallel speed-up, and timing 
results of these problems will be presented at the conference. In parallel to the above 
effort, a parallel FFr-based algorithm, the time domain adaptive integral method (TD­
AIM), has been developed (A. E. Yllmaz et aI., URSI Digest, 319, 2002). The second 
goal of this study is to give a thorough comparison of the TD-AIM and the multilevel 
PWTD algorithms in terms of their parallelization, and their theoretical and practical 
limitations. 
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An Ionospheric Topside-Sounder Investigation in Search of Unique Ionospheric 
Signatures of Earthquake Precursors 

R.F. Benson, J. M. Grebowsky, H. G. Mayr 
NASA/Goddard Space Flight Center 

S. Dent 
Penn State University 

There have been published reports, received by the scientific community with 
considerable skepticism, of ionospheric electron-density (N.) signatures associated with 
earthquake precursors. The signatures are attributed to a quasi-static electromagnetic 
couplmg between enhanced atmospheric electric fields, which have been observed in 
seismoactive regions, and the ionosphere. A major problem in this research is to 
discriminate such effects from alternative causes of ionospheric variability. Intensive 
research efforts have been performed in Japan and Russia. Proponents claim that 
ionospheric signatures associated with seismic activity exist days before the main shock 
event. Here we report the results of an independent investigation of this topic based on 
ionospheric topside-sounder data available from the National Space Science Data Center 
(NSSDC), including newly-available 1S1S-2 digital ionospheric topside-sounder data. 
While there were some suggestive trends observed in one case, in general no obvious 
ionospheric signatures of earthquake precursors were detected. 
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Accuracy of the RPI plasmaspheric electron density profiles 

Xueqin Huangl, Bodo W. Reinischl, Gary Salesl, and James L. Green2 

lUniversity of Massachusetts Lowell Center for Atmospheric Research 
600 Suffolk Street, Lowell MA 01854 
2Goddard Space Flight Center, NASA 

Profile inversion techniques have been developed to derive electron density 
profiles in the plasmasphere [Reinisch et aI., GRL, 28, 1167,2001] and the polar 
cap [Nsumei et aI., JGR, in press, 2003] from echo traces on the plasmagrams 
recorded by the radio plasma imager (RPI) on the IMAGE satellite. Our analysis 
of the long-range discrete echo traces indicates propagation of the electromagnetic 
waves along the magnetic field line through the satellite location. This field­
aligned propagation for frequencies above the electron plasma frequency could be 
caused by refraction and/or ducting due to field-aligned irregularities. To 
investigate which of these mechanisms dominates the guiding process, we are 
using ray-tracing techniques and simple duct shapes with adjustable parameters. 
The simulations are then compared with the discrete X-mode echo traces 
observed on the RPI plasmagrams, and the absence of O-mode echoes. If the 
refraction in a medium of changing electron density and magnetic field strength is 
the dominant guiding factor, the wave will be reflected at the location where the 
wave frequency equals the cutoff frequency of the magneto-plasma. If ducting is 
responsible for the field-aligned propagation, reflection will occur slightly before 
this location, depending on the percentage density enhancement ofthe duct walls. 
Results of these simulations and reference to the observed echoes will provide 
answers regarding the accuracy of the RPI electron density profiles, explain the 
observed field guidance, and, if applicable, determine the duct shape parameters. 

1) Commission: GIH 
Session: Remote Sensing from Space 

2) New knowledge: 
New ray-tracing program for the magnetosphere to simulate RPI observations 

3) Relationship to previous work 
a) Ray-tracing determines actual ray paths while previous work assumed field­
aligned propagation 
b) Objective is to explain the observed field-aligned propagation for f> fN 
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RPI sounding as IMAGE skims the plasmapause: Ne from direct & ducted echoes and 
plasma resonances 

