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THE VERTICAL COAXIAL PROBE IN A MICROSTRIP SUBSTRATE 

R.C. HaJ\*, J.R. Mosig and F.E. Gardiol 
Ecole Poly technique h"tierale de Lausanne -LEMA 

CH-l 0 IS'Ecublens, Switzerland 

The problem of a coaxial probe passing through a grounded microstrlp 
substrate must be solved accurately before the feed region of a 
coaxial fed microstrlp antenna can be completely described, Previous 
models of the feed regIOn havE' been Simple and have used a correction 
term that is added to the input impedance to correct for the substrate 
thickness These correction terms al'e valid for thin substrates, 
However', since there is a tl'end to thicker substrates to achieve 
greater bandwilith a more accurate model is needed that takes into 
account the cUITent distributIOn on the coaXial probe The model 
described i1ere employs the of Moments to compute the 
currents on a vertical coaxial probe that could be used as a feed for a 
microstl'ip antenna The model is computatIOnally intense yet highly 
accurate 

The structure analyzed consists of a small diameter coaxial probe 
extending out of a highly conducting ground plane that is covered with 
a layer of low loss dielectric material. The coaxial probe extends 
from the ground plane up to the top of the dielectric layer where it 
could be attaclled to a microstrip antenna A possible Junction 
attachlnent basis functIOn will be presented 

A mlxeli potential integral equation (MPIEl is written to describe the 
curt'ent (jistrlbution on ti)e probe The vector and scalar potentials are 
in general Sommerfeld-type integrals, The formulatIOn and numerical 
evaluatIOn of these integrals will be briefly described, A magnetiC 
current frill is used to model the coaxial aperture in the ground plane 
that produces the excitation fields, 

Calculated results to be presented include the vector and scalar 
potentials, the input impedance of isolated probes and the coupl ing 
between neighboring probes as a function of permittivity, thickness 
and separat i on A s i m il ar study has been perf ormed by Ch i and 
Alexopoulos (IEEE Trans. AP-}/l, pp 1080-1091,1986), The results 
computed using the MPI E formulat ion described here wi 11 be compared 
to those pub I ished. 
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RBSONANCE IN CYLINDRICAL-RECTANGULAR AND 
WRAPAROUND MICROSTBIP RESONATORS 

S.M . ..4.11·, T.M. Habashy+, and l.A. Kong· 

• Department of Electrical Engineering and Computer Science 
Massachusetts Institute of Technology 

Cambridge, MA 02139 

+ Schlumberger-Doll Research 
Old Quarry Road 

Ridgefield, CT 06877-4108 

644 

Cylindrical microstrip structures are important in applications where they 
can be flush-mounted on curved surfaces, e.g., space vehicles, missiles, 
rockets, etc. The study of their resonances is useful in determining their 
bandwidtb wbicb is an important parameter in tbe design of sucb 
structures. Previous papers (e.g., C.M. Krowne, IEEE Trans. Antennas 
Propagat., vol. AP-31, no. I, pp. 194-199, Jan. 1983) bave calculated the 
resonant frequencies of microstrip elements on cylindrical structures 
using a magnetic wall cavity model, tbus ignoring fringing field effects. 
In sucb an analysis, tbe resonant frequencies obtained are purely real and 
tberefore do not account for radiation loss, tbus limiting tbe validity of 
tbe obtained results to very thin substrates. 

In tbis paper, we rigorously formulate the resonance problem of both 
the cylindrical-rectangular and tbe wraparound structures using a full 
wave approacb based on a cylindrically stratified medium formulation. 
Tbis analysis leads to a vector integral equation wbich can tben be solved 
using Galerkin's method. The resulting nonlinear eigenValue equation is 
tben solved numerically. Both the real and imaginary parts of the 
resonance frequency are computed as a function of the substrate 
thickness. The effect of otber parameters (e.g., tbe patcb's dimensions, 
tbe substrate's dielectric constant, etc.) is also investigated. An 
independent perturbative approacb based on tbe single mode 
approximation is also used to compute the complex resonance 
frequencies in the small substrate tbickness limit. It is shown tbat tbis 
perturbative expression for tbe resonance frequency can be obtained as a 
limiting case from tbe exact eigenvalue equation. 
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Leaky Modes of Microstrip Transmission Lines 

J. M. Grimm* andJ. S. Bagby 
Department of Electrical Engineering 

University of Texas at Arlington, Arlington TX 76019 

Leakage of swface waves from microstrip structures has long intrigued 

researchers in the field. This leakage occurs whenever a natural mode of the 
micros trip has the real part of its propagation constant less than any of the 
eigenvalue of the background structure swface wave modes. For leaky modes of 
an integrated microstrip transmission line, the axially-transformed surface current 

iCcPlp'; ~m) satisfies the homogenous dyadic integral equation: 

t. (k~ + vv.) f g(p I p';~) • k<P';~) dl = 0, p' E L 

where 9cPlp'; ~m) is the transformed Hertzian potential Green's dyad of the 

background structure, kc is the wavenumber in the cover region, ~ is the complex 

propagation constant of the mode, and L is the cross-sectional contour of the 

transmission line. 

The Green's dyad components ate given as inverse Fourier transforms with 

respect to ~, the transform variable corresponding to the x-direction. These 
inversion integrals assume the form of Sommerfeld integrals, and contain the 
swface wave singularities that are excited by the leaky wave phenomenon, thus 
being extremely difficult to evaluate by typical techniques. Making use of the 

Cauchy Integral theorem allows us to calculate the Green's dyad components as a 
sum of the residues at swface wave pole singularities plus an integration along a 

hyperbolic branch cut in the complex-~ plane. 

In this formulation, the residue terms correspond to contributions of the 

surface-wave modes; the branch integral corresponds to the contribution of the 
continuous radiation spectrum. This formulation allows easy identification of 

lossless and leaky modes, as the hyperbolic nature of the branch cut in the 

complex-~ plane depends only on the mode leakage into the film layer. 

Commission B 
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ABSTRACT 

COMPUTER AIDED, ENGINEERING OF MICROWAVE 
MICROS TRIP FILTERS AND AMPLIFIERS 

Jon A. Soper 
Electrical Engineering Department 
Michigan Technological University 

64-6 

A senior level elective course emphasizing computer-aided design of 
microwave filters and amplifiers is described. Over the twelve year 
history of the course computer programs have been developed for both 
microstrip filter and amplifier design. The filter programs are 
introductory and do not compensate for line junction, end or radiation 
effects etc. The output is the response of the filter developed. The 
amplifer programs use graphic Smith chart analysis and are interactive for 
the design of matching networks. The output is the amplifier network and 
its response. The programs can be run on either IBM-PCs or Hewlett-Packard 
9836 engineering work stations. Approximately 20 electrical engineering 
students take this course each year. 
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THE ANALYSIS OF COUPLED MICROSTRIP TRANSMISSION 
LINES WITH EFIE METHOD 

C. H. Lee* and J. S. Bagby 
Department of Electrical Engineering 

The University of Texas at Arlington, Arlington, TX 76019 

A system of exact coupled dyadic integral equations is utilitized in the 
analysis of propagation in uniform coupled integrated microstrip transmission lines. 

The dispersion properties and the current distributions of the coupled structures for 
different spacings and material parameters are presented. 

In the case of natural modes of coupled uniform integrated microstrip 

transmission lines, the axially transformed surface current ~ (p'; ~) satisfies the 

homogeneous dyadic integral equation: 

0, P E L i , i = 1,2, ... , N 

where 9 (j) I p' ; ~) is the transformed Hertzian potential electric field Green's dyad 

of the background structure, ki(P'; ~) is the transformed surface current on the i'th 

line, ~ is the complex propagation constant of the mode, and Lj is the cross­

sectional contour of the i'th line. 

Conventional electrostatic analyses of this kind of structures result in 

approximate solutions which are adequate for relatively low speed, low density 
circuits. However, the analysis presented here results in an exact solution, and can 

accurately predict the radiative leakage and coupling phenomena of the coupled 
microstrip transmission line systems. 

Numerical results for both coupled and isolated, narrow and wide 

microstrip transmission line structures are given for comparison purposes. 
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Dispersion Characteristics of Shielded Microstrip Lines 
Crossed by Periodic Metallic Strips in 

Multilayered Anisotropic Media 

S. M. Ali, C. W. Lam, and :1. A. Kong 

Department of Electrical Engineering and Computer Science 
and Research Laboratory of Electronics 
Massachusetts Institute of Technology 

64-8 

In microelectronic computer packaging, a problem of practical interest is the study of 
propagation characteristics of a shielded microstrip line in the presence of crossing strips. 

In this paper, the microstrip line and the crossing strips are placed at two different 
interfaces of a three-layer medium bounded by two parallel conducting plates as shown in 
Fig. 1. The crossing strips are assumed to be periodic and the three layers to be uniaxially 
anisotropic. 

The network analytical method of electromagnetic fields is applied for the hybrid-mode 
analysis of the frequency dependent characteristics of the structure. The transverse fields in 
each region are expressed by their Fourier transform in the z-direction and a Floquet har­
monic representation in the y-direction. Using Maxwell's equations and applying boundary 
conditions, we obtain a set of coupled integral equations for the current distributions J •• 
and J'2 on the microstrip line and the crossing metallic strips, respectively. 

The determinantal equation for the dispersion relation can be derived by applying 
Galerkin's procedure to the derived set of coupled integral equations. The Brillouin dia­
grams are obtained numerically by seeking the roots of the obtained eigenvalue equation. 
The stop-band properties are numerically presented as a function of the spacing, length, 
and width of the crossing metallic strips. The effects of the material and geometrical 
parameters are also investigated. 

Z 

--~--~------------------~x 
~ 

Fig.1 Geometry of the structure 
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GUIDANCE OR RESONANCE CONDITIONS 
FOR.8TRIPS AND DISKS 

EMBEDDED IN HOMOGENEOUS AND LAYERED MEDIA 

L. GUREL* AND W.C. CHEW 

Elcctromagnctics Laboratory 
Department of Electrical and Computer Engineering 

University of Illinois 
Urbana, IL 61801 

ABSTRACT 

We illustrate how the guidance or resonance conditions of strips 
or disks embedded in layered media can be formulated easily using a 
new notation we developed. We show that once we know the reflection 
operator of a reflecting medium, we can find the guidance or resonance 
conditions of this structure quite easily. We can also find the guidance 
or resonance conditions when the reflecting medium is interacting with 
another strip or disk. This has a number of applications in microwave 
integrated circuits like microstrip transmission lines, microstrip anten­
nas, etc. We illustrate this with the calculations of the guidance in a 
microstrip line with an infinite ground plane and with a finite ground 
plane. We also illustrate. the application of this to the resonance of a 
microstrip disk with a finite ground plane. Our results for the infinite 
ground-plane case agree very well with previous calculations on these 
problems, while the results for the finite ground-plane case are new. 
When the width of the of the finite ground plane is equal to that of the 
upper strip, it is equivalent to placing an infinite ground plane midway 
between the two strips. Hence, this case is equivalent to an infinite 
ground plane case with a dielectric slab half as thick. Therefore, its 
effective dielectric constant is smaller than when the ground plane is 
infinite. However, as we increase the width of the ground plane, the 
effective dielectric constant goes through a peak which is above the ef­
fective dielectric constant of the infinite ground-plane case, and finally 
converges to that value from above rather than below. 
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Overview of Near-Field RCS Problem 
D. G. Falconer, SRI International 

An Overview of Near-Field Antenna Measurements 
A. D. Yaghjian, RADC/EEC 

RCS Measurements Using Compact Range 
W. D. Burnside, The Ohio State University ElectroScience Lab. 

Measuring Radar Cross Section In the Near-Field 
J. O. Melin, Saab Missiles 

Extrapolation of Measured Data Using an Admittance-Matrix Model 
J. F. Stach, D. P. Marsland, SRI International 

COFFEE BREAK 
Near-Field RCS Measurement Developments 
M. Dinallo, R. Rogers, The BDM Corporation 

Measurement Techniques for Determining Near-Zone and Far-Zone 
Blstatlc RCS 
B. J. Cown, C. E. Ryan, Jr., J. J. Wang, Georgia Tech.; J. C. Bolomey, 
LSS-SUPELEC 

extension of a Novel Sampling Theorem to the Near Field/Far Field 
Scattering Problem 
W. H. Hallidy, E. I. LeBaron, W. T. Moore, Environmental Research Institute 
of Michigan 
Investigation of the Minimun Sample Region Required to Predict RCS 
from Pfanar Scan Near-Field Data 
J. W. Burns, I. J. LaHaie, Environmental Research Institute of Michigan 

321 

,I·I( 

322 

323 

324 

325 

326 

327 

328 

329 

330 



65-1 

OVERVIEW OF NEAR-FIELD RCS PROBLEM 

David G. FaJ.conEor, Ph.D. 
Senior Research Physicist 

SRI If1t,·.l:n.,t.ional 
Menlo Park, CA 94025 USA 

RCS engineers often find it necessary to make scattering mea­
surements in the near field of their target, i.e., at ranges R < 
2D2/~, where D is the maximum dimension of their target and ~ the 
radiation wavelength. In the near zone the target's RCS pattern 
will vary with R and may differ dramatically from the same pattern 
measured in the far field. In such cases the RCS engineer may re­
sort to scale models illuminated at scale frequencies for their 
Res determination. However, scale models can be challenging to 
fabricate because certain target characteristics, e.g., skin imped­
ance, may be difficult to scale to shorter wavelengths. Such prob­
lems have led Burnside (Abs. 1987 URSI Radio Sci. Meet., Blacks­
burg) and others to build compact ranges in which optical-type 
elements flatten the incident and scattered fields, and sophisti­
cated apodization techniques suppress edge scattering. Although 
impressive with meter-size targets, compact ranges become techni­
cally challenging (and very costly) when designed to measure ReS 
patterns for larger targets (10-100 m). 

Antenna designers, like Res engineers, must deal with near­
field effects when measuring the gain patterns for their antennas. 
Although compact ranges are widely employed, algorithmic methods 
are also used to solve the near-field antenna problem. Antenna 
specialists have vigorously pursued the problem for some years and 
can now report remarkable progress in estimating far-field gain 
patterns with near-field data (Yaghjian, IEEE AP-34(1), 1986). 

The near-field Res problem is more complex than the near-field 
antenna problem because the target's scattering pattern depends on 
the electromagnetic field that illuminates it. With respect to 
this problem, Joy (Froc. 1985 AMrA RCS Meas. Tech. Work.) has mea­
sured the monostatic near-field scattering pattern for a square 
plate, corrected for probe errors, and then compared the corrected 
near-field patterns with those predicted with a modal expansion. 
Edwards et al. (Dig. 1974 Int. IEEE AP-S Symp.) have reported sim­
ilar results with respect to bistatic measurements on a square 
plate. In addition, Dinallo (Froc. 1984 AMrA Meet.) has used 
Kern's (NBS Monograph 162, 1981) plane-wave scattering matrix to 
develop an algorithmic procedure for inferring the far-field ReS 
pattern from near-field scattering measurements. Hallidy, et al. 
(Abs. 1986 URSI Radio Sci. Meet., Philadelphia) have written a com­
puter model that simulates the Dinallo procedure. Finally, 
Falconer (Abs. 1987 URSI Radio Sci. Meet., Blacksburg) has success­
fully estimated the far-zone ReS pattern for an aluminum cylinder 
by applying the optical model to monostatic measurements of this 
target's near-field scattering pattern. 
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AN OVERVIEW OF NEAR-FIELD ANTENNA MEASUREMENTS 
Arthur D. Yaghjian 
Electromagnetic Sciences Division 
RADC/EEC 
Hanscom AFB, MA 01731, USA 

65-2 

The development of near-field antenna measurements over 
the past twenty years seems to have anticipated the advent of 
specially designed antennas not well suited to measurement on 
conventional far-field ranges. During the first ten years of 
development, near-field antenna measurements were confined to 
government and university laboratories. The last ten years 
have seen a much wider interest that includes private industry, 
as the appeal and sometimes necessity of near-field techniques 
for measuring certain antennas becomes apparent. 