R. F. Benson, P. A. Webb (NRC), J. L. Green, S. F. Fung 
NASA/Goddard Space Flight Center 
Greenbelt, Maryland 

B. W. Reinisch, X. Huang 
Center for Atmospheric Research 
University of Massachusetts, Lowell 
Lowell, Massachusetts 

D. L. Carpenter 
STAR Lab 
Stanford University 
Stanford, California 

In early January 2003 the Radio Plasma Imager (RPI) on the Imager for Magnetopause-to 
Aurora Global Exploration (IMAGE) satellite performed numerous soundings in the 
plasmapause region as the outbound IMAGE skimmed along the dawn-side plasmapause 
boundary. Under these conditions it is possible for the electron cyclotron frequency at 
the satellite to decrease by an order of magnitude, while the electron plasma frequency 
fluctuates by less than 50%, over a 3/4 hr time interval along the IMAGE orbit. These 
values can be accurately determined from the RPI-stimulated electrostatic-wave plasma 
resonances and electromagnetic-wave cutoffs. The soundings in this region reveal a 
striking sequence of short-range diffuse echoes and long-range discrete echoes. These 
echoes have been interpreted as direct signal returns from the nearby plasmasphere and 
guided signals along the magnetic-field direction from the distant denser plasma region 
below the satellite, respectively [Reinisch et ai., GRL, 28, 1167,2001; Fung et ai., Adv. 
Space Res., 30, 2259, 2002, Carpenter et ai., JGR, in press, 2003]. The latter have been 
used to determine the electron-density (Nc) distribution along the magnetic-field direction 
[Reinisch et ai., GRL, 28, 4521, 2001] and to make Ne contours along the orbital path 
[Nsumei et ai., JGR, in press, 2003]. Here we present results using plasma resonances 
and both the diffuse and discrete echoes to obtain local and remote Nc information during 
outbound IMAGE dawn-side plasmapause skimming conditions. 

0-7803-7846-6103/$17.00 ©2003 IEEE 719 



Measurement of the Direction of Arrival of Transionospheric HF Propagation 

H.Gordon James 
Communications Research Centre Canada 

Ottawa, Ontario K2H 8S2 Canada 
gordon.james@crc.ca 

It is planned to observe waves from ground HF transmitters such as the Super 
Dual Auroral Radar Network (SuperDARN) radars and the Canadian Advanced 
Digital Ionosondes (CADI). The waves will be measured with the Radio Receiver 
Instrument (RRI) on the enhanced Polar Outflow Probe (e-POP) small satellite 
when it makes an orbital pass through the nearby topside ionosphere. One 
objective will be to use measurable quantities, such as the direction of arrival 
(DOA) and the signal delay time, to "image" the ionospheric structures that 
produce backscattered or reflected signals observed at those ground facilities. 
Such measurements would be coordinated with simultaneous recordings at the 
ground facilities. 

Four monopoles connected to the 4-channel RRI will be used to record incident 
waves originating from the coordinated ground transmitters. Two components of 
the electric field are to be measured using the RF voltage induced on each of four 
crossed monopoles connected to high-impedance preamplifiers. Signals from 
opposite monopole pairs normally will be combined differentially and processed 
as a dipole signal. 

This paper is concerned with the measurement of one important wave 
characteristic: the DOA. An important issue in the analysis of the received 
antenna signals is the computational method of determining the DOA from the 
amplitudes and relative phase of two dipole signals. The NEC4 electromagnetic 
model of the spacecraft with antennas provides values of the dipole effective 
lengths. These, in tum, are the basis of the technique for inverting the amplitude 
and relative phase of voltages induced on the monopoles to the DOA of the wave. 
This computation is required for elliptically polarized plane CW incident waves. 
The polarization of the wave electric field is provided by the cold-plasma theory. 
Expressions have been developed for the induced dipole voltages as functions of 
the wave-vector azimuthal and polar angles. A numerical approach is generally 
required for the DOA angles inversion. It is under-specified for only two dipoles, 
and requires selecting the true solution from two or more possible azimuth-polar 
pairs throughout the 4n sr solid-angle space surrounding the spacecraft. The 
selection of the solution will be guided by values expected for the known ground­
transmitter and satellite positions, and by other wave parameter measurements. 
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Greenbelt, Maryland, USA. 
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Greenbelt, Maryland, USA. 

M. Reiner, Physics Department, Catholic University of America, Washington, DC, USA. 
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K. Goetz, School of Physics and Astronomy, University of Minnesota, Minneapolis, 
Minnesota, USA. 

1. Christopher, R. Mutel, J. Pickett, D. Gurnett, Dept. of Physics and Astronomy, 
University of Iowa, Iowa City, Iowa, USA. 