After a brief history of near-field antenna measurements 
with and without probe correction, the theory of near-field 
antenna measurements is outlined beginning with ideal probes 
scanning on arbitrary surfaces and ending with arbitrary probes 
scanning on planar, cylindrical, and spherical surfaces. Probe 
correction is introduced for all three measurement geometries 
as a slight modification to the ideal probe expressions. 
Sampling theorems are applied to determine the required data­
point spacing, and efficient computational methods along with 
their computer run times are discussed. The major sources of 
experimental error defining the accuracy of typical planar 
near-field measurement facilities are reviewed, and present 
limitations of planar, cylindrical, and spherical near-field 
scanning are identified. 
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Res MEASIJREMENTS USING COMPACT RANGE 

i.D. Burnside 
The Ohio State University ElectroSdence Laboratory 

1320 Kinnear Road 
Columbus, Ohio 43212 

About ten years ago, ~clentltlc-Atlanta had the only compact 
range reflector system commercially available. It was ap­
proximately 14 feet square and had a test zone about 4 foot 
square. Since then, the compact range has been shown to be very 
useful, efficient and accurate for measuring the scattering 
properties of complex targets. As a result, there are several 
vendors of such systems today which claim that they can measure 
targets 40 feet in extent. This technology has not matured yet, 
but it is anticipated that the techniques used for the present 
systems can be extended to handle targets that are' 150 feet in 
extent. After all, large reflector systems have been used for 
many years in more adverse situations than an anechoic chamber. 

Even if one could construct a very large measurement 
facility, it is doubtful that many will be built. Modern scatter­
ing measurements are done much more efficiently using scale models 
(vhe.J:e approp.t"iAte) or full oc.ale moc.k-up "e""tiun~ thal ~<ttu 11-= 
measured in moderately sized ranges. The scattering is then 
evaluated using signal processing techniques to isolate scattering 
centers. The scattering centers can then be found on a mock-up 
section or the full scale structure. The scattering centers in­
troduced by the mock-up can be windowed out of the results. This 
approach is very efficient and cost effectivel as a result, it is 
expected that it will be used more-and-more in the development of 
large structures with scattering performance requirements. 
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MEASURING RADAR CROSS SECTION IN THE NEAR-FIELD 

Jan O. Helin 

Section Head, Radar Signatures 
Saab Missiles AB 

S-581 88 Linkoping 
Sweden 

Radar cross sections (ReS) must be measured at large distance. We exclude 
here the special near-field methods. The distance (R) must be so large that 
different ReS contributions are added in the same ways as at infinite 
distance. This leads to the rule R > 202 /A if the target cross range is 
confined wi thin ±0/2 and a phase error of n/4 is tolerated. It is shown, 
however, that if the ReS is measured as a function of an angle and is low-pass 
filtered with a cutoff period of $c (radians), the distance requirement could 
be changed to R > 40$c- 1 (1 - A12$cO). All ReS measurements at such distances 
give approximately the same result after low-pass filtering. We assume that a 
set of isotropic point scatterers accurately describes the target. 

325 

iUJ 



65-5 

EXTRAPOLATION OF MEASURED DATA USING AN 
ADMITTANCE-MATRIX MODEL 

John F. Stach* and Diane P. Marsland 
SRI International 

Remote Measurements Laboratory 
333 Ravenswood Ave 

Menlo Park, California 94025 

We have formulated an admittance matrix (AM) model of 
scattering targets to estimate bistatic, near, or far fields from 
measured RCS data. The wire basis functions of the moment 
method (MM) Numerical Electromagnetic Code (NEC) have 
been used to model simple targets by computing the admit­
tance matrices from a set of scattering measurements instead 
of computing wire interactions directly. The mono static or 
bistatic scattering of arbitrary bistatic, near or far fields can 
then be computed in the usual way using the AM model. In 
contrast to Dinallo (Proc AMTA, Oct 84, Atlanta, GA), we 
incorporate knowledge of the physical nature of the target to 
help define the AM model. 

We have validated our AM model using NEe. Scattering 
data generated by NEC is used to solve for the admittance 
matrix of the AM model. The AM model is then used to esti­
mate the target scattering amplitude at other distances or bis­
tatic angles. These values are then compared to the NEC 
result. Several examples of connected, unconnected, and 
complex loaded wires will be presented. 

The current version of the AM model is based on the NEC 
wire basis functions. However, other basis sets, e.g. patches, 
may be used to develop AM models. This possibility has 
important implications for the modelling of complex materials 
and shapes. 
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NEAR-FIELD RCS MEASUREMENT DEVELOPMENTS 

M. Dina11o* and R. Rogers 
The BDM Corporation 

1801 Randolph Road SE 
Albuquerque, NM 87106 

65-6 

Current work in near-field radar cross-section 
(RCS) measurement at BDM is focused on extending 
conventional near-field antenna measurement 
mathematics and measurement protocols to measuring 
bistatic RCS. To date we have limited our approach to 
planar near-field measurements. In the context of 
planar mesurement, we have extended the plane wave 
scattering matrix theory to include probe-corrected 
three-antenna interactions in which the third antenna 
is the unknown scattering object which we wish to 
measure. Assuming simple interactions, the resulting 
reflection integral is solved by means of two sets of 
two-dimensional Fourier transforms. The sampled-data 
solution of the reflection integral is implemented as 
in classical near-field antenna measurements. Spatial 
and angular filtering techniques are applicable. 

We are also investigating methods for reducing 
the amount of data required, reducing measurement time 
and data storage volume, exploring ultimate 
limitations of this technique for bistatic RCS 
measurement, exploring small-angle bistatic RCS 
issues, developing error analyses, studying 
oversamp1ing and filtering, and defining tradeoffs 
between signa1-to-noise ratio and data acquisition 
time. 
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Measurement Techniques for Determining Near-Zone and Far-Zone Bistatic RCS 

B. J. Cown, C. E. Ryan, Jr., and J. J. H. Wang 

EMED/ECSUGTRI, Georgia Tech, Atlanta, Georgia 30332 USA 

J. Ch. Bolomey 

LSS-SUPELEC, Gif-Sur-Yvette. FRANCE 

Previous work at Georgia Tech [1,2] has established the validity of planar near­
field measurements of bistatic and forward scattered electromagnetic fields. These 
techniques have been demonstrated for models of simple and complex geometries 
including flat plates, cylinders, aircraft models and ship mast models. These 
previous studies demonstrated the measurement techniques and developed the 
required mathematical operations which were incorporated into computer 
algorithms. It was demonstrated that fuze sensor response could be accurately 
calculated using near-field measured data. 

At the time these previous measurements were being conducted, the primary 
limitations of near-field techniques to large scale targets were (1) the physical size 
of the required measurement apparatus, (2) the intolerably long measurement time 
required for mechanical scanning, and (3) the tremendous data processing burden. 
However, technical advances during the last several years have substantially 
ameliorated all three of these previous limiting factors. In particular, compact 
range illuminators and planar scanners capable of measuring targets in excess of 10 
meters are now available. Rapid near-field scanning at electronic rates via either 
arrays of modulated scattering elements (the Modulated Scattering Technique or 
MST) or via "classical" arrays can be employed to achieve reasonable measurement 
times [3, 4]. The advent of modern supercomputers as well as dedicated mainframe 
computers and array processors evidently makes the data processing manageable 
even for targets on the order of 1,000 wavelengths. 