C. P. Escoubet, ESAIESTEC,Noordwijk,The Netherlands. 

To validate and demonstrate the potential of magnetospheric radio tomography, we have 
performed three separate experiments using the Radio Plasma Imager (RPI) on the 
IMAGE spacecraft as the signal source. The WAVES instrument on WIND and the 
WBD instruments on the four Cluster spacecraft were used as the wave receivers. These 
experiments were designed to measure the Faraday rotation of the transmitted wave 
electric field polarization due to propagation through a magnetized plasma. In the proper 
frequency range, Faraday rotation is proportional to the path-integrated product of the 
magnetospheric electron density and magnetic field, enabling large-scale measurements 
of these quantities on the propagation paths in each of these experiments. In August 
2000, WAVES received a single frequency (828 kHz) RPI transmission. In October 
through December 2001, WAVES received two frequency (508 and 828 kHz) RPI 
transmissions. And in April 2002, WBD on Cluster received stepped frequency (between 
100 and 500 kHz) RPI transmissions. Some of the RPI signals have been measured on 
propagation paths longer than 10 Re. By exploiting the time variation and frequency 
dependence of Faraday rotation, the integrated electron density/magnetic field product 
has been measured, with some limitations, in each of these experiments. We report on the 
novel large scale measurements of magnetospheric plasma and magnetic field generated 
by each of these radio propagation experiments. We also demonstrate, through these 
measurements, what quantities can be measured and how best to measure them on a 
dedicated radio tomography mission. These experiments have also shown that 
magnetospheric radio tomography can be implemented with existing instrument 
technology. 
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Mode Echoes Received by RPI on IMAGE 
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T. F. Bell, Electrical Engineering Department, Stanford University, Stanford, CA 
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B. Reinisch, Center for Atmospheric Research, University of Massachusetts at 
Lowell, Lowell, MA 01854, USA (email: bodoJeinisch@uml.edu) 

Whistler mode wave injection and reception using the RPI instrument on IMAGE 
satellite has led to a new remote sensing method to measure the plasma density 
and to locate and identify plasma density structures in the magnetosphere. During 
May - August 2000 period, RPI recorded discrete and diffuse whistler mode 
echoes on a number of days when IMAGE was in the inner plasmasphere and at 
moderate to low altitudes «1500-6000 km) near its perigee in the southern 
hemisphere. The discrete echo is characterized by lightning-whistler-like discrete 
form whereas the diffuse echo is characterized by multiple echoes from a single 
transmission. Ray tracing simulations indicate that discrete echoes may result 
from reflections of RPI signals from the Earth-ionosphere boundary and diffuse 
echoes may result from scattering of RPI signals from small scale plasma density 
irregularities, commonly found in the high latitude magnetosphere. By comparing 
measured dispersion of RPI signals with those from ray tracing simulations it is 
possible to determine (1) the plasma density and (2) location and spatial size of 
irregularities responsible for diffuse echoes. The ray tracing analysis of observed 
dispersion of discrete echoes from several cases leads to electron density of ~500-
1000 e1/cc at ~4000 km with a K N

, where N ~ 4-5, dependence in the auroral and 
polar magnetosphere. Analysis of diffuse echoes indicates presence of ~ 1 0-1 00 m 
scale plasma irregularities within ~1000 km of the IMAGE satellite at the time of 
observation. These results are in general consistent with previous observations of 
plasma density in the magnetosphere. 

0-7803-7846-6/03/$17.00 ©2003 IEEE 722 



Radio sounding within Z-mode propagation "cavities" by the RPI instrument on the 
IMAGE satellite 

D. L. Carpenter, T. F. Bell, U. S. Inan, Space, Telecommunications and Radioscience 
Laboratory, Stanford University, Stanford, California 