1. J. L. Edwards, C. E. Ryan, Jr., W. M. Leach, Jr., and W. J. Storey, "Near-Zone Radar Cross-Section 
Technique Development," AGAL-TR-74-227, November 1974, Contract No. F33615-74·C-1188, Air 
Force Avionics Laboratory, Air Force Systems Command, Wright-Patterson Air Force Base, Ohio 
45433 

2. C. E. Ryan, Jr. and E. E. Weaver, "Open mast Scattering Investigation," IEEE Transactions on 
Antenna and Propagation, Vol. AP-30, No.4 July 1982, pp. 768-773 

3. B. J. Cown, P. G. Friederich, J. F. Estrada, F. L. Cain, J. Ch. Bolomey, D. Picard, G. Fine, And M. 
Mostafavi, "Accuracy and Speed Characteristics of the Bistatic MST for Rapid Near-Field Antenna 
Measurements," 1987 IEEE AP-S International Symposium Digest, Vol. 1, pp. 174-178 

4. B. J. Cown, C. E. Ryan, Jr., and J. J. H. Wang, 'Potential Near-Field Measurment Techniques for 
Determining Near-Zone and Far-Zone Bistatic RCS," Proc. of 1988 AMTA Symposium, Seattle, 
Washington, Sep. 1988 
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EXTENSION OF A NOVEL SAMPLING THEOREM TO THE 
NEAR FIELD/FAR FIELD SCATTERING PROBLEM 

65-8 

William H. Hallidy,t Edward I. LeBaron,* and William T. Moore 
Environmental Research Institute of Michigan 

P.O. Box 8618 
Ann Arbor, MI 48107 

A novel sampling theorem has recently been described by 
Bucci and Franceschetti. The theorem predicts the spatially 
bandlimited nature on a sampling surface of an appropriately 
compensated field radiated by a compact current distribution. 
Test parameters may be chosen that allow sampling of the 
compensated field at rates below the uncompensated Nyquist rate. 

An extension of this theorem is developed here for the near 
field/far field scattering problem. It is shown that an 
appropriately compensated near field form of the scattering 
matrix may be considered to be bandlimited. This permits the 
density of the near field source locations as well as the 
scattered field sample points to be reduced below the density 
required by the Nyquist criterion for determination of the 
uncompensated near field scattering matrix. 

Simulations employing this theorem are presented for two 
dimensional scattering by a cylinder and by a flat strip. 
Results are given that quantitatively verify the bandlimits on 
the compensated near field scattering matrix. The actual near 
fields, reconstructed from the coarsely sampled, compensated 
fields, compared favorably with the uncompensated fields sampled 
at the Nyquist rate. The far field radar cross section 
calculated from the reconstructed near field scattering matrix 
was found to differ nagligibly from its theoretically predicted 
value except near ~ 90 • 

t Current address: Georgia Tech Research Institute, Atlanta, 
GA, 30332 
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INVESTIGATION OF THE MINIMUM SAMPLE REGION REQUIRED TO 
PREDICT RCS FROM PLANAR SCAN NEAR-FIELD DATA 

* Joseph W. Burns and Ivan J. LaHaie 
Environmental Research Institute of Michigan 

P.O. Box 8618 
Ann Arbor, MI 48107 

The radar cross section of a scatterer can be determined 
from the Fourier transform of near-field data measured using a 
planar scan in three dimensions or a linear scan in two 
dimensions (M.A. Dinallo, Proc. AMTA, Oct. 2-4, 1984, San Diego, 
CA). If the primary contributions to the transform originate 
from a limited region of the scan plane, only a small amount of 
measured data may be required to predict the cross section for a 
particular set of transmitter and receiver directions. Using a 
generalized form of the Bucci and Franceschetti theorem (to 
appear in IEEE Trans. AP) and stationary phase arguments, the 
region of the sample plane producing the primary contribution to 
the cross section has been determined. 

The near-field can be written as the product of a 
compensated field and a two-way propagation phase. Using the 
Fourier transform integral and stationary phase arguments, the 
area of the sample plane producing the principle contribution to 
the cross section can be deduced for each spatial frequency of 
the compensated near-field. The region of the sample plane 
required to predict the cross section only needs to be large 
enough to include the contributions from all the relevant 
spatial frequencies. The required region is bounded since the 
compensated near-field is effectively bandlimited, as shown by 
the form of the Bucci and Franceschetti theorem generalized to 
treat the scattering problem (W. Hallidy, et al., this session). 

The analysis will be discussed in terms of the 20 problem 
and extentions to the 3D case summarized. Results of 20 
numerical experiments which confirm the behavior and demonstrate 
the potential savings in measured data will be presented. A 
physical interpretation of the stationary phase arguments will 
be given to further illustrate the results. If the spatial 
structure of the near-field is thought of as a summation of 
fringe patterns, the stationary phase results can be interpreted 
in terms of diffraction of waves by fringe gratings. 
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NUMERICAL METHODS 

Chairmen: Z. Csendes, Carnegie Mellon University; 
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Room: Sheraton Regency C Time: 8:25-12:00 

An Investigation of 3·D EM Scattering Problems Using The Finite 
Element Method 
S. P. Castillo, New Mexico State University; A. F. Peterson, Electromagnetic 
Communication Laboratory 
An Exploration of the Capability of the Hybrid Finite Element Method 
for EM Scattering by Inhom~eneous Cylinders 
J. Jin, V. V. Liepa, The University of Michigan 
The Use of Isoparametrlc Elements In the Numerical Analysis of 
Three-Dimensional Anisotropic Scatterers 
R. D. Graglia, R. S. Zich, Politecnico di Torino; P. L. Uslenghi, University of 
Illinois at Chicago 
Hybrid Finite Element/Boundary Element Analysis of a Strlpllne Notch 
Array 
J. D'Angelo, M. J. Povinelli, M. A. Palmo, General Electric Company 
Analysis of Finite Element Method with Vector Basis Functions 
H. Z. Sun, X. Min, K. M. Chen, Michigan State University 
COFFEE BREAK 
The Treatment of Edge Singularities In the Full·Wave Finite Element 
Solution of Waveguldlng Problems 
Z. Pantic-Tanner, C. H. Chan, R. H. Mittra, University of Illinois 
Finite Element Analysis Of Wave Propagation In Lossy 
Inhomogeneous Anisotropic Dielectric Media Based On Variational 
Principles 
S. Cvetkovic, University of Surrey; F. A. Fernandez, J. B. Davies, University 
College London 
Aperture Admittance Matrix by Finite Element Method For Scattering 
From a Cavlty·Backed Aperture 
S. Jeng, National Taiwan University 
Finite Element Solution of Unbounded Electromagnetic Field 
Problems 
D. Feng, G. Wang, Wuhan University 
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66-1 

AN INVESTIGATION OF 3-D EM SCATTERING 
PROBLEMS USING THE FINITE ELEMENT METHOD 

Steven P. Castillo 
Department of Electrical Engineering 

New Mexico State University 
Las Cruces. NM 88003 

Andrew F. Peterson 
Electromagnetic Communication Laboratory 

1406 W. Green St. 
Urbana. IL 61801 

Three-dimensional electromagnetic scattering 
problems are of great interest to engineers and 
researchers. However, numerical solutions for 
practical 3-D problems are not currently feasible with 
traditional integral equation approaches due to the 
large amount of computer storage and time needed for 
solution. A differential equation solution approach 
for electromagnetic scatt~ring problems has the 
advantage of producing a sparse system of equations 
which can be solved in a fraction of the time of that 
for an equivalent full matrix solution. The limiting 
factor in any differential equation solution is the 
size of the solution domain which must be discretized. 

solution region is truncated at 
away from the scatterer by an 

In practice, the 
some finite distance 
artificial boundary. 
radiating boundary 
boundary appears to 
The finite element 
internal problem. 

Over. the artificial boundary a 
condition is applied so that the 
the internal region to be infinite. 
method is then used to solve the 

The finite element method for 3-D electromagnetic 
scattering problems will be described along with a 
vector 3-D radiating boundary condition. A comparison 
of solution techniques will be given for solving the 
large sparse systems of equations resulting from the 
finite element procedure. 
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66-3 THE USE OF ISOPARAMETRIC ELEMENTS IN THE NUMERICAL ANALYSIS 
OF THREE-DIMENSIONAL ANISOTROPIC SCATTERERS 

R.D. Grag1ia and R.S. Zich 
Pol itecnico di Torino, Italy 

P.L.E. Us1enghi* 
Department of Electrical Enyineering and Computer Science 
University of Illinois at Chicago 

Electromagnetic scattering from three-dimensional inhomogeneous 
anisotropic structures is considered, in the frequency domain. The 
scatterer is characterized by a complex electric susceptibility tensor 
which includes both anisotropic permittivity and anisotropic 
conduct i vity, and by a magnet i c suscept i bil ity tensor. Perfectly 
conduct i ng scatterers coated by some ani sotropi c materi a 1 are a1 so 
cons idered, because of thei r app1 i cat i on in certain types of radar 
absorbers. 

The electric and magnetic fields inside the anisotropic material are 
solutions of two coupled vector integro-differentia1 equations that 
are an extension of the ones previously given in Grag1ia and Us1enghi 
(IEEE Trans, AP-32, 1984, pp. 867-9; ibid. AP-35, 1987, pp. 225-32). 

These equations involve integrals over the volume of the anisotropic 
material and principal value integrals over the air-anisotropic 
material and metal-anisotropic material interfaces, as well as over 
the anisotropic material-anisotropic material interfaces. This 
formulation is best suited for numerical analysis, since it permits 
easily to model inhomogeneous scatterers by means of piece-wise 
homogeneous subregions. 

To analyze the scattering region, the volume of integration is 
approximated by use of iso-parametric curved elements with quadratic 
di storsi on; the expans i on functions on these elements are of second 
degree in the parent parameter space. Delta sampling is performed at 
the corner nodes of the elements to find the unknown fields in the 
scattering region. The use of parametriC elements for the, moment 
method solution of volume integral equations has been proposed 
recently (Grag1ia, IEEE Trans. AP, accepted), and in general it allows 
better description of the geometry under investigation, considerable 
reduction in the number of unknowns and more accurate results than 
other methods. A detailed discussion of the 30 application of 
parametric elements to the present scattering problem and the attained 
advantages is given. 

Numeri ca 1 resu1 ts concerni ng the i nterna 1 fi e 1 d values are gi ven for 
scatterers of different shape and having different susceptibility 
tensors, including perfectly conducting scatterers coated by 
anisotropic materials. These results show that the method leads to a 
very good numerical fulfillment of interface boundary conditions. 
Far-field results obtained by integration of the surface fields are 
also shown. 
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66-5 

ANALYSIS OF FINITE ELEMENT METHOD WITH 
VECTOR BASIS FUNCTIONS 

Hong Z. Sun*, Department of Mathematics 
x. Min and K. M. Chen 

Department of Electrical Engineering & Systems Science 
Michigan State University, East Lansing, M1 48824 

Recently, a simple and efficient finite element procedure with two­
dimensional vector basis functions defined on triangular surface patches (or 
three-dimensional vector basis functions on tetrahedral volume elements ) has 
been used by many workers to solve the electric field integral equation 
(EFIE). 

Usually an EFlE is formulated as (I + 10 J(r) = E(r), rEG or 
K J(r) = Ei(r) rEG, where I is an identity operator, K is an integral operator and 
G is a regular region of interest. J(r) is the induced current by the incident 
electric field E(r). Under the assumption that the homogeneous EFIE has only 
the trivial solution, (I + 10 and K have bounded inverses by the Theorem of 
Fredholm's Alternative. The EFlE is then solved numerically as following: 

N 
The substitution of a test function i = 1: I.f., where In'S are N unknown 

0=1 

coefficients and fn's are N vector basis functions defined on the partitions of 
the region G, into the EFlE leads to : 

ERR+E=Ti 

where T = I + K or T = K and ERR is the resulting error. Forcing 
< ERR, f .. > = 0, ( m = I, ... , N ) gives to a NxN system of linear equations: 

<E,f .. >=<Ti,f .. > m=I,···,N 

To simplify the computation of the coefficients, the operator T is approx­
imated by the operator T. which is consistent with T and depends on the parti­
tion of the region. If the size of the patches is sufficiently small, T. inherits 
the properties of T where the estimation of 111i.1 II is available. Thus, the sys­
tem of linear equations becomes: 

V .. = < T.i,f .. > m=I,···,N orV=ZI 

where Z = [< T.f. ,f .. >1 is a NxN matrix, 1= [lb· .. ,Ilff is a set of unknown 
variables ( coefficients ), V=[ Vb ... , VN1T and V .. = < E',J .. > which is approxi­
mation of < E,f .. >. 

This analysis aims to answer following questions: 
I) Is this procedure feasible or the matrix Z invertible? 
2) How does the numerical solution converge? What is the error esti­

mate? 
3) As the patch size becomes small, Z I = V may become ill-conditioned. 

What is the stability of the procedure? 
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66-6 

THE TREATMENT OF EDGE SINGULARITIES IN THE FULL· 
WAVE FINITE ELEMENT SOLUTION OF WAVE GUIDING 

PROBLEMS 

z. Pantic-Tanner*, C.H. Chan and R. Mittra 
Electromagnetic Communication Laboratory 
University of Illinois, Urbana, Illinois 61801 

The finite element method(FEM) is regarded as a powerful numerical technique 
for solving a variety of waveguide problems, because it is capable of handling 
waveguides of complicated cross-section and with arbitrary fillings of 
inhomogeneous media, be they isotropic or anisotropic. The use of high-order 
ordinary elements allow one to enhance the numerical accuracy of the solution 
without increasing the number of mesh points when the field inside the guide is 
well-behaved. However, many waveguiding structures contain conducting or 
dielectric edges embedded in an inhomogeneous isotropic or anisotropic medium, 
and the field behavior can be singular in the vicinity of these edges. If conventional, 
ordinary elements are used to model these rapidly varying fields , it becomes 
necessary to use a fine mesh near the edge regions and the reduction in mesh size 
has the effect of increasing the computational time as well as memory 
requirements. However, it has been shown that both for the quasi-static 
transmission line problems (Z. Pantic and R. Mittra, URSI Symp. Dig., 68, 1985; 
Z. Pantic and R.Mittra, T-MTT, 34, 1096-1103, 1986) as well as for the time­
domain diffraction problems (S. Ray, URSI Symp. Dig., 247, 1986), the number 
of nodes necessary to model the fields can be significantly reduced by employing 
singular elements. While the ordinary elements represent the field components 
using polynomials, the singular elements are based on analytical solutions for the 
fields near the edges, and are designed to mimic the theoretically-predictable 
singular behavior of these fields as closely as possible. It is shown that it is 
possible to derive the elements of the FEM matrix involving the singular elements 
by carrying out the necessary integrations in a closed form. Furthermore, for 
certain singularity parameters, "singular" matrices are shown to have a form similar 
to those of ordinary FEM matrices. 

In order to construct singular element basis functions, a prior knowledge of the 
singularity parameter governing the field behavior at the edges is required. For 2-D 
problems, a new transcendental equation for singularity parameter is given in this 
paper for an anisotropic medium described by an arbitrary permittivity and 
permeability tensors. For a conducting edge, the singularity is always present in 
the field components transverse to the edge. However, for a dielectric edge, the 
fields can be either singular or nonsingular depending upon the edge configuration 
and the parameters of the medium. 