R. F. Benson, NASA Goddard Space Flight Center, Greenbelt, Maryland 

B. W. Reinisch, Center for Atmospheric Research, University of Massachusetts, Lowell, 
Massachusetts 

When the Radio Plasma Imager (RPI) on the IMAGE satellite operates in the inner 
plasmasphere and at moderate to low altitudes over the polar regions, pulses emitted at 
the low end of its 3 kHz to 3 MHz sounding frequency range can propagate in the Z mode 
as well as the whistler mode. The Z mode is efficiently excited during almost all 
soundings in which all or part of its locally allowed frequency range falls within the band 
of transmitted frequencies. At medium altitudes within the plasmasphere, where the 
condition :tpe>f;,e usually obtains, discrete Z-mode echoes are observed, analogous to the 
regular and oblique Z-mode echoes found on topside sounder records. Z-mode echoes 
from RPI can provide diagnostic plasma density information that is complementary to the 
information acquired by RPI from passive measurements of local plasma resonances and 
cutoffs and by inversion of 0- and X-mode echoes. Within certain low to medium 
altitude regions, we find a Z-mode "cavity" within which discrete Z-mode echoes can be 
trapped as they propagate along field-line paths between upper and lower altitude 
reflection points. The echoes present unique forms, depending upon whether IMAGE is 
located above or below a minimum in the altitude profile of the Z-mode cutoff frequency. 
Through an inversion process, such echoes make possible remote determination of the 
field-line electron density profile in regions where that profile is poorly known. In an 
example, the electron density distribution along the field lines was determined to a 
distance of about 10,000 km above the location of IMAGE, all on the basis of echo delay 
information within a frequency band only - 40 kHz wide. 
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The OEDIPUS-C (OC) rocket double payload carried a transmitter High­
frequency Exciter (HEX) on its forward subpayload and a synchronized Receiver 
for EXciter(REX) on its aft subpayload. The HEX and REX had three different 
frequency modes: a 0 - 8 MHz sweep, a 0.5 - 2.1 MHz sweep and fixed-frequency 
operation at 4.5 MHz. For the measurements discussed here, the separation vector 
between the transmitter and receiver had a magnitude of about 1200 m and lay 
along a direction at about 5° from the axis of the Earth's magnetic field B. 
Whistler, ordinary and extraordinary waves modes were propagated between the 
two subpayloads. One important feature was that fast Z-mode signals, left-hand 
polarized propagation occurring in CMA region 4, were strong compared to the 
adjacent wave modes. In particular, the intensity of the Z-mode signals was 
enhanced at frequencies just below the plasma frequency fp for low fp values but 
enhanced at frequencies just above the Z-mode cut-off frequency fz for highfp. 
Calculations were made combining the fast Z-mode dispersion relation for a cold 
plasma, HEX and REX characteristics, and theories for dipole radiation and 
impedance. Calculated values of transmitted electric fields are presented for zero 
and non-zero values of stray capacitance, with better agreement with observations 
with zero stray capacitance. 

The relatively strong Z-mode transmissions on OC may have some relevance to 
other space radio research. The ability of sounders like the IMAGEIRPI to 
stimulate guided propagation giving rise to "epsilon" echo signatures may be 
explained with reference to the antenna properties in CMA4. Antenna matching to 
the plasma may be aided by the dipole's inductive impedance in CMA4. The Z­
mode refractive index surfaces have points of inflection. These lead to three 
separate wave vector directions for a single group direction, which may also play 
a role in enhancing Z-mode signals through a dispersion-based focusing of rays 
near the inflection point. 
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This paper will review the ways in which rf and microwave radiation 
may be used in the design of electric propulsion systems for 
spacecraft. Rf power has been used or proposed in electric propulsion 
systems to ionize, to heat, and to accelerate the propellant, or to 
produce plasma used to inflate a magnetic field for solar sail purposes. 
Direct Rf propulsion using radiation pressure or ponderomotive forces 
is impractical owing to efficiency considerations. Examples of various 
systems that have been developed or proposed will be reviewed. The 
Variable Specific Impulse Magnetoplasma Rocket (V ASIMR) uses 
RF for producing, heating and accelerating plasma. Inductive rf and 
microwave ion thruster schemes use e-m waves to ionize the plasma, 
which is then accelerated by use of dc grids. The details of the 
V ASIMR and a microwave ion thruster will be discussed and 
contrasted with related RF systems. 
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We consider the disturbances of ionospheric plasma, created of 
spacecraft moving on the altitudes "" 200 km from the earth surface. There is 
developed the method of numerical modeling of interaction of equilibrium 
ions of media with disturbed neutral particles (V.G. Spitsyn, Modeling of 
radiowave scattering on the ionospheric plasma disturbances, created of 
space vehicle, Tomsk: Publishing House "STT", 2002). On the base of 
solution of system kinetic equations for spacecraft disturbed neutral 
particles and ions ionosphere are received the numerical results of 
ionosperic plasma disturbances magnitude. These results are showing the 
initiation of concentration ions disturbance in a view of weakly shock wave. 

The mechanism of ionospheric ionization produced of neutral 
particles reflected from moving spacecraft is investigated. In the result of 
solution the kinetic equation for born ions is received that for case of 
moving the spacecraft across the magnetic field the pattern of concentration 
ions disturbance is anisotropic. For the spacecraft with across dimension is 
equal to 2,4 m the maximum eventual value of ionization is 30000 cm-3

. 

The process of ionospheric plasma interaction with spacecraft 
exhaust jet is investigated. There is modeling the process of ion ionospheric 
plasma diffusion in the exhaust jet of spacecraft. The results of computation 
are shown that the maximum of relative number of ionospheric ions 
disturbances is disposed in the area of near boundary of jet and consist of 
the value == 5. The effect of ion accumulation in this area is explained of 
ions braking in the gas jet. On the base of these results is developed a 
model of electron concentration disturbances, created of spacecraft 
exhaust jet. 
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