Numerical results for some typical waveguiding structures containing sharp 
edges are presented in the paper. 
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URSI-F Session 68 

POLARIMETRIC SCATTERING 
Chairmen: W. Boerner, University of Illinois; J. J. van Zyl, JPL 

Room: Sheraton Comstock B Time: 8:25-12:00 

8:30 Polarimetric Matched Image Filter for Pol-Sar Image Interpretation of 338 
Ocean Surface Scatter 
A. B. Kostinski, B. D. James, W. Boerner, Univ. of Illinois at Chicago 

8:50 Statistical Analysis and Some Polarimetric Signatures of Pol-Sar 339 
Images 
M. Walther, A. B. Kostinski, H. J. Eom, W. Boerner, Univ. of Illinois at 
Chicago 

9:10 The Optimal Polarizations for Achieving Maximum Contrast in Radar 340 
Polarimetry 
A. A. Swartz, L. M. Novak, MIT; R. T. Shin, MIT Lincoln Laboratory; H. A. 
Yueh, J. A. Kong, MIT 

9:30 Classification Of Earth Terrain Using Polarimetric Synthetic Aperture 341 
Radar Imagery 
H. H. Lim, A. A. Swartz, H. A. Yueh, J. A. Kong, R. T. Shin, MIT; J. J. van 
Zyl, California Institute of Technology 

9:50 Generation of a 4x4 Mueller Matrix From a 2x2 Scattering Matrix Time 342 
Series 
J. Okeke, A. B. Kostinski, H. J. Eom, W. Boerner, Univ. of Illinois at Chicago 

10:10 COFFEE BREAK 
10:40 K-Distribution and Polarimetric Terrain Radar Clutter 343 

H. A. Yueh, J. A. Kong, R. T. Shin, MIT 

11 :00 Polarization Considerations in Scattering from Rough Surfaces 344 
H. R. Raemer, Northeastern University; D. Preis, Tufts University 

11 :20 Polarimetric Isar Imaging Using Either Measured or Calculated 345 
Transient Signatures . 
G. Dural, J. D. Young, D. L. Moffatt, Ohio State University 

11 :40 Experimental Determination of Scattering From E-Pol and H-Pol Slit 346 
Cylinders 
D. C. Fromme, R. M. Sega, J. D. Norgard, University of Colorado at Colorado 
Springs 
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68-1 

POLARIMETRIC MATCHED IMAGE FILTER FOR POL-SAR IMAGE 
INTERPRETATION OF OCEAN SURFACE SCATTER 

* Alexander B. Kostinski, Brian D. James and Wolfgang-M. Boerner 
Communications Laboratory (M/C 154) 

Deparment of Electrical Engineering & Computer Science 
University of Illinois at Chicago, Chicago, IL 60680-4348 

A statistical analysis of complete polarimetric SAR image data 
collected with the JPL/CV-990 L-band POL-SAR system is 
perfo.rmed. Eight real numbers (complex elements of the 2x2 
polariztion scattering matrix) are associated with each image 
pixel. A novel polarimetric matched imaged filtering approach is 
introduced which makes use only of polarimetric optimization 
methods, i.e., without the use of other standard image 
processing techniques. First, the optimal (maxima or minima of 
the scattered power) transmitted and received polarizations are 
found for each image pixel and then the results are analyzed 
statistically via a set of joint bivariate histograms of the 
eigenvectors. Finally, the image response to the optimal antenna 
polarization is simulated digitally via the receiver 
polarization adjustment in accordance with relevant histogram 
peaks. The resulting polarimetric matched image filtering 
process is then applied to ocean clutter removal for a 
particular JPL/CV-990 POL-SAR data set collected over the San 
Francisco Bay area. The corresponding set of optimized images 
are of rather high quality providing very encouraging results. 
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68-2 

STATISTICAL ANALYSES AND SOME POLARIMETRIC SIGNATURES OF POL-SAR 
IMAGES 

* Matthias walther, Alexander B. Kostinski, 
Hyo J. Eom, and Wolfgang-M. Boerner 
Communications Laboratory (M/C 154) 

Department of Electrical Engineering & Computer Science 
University of Illinois at Chicago, Chicago, IL 60680-4348 

We have performed statistical analyses of complete polarimetric 
SAR image data obtained with the JPL/CV-990 L-band POL-SAR 
system on the San Francisco Bay area. Here, we report on some 
promising preliminary results concerning deviations of amplitude 
(one-look) images from Rayleigh statistics depending on the 
terrain type (roughness) and the nature of the polarimetric 
scattering. 

Furthermore, we identify and interpret the behaviour of some 
important polarimetric functions of the scattering matrix versus 
the terrain texture, e.g., double bounce/corner reflector 
behaviour of the urban area section of the image. Some physical 
models describing the observed effects are provided. 
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68-3 

THE OPTIMAL POLARIZATIONS FOR ACHIEVING MAXIMUM 

CONTRAST IN RADAR POLARIMETRY 

A. A. Swartz·, L. M. Novak and R. T. Shin 

MIT Lincoln Laboratory 
Lexington, MA 02173 

H. A. Yueh and J. A. Kong 

Department of Electrical Engineering and Computer Science 
and Research Laboratory of Electronics 
Massachusetts Institute of Technology 

Cambridge, Massachusetts 02139 

There is a considerable interest in determining the optimal polariza­
tions that achieve maximum contrast between two scattering Classes in radar 
polarimetric images for the purpose of terrain discrimination. In this pa­
per, we present a systematic approach for obtaining the optimal polarimetric 
matched filter which produces maximum contrast between two scattering 
Classes, each represented by its respective covariance matrix. 

To accomplish this, we derive a linear weighting vector that maximizes 
the expected power return ratio, i.e., the contrast ratio between the two 
scattering classes. The maximization procedure involves solving an eigen­
value problem where the eigenvector yielding this maxima will correspond to 
the optimal polarimetric matched filter. Then, through use of polarization 
synthesis, it is demonstrated that when this weighting vector is utilized to 
process fully polarimetric radar images, the maximum contrast between the 
two respective classes results. The sub-optimal problem of a fixed transmit­
ting polarization is also considered. In this case, the received polarization is 
optimized such that a maxima in the contrast ratio is obtained under this 
constraint. To exhibit the physical significance of this filter, we transform it 
into its associated transmitting and receiving polarizations, in terms of their 
horizontal and vertical vector components. 

This technique is then applied to radar polarimetry obtained from the 
Jet Propulsion Laboratory. It is shown, both numerically and through the 
use of radar imagery, that maximum image contrast can be realized when 
data is processed with the optimal polarimetric matched filter. 

This work was sponsored by the Defense Advanced Research Projects Agency. 
The views expressed are those of the authors and do not reflect the official 
policy or position of the U.S. Government. 
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68-4 

CLASSIFICATION 01' EARTH TERRAIN USING POLARIMETRIC 

SYNTHETIC APERTURE RADAR IMAGERY 

H. H. Lim *, A. A. Swartz, H. A. Yueh, J. A. Kong and R. T. Shin 

Department of Electrical Engineering and Computer Science 
and Research Laboratory of Electronics 
Massachusetts Institute of Technology 

Cambridge, Massachusetts 02139 

J. J. van Zyl 

Jet Propulsion Laboratory 
California Institute of Technology 

Pasadena, CA 91109 

Supervised and unsupervised classification procedures are developed 
and applied to synthetic aperture radar (SAR) polarimetric images in order 
to identify its various earth terrain components. For the supervised classifi­
cation processing, the Bayes technique is utilized to classify fully polarimetric 
and normalized polarimetric SAR data. Simpler polarimetric discriminates, 
such as the unnormalized and normalized magnitude response of the individ­
ual receiver channel returns, in addition to the phase difference between the 
receiver channels are also considered. Covariance matrices are computed for 
each terrain class from selected portions within the image where ground truth 
is available, under the assumption that the polarimetric data has a multi­
variate Gaussian distribution. These matrices are used to train the optimal 
classifier, which in turn is used to classify the entire image. In this case, clas­
sification is based on determining the di&tance& between the training classes 
and the observed feature vector, then assigning the feature vector to belong to 
that training class for which the distance was minimum. Another processing 
algorithm based on comparing general properties of the Stokes parameters of 
the scattered wave to that of simple scattering models is also discussed. This 
algorithm, which is an unsupervised technique, classifies terrain elements 
based on the relationship between the orientation angle and handedness, or 
ellipticity, of the transmitted and received polarization state. These classi­
fication procedures will be applied to San Francisco Bay and Traverse City 
SAR imagery, supplied by the Jet Propulsion Laboratory. It is shown that 
fully polarimetric classification yields the best overall performance. Also, in 
some selected areas where the observed amplitudes of the returns are quite 
different than that of the training data, classification techniques not based 
on the absolute amplitudes of the returns, e.g., the normalized polarimetric 
classifier, produced a more consistent result with respect to the ground truth 
data. 
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68-5 

GENERATION OF A 4X4 MUELLER MATRIX FROM A 2X2 SCATTERING MATRIX 
TIME SERIES 

* Jonas Okeke , Alexander B. Kostinski, Hyo J. Eom and 
Wolfgang-M. Boerner 

Communications Laboratory (M/C 154) 
Department of Electrical Engineering & Computer Science 

University of Illinois at Chicago, Chicago, IL 60680-4348 

The polarization state of the scattered wave resulting from the 
interaction of the incident wave and the radar target system 
depends on the target's scattering matrix which is a function 
of: (1) the frequency of the incident wave; (2) the radar target 
under study; (3) the orientation of the target with respect to 
the incident wave vector; (4) the azimuthal orientation of the 
incident wave and the reflected wave propagation directions 
relative to the reference coordinate axes; (5) the relative 
transmitter/receiver, bistatic or monostatic mode of operation; 
and (6) the fluctuation of scattering centers on the target. 
When a time-dependent scatterer is illuminated by a 
monochromatic (completely polarized) wave, the amplitude and the 
phase of the reflected (scattered) wave are functions of time. 
The scattered wave is non-monochromatic and, therefore, 
partially polarized. Consider a quasi-monochromatic reflected 
wave at a fixed point in space represented by the Jones vector: 

E(t) = I IE I (t)exp(i& )a +IE I (t)exp(H )a ) x x x y y y 
- IA(t)ax+B(t)exp[i~(t))ay)exp(iwt) 

where the time dependence of A(t), B(t), and ~(t) causes a 
spectral spread Af such that Af « w/(2n). If this wave is being 
measured and the measurement time duration, satisfies, « 
(2n)/6f, then the wave can be considered to be completely 
polarized. This indicates that the measurement time is so fast 
that the time-dependent fluctuating target may be considered 
frozen in time (snapshot). But, if the measurement time, is 
such that, »(2n)/6f (i.e., long averaging times), the wave 
must be considered to be partially polarized. In the first case, 
the wave can be completely represented by a 2xl Jones vector and 
characterized by a 2x2 scattering matrix. In the latter case, 
the representation by a Jones vector is not possible and the 
target cannot be effectively characterized by a scattering 
matrix, IS); but, a 4xl Stokes vector formulation together with 
the 4x4 Stokes reflection matrix representation [M) is most 
appropriate. This paper will review the characteristics of the 
2x2 scattering matrix, IS), which will be designated as the 
Jones matrix, and the 4x4 scattering matrix, [M) referred to as 
the Mueller matrix; and the relationship(s) between the two will 
be established by the detailed general deviation of the Mueller 
matrix from the Jones matrix, using time series ensemble 
averaging. The physical realizability of these scattering 
matrices will then be reviewed; and the necessary and sufficient 
conditions for the Mueller matrix to be derivable from a 2x2 
Jones matrix will be established. 
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68-6 

X-DISTRIBUTION AND POLARIMETRIC TERRAIN RADAR CLUTTER 

H. A. Yueh *, J. A. Kong and R. T. Shin 

Department of Electrical Engineering and Computer Science 
and Research Laboratory of Electronics 
Massachusetts Institute of Technology 

Cambridge, Massachusetts 02139 

A generalized K-distribution is proposed to model the statistics of the 
fully polarimetric returns from the terrain cover. In the past, K-distribution 
has been used successfully to characterize the intensity distribution of single 
polarization returns. Recently, fully polarimetric synthetic aperture radar 
(SAR) data with polarizations HH, HV, and VV have been proven useful 
in remote sensing of earth terrain and in this paper we generalize the K­
distribution to model fully polarimetric terrain radar clutter. The generalized 
K-distribution is a better description of the statistics of the SAR polarimetric 
data than the Gaussian distribution and would be useful in identification and 
classification of terrain types in the SAR polarimetric data. 

In general, all polarization returns of each single polarimetric measure­
ment are correlated with different variances. Therefore, we assume an n­
dimensional anisotropic random walk model where the coordinate compo­
nents of each step axe characterized by a covariance matrix and the number 
of steps or scatterers is of negative binomial distribution with parameter a. 
The anisotropy in the model refers to the fact that the the covariance matrix 
is not proportional to an identity matrix. A generalized K-distribution for 
polarimetric data is derived when the average number of steps approaches 
to infinity. The K-distribution is also generalized to the non-zero mean case, 
which can be used to model the statistics of transmitted electromagnetic wave 
through atmosphere. It is found that if a zero-mean K-distributed random 
vector is normalized by its Euclidean norm, the joint probability distribution 
of the normalized quantities is independent of the parameter a and is the 
same as that derived from a zero-mean Gaussian-distributed random vector. 
The results are illustrated by analyzing the normalized intensity moments 
of the polarimetric SAR images provided by the Jet Propulsion Laboratory 
and comparing them with the generalized K-distributed polarimetric model. 
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68-7 

roIARIZATION CX)NSlDERATIONS IN SCA'ITERING F'RCt'I RClJGH SURFACES 

* Harold R. Raemer 
Department of Electrical am CC1lplter En;Jineering am 

Center for Electranagnetics ResearC'h 
Northeastem University 

Boston, MA 02115 

Douglas Preis 
Department of Electrical En;Jineering 

'l\lfts University 
Medforo, MA 02155 

In an earlier paper (Raemer am Preis, Vol. EMC-22, No. I, 
February 1980) the authors investigated the issue of apparent 
cross-polarized radar returns predicted by first-orner theo:r:y of 
scattering from a rough surface. '!he rnnnerical results presented 
were for a horizontal mean surface on which are supeJ:pOSed small­
scale ramom fluctuations. First orner theo:r:y does not predict 
crosspolarized returns when polarization is defined with respect 
to the mean scattering surface. However, the polarization as 
obseJ:ved by the receiving antenna is better defined with respect 
to its aperture plane, since the antenna has no way of separating 
out different polarizations with respect to the scattering 
surface if that surface is not perfectly flat. '!he earlier 
results alluded to above show correspond1:ng returns with respect 
to antenna aperture that are abalt 40dB below the corresponding 
capol returns for perfectly horizontal mean surfaoes. 

Recent investigations of this problem have exterrled the 
analysis to include laxge scale surface roughness am the effects 
of the antenna pattern. Elliptical polarization is also included 
in this work. '!he extensions of the theo:r:y are discussed am 
SOJre rnnnerical results are presented on which the cross polarized 
returns are shown to be IIDre pronounced when these additional 
results are introduced. 
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POLARIMETRIC ISAR IMAGING USING 
EITHER MEASURED OR CALCULATED 

TRANSIENT SIGNATURES 

Giilbin Dural' Jonathan D. Young 
David L. Moffatt 

The Ohio State University EledroScience Laboratory 
Department of Electrical Engineering 

Columbus, OR 43212 

68-8 

An approach to generate synthetic target images from electromagnetic 
scattering data is described. A substit.ute algorithm which uses one dimen­
sional (I-D) filtered time domain signals t.ogether with aspect information is 
used to replace the conventional 2-D Fourier t.ransform. Polarimetric scat­
tering characteristics of the targets of int.erest. are investigated. Images of the 
same target with different linear polarizat.ions are generated and compared. 
Different. sets of colors are assigned t.o different. polarizat.ions to illustrate 
t.he polarization dependence of the images. Frequency scaling techniques are 
applied to combine measured data on different scale models to widen t.he 
bandwidth. The work has concent.rat.ed bot.h on geometrically simple and 
more complicated targets. Polarizat.ion is shown to be a useful tool for target 
identification. 
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68-9 

EXPERIXENTAL DETERXINATION OF SCATTERING FROX 
E-POL AND H-POL SLIT CYLINDERS 

D. C. Fronune *, R. M. Sega +, J. D. Norgard 
Department of Electrical Engineering 

Universi ty of Colorado 
Colorado Springs, Colorado 80933-7150 

Assessing the exact electromagnetic field structure 
within and around a hollow or concentric cylinder with 
an axial slit is a complex task of great practical 
importance. Much of the previous work in this area 
has focused on a method of moments solution which does 
not explicitly take edge effects into account. 

Recent developments in both theoretical and 
experimental methods for viewing cross-sectional 
electric fields in sli t cylinders lend themselves to 
examination and subsequent comparison. Experimental 
techniques developed at the University of Colorado are 
based on infrared (IR) measurements of Joule heating 
induced when electromagnetic energy is absorbed by 
lossy dielectric materials. The surface temperature 
patterns correspond to the field intensi ties in the 
surface. An infrared scanning system detects the 
thermal radiation and the actual field strengths are 
then related to the" surface temperature variations. 
The detection screen material is of planar 
construction and thus provides a two-dimensional field 
mapping. By moving the screen along the axis of the 
cylinder the three dimensional field is obtained. 

The data received from this scanning system is 
graphically depicted by a thermogram, on a pixel by 
pixel basis, or by equal contours, the intensity of 
the field distribution. These resul ts can be compared 
wi th contour maps of the electric field generated by a 
theoretical technique (R. W. Ziolkowski and J. B. 
Grant, IEEE Transactions of Antennas and Propagation. 
AP-35. 504-528. 1987). This technique is based on the 
generalized dual series solution which yields more 
precise edge effects (W. A. Johnson and R. W. 
Ziolkowski, Radio Sci. 19, 275-291. 1984). 

Comparisons will be made between the theoretical and 
experimental approaches for various slit cylinder 
configurations, including E-pol and H-pol alignments. 
varying slot sizes. concentric cylinders. and varying 
frequencies from 1 to 18 GHz. 

+ Affiliated with F. J. 
u. S. Air Force Academy. 

Seiler 
Colorado 
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Thursday AM 
Joint AP-S, URSI-B Session 70 

RADIATION FROM WAVEGUIDES 
Chairmen: R. Scharstein, Sensis Corporation; 

S. Lakshamanaswamy, University of Rhode Island 
Room: Schine 304C Time: 8:25-12:00 

A Method Of Moments Analysis Of A Dual Frequency Rectangular 
Waveguide-Ridged Waveguide Cavity Antenna 
J. M. Jarem, The University of Alabama In Huntsville 
Rectangular Waveguide Loaded By A Radiating Slot 
M. Kisliuk, A. Axelrod, MWAlMicrowave Antennas Ltd. 
Reflections In Open-Ended Elliptical Waveguide With An Infinite 
Flange 
T. S. Bird, CSIRO 
Broad Wall Tilted Slots on Rectangular Waveguides 
S. Rengarajan, University of California, Los Angeles 
Dielectric-Covered Waveguide Longitudinal Slots 
P. B. Katehi, University of Michigan 
COFFEE BREAK 
Electromagnetic Directed EnergyPulse Trains Launched by an Open, 
Semi-Infinite, Circular Waveguide 
I. M. Besieris, A. Shaarawi, Virginia Tech.; R. W. Ziolkowski, Lawrence 
Livermore National Laboratory 
Fast Analysis of Multimode Corrugated Conical Horns 
J. Molina, M. Calvo, Universidad Politecni6a de Madrid 
Minimisation of Pulse Distortion in a Long Slotted Waveguide Antenna 
B. K. Sarkar, R. Roy, C. J. Reddy, TIFR 
Radiating Properties Of Sectlonallzed Uniform Helical Structures 
Z. Ying, China Academy of Post & Telecommunication Science 
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ELECTROMAGNETIC DIRECTED ENERGY PULSE TRAINS LAUNCHED BY AN OPEN, 
SEMI-INFINITE, CIRCULAR WAVEGUIDE 

Prof. Ioannis M. Besieris and Mr. Amr Shaarawi 
Department of Electrical Engineering 

Virginia Polytechnic Institute and State University 
Blacksburg, VA 24061 

and 
Dr. Richard W. Ziolkowski 

Engineering Research Division 
Lawrence Livermore National Laboratory 

P.O. Box 5504, L-156 
Livermore, CA 94550 

A new decomposition of exact solutions to the scalar wave 
equation into bidirectional backward and forward travelling plane 
waves is described. These elementary blocks constitute a natural 
basis for synthesizing Brittingham-like solutions with unusually 
slow energy decay characteristics. Examples of such solutions, 
besides Brittingham's original modes [J. Appl. Phys. 54, 1179 
(1983)], are ziolkowski's EDEPT [URSI General Assembly, Tel Aviv, 
Israel, 1987] and Hillion's spinor modes [J. Math. Phys. 28, 1743 
(1987)]. A common feature of these solutions is the 
incorporation of certain parameters that can be tuned in order to 
achieve slow energy decay patterns. 

It is our aim in this exposition to show that the 
aforementioned decomposition can be used to solve Cauchy 
initial-boundary problems. A specific demonstration will be given 
in connection with a semi-infinite circular waveguide excited by 
a localized initial pulse whose size is related directly 
to parameters similar to those arising in ziolkowski's EDEPT 
solutions. The far fields are computed using Kirchhoff's integral 
formula with a time-retarded Green's function. The resulting 
approximate solutions are causal, have finite energy and exhibit 
a slow decay behavior. Like the EDEPT, these approximate far 
field solutions contain certain parameters that can be adjusted 
to control the shape of the pulses as they propagate in free 
space. In this case, however, these parameters are linked to 
physically meaningful quantities, such as the size of the initial 
pulse, the cross sectional area of the waveguide and its cutoff 
frequencies. A major conclusion arising from our preliminary 
investigation is that the decay of the wave trains is slowed down 
significantly by using larger initial pulses and exciting mostly 
higher order modes in the waveguide. 
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FAST ANALYSIS OF MULTIMODE CORRUGATED CONICAL HORNS 

J. Molina, M. Calvo·. 

Grupo de Radiaci6n. E.T.S.I. Telecomunicaci6n. 
Universidad Politecnica de Madrid. 

Several approximations to the aperture field distribution of 
corrugated conical horns have been proposed in order to reduce the 
evaluation complexity due to the spherical functions. The present 
paper deals with the approximation, first suggested at [Narasimhan, 
Rao. "Hybrid Modes in Corrugated Conical Horns". Elect. Lett. Jan. 
1970], obtained by substitution of sinD by 0 in the characteristic 
wave equation and subsequent resolution of the resulting Bessel 
differential equation. In this way, the complicated formulation of 
the modes propagating along the corrugated conical horn is reduced 
to a radial dependence on the Bessel functions, an ordinary 
azimuthal dependence and a correcting phase term including the 
spherical form of phase fronts. 

The radiated field is obtained by means of Bessel-Zernike (BZ) 
Series Expansion of the aperture fields, which enables a quick 
evaluation of the radiation vector as a function of the expansion 
coefficients and the direction. This scheme was successfully 
applied [Calvo, Molina, Lois. "Fast Analysis of Multimode Conical 
Horns by Bessel-Jacobi Series Method". 2' Simp. Elect. Telec. 
Lisboa, May 1986] finding out several advantages that also appear 
in the present application. The critical point of BZ method 
is the evaluation of coefficients. Making the polar coordinate 
p-at, aperture fields can be expressed as: 

o '" being the spherical unity vectors, p '" polar coordinates of 
aperture points, J v (x) bessel functions, Sv. n the n-th root of 
J v (x), (upper /, lower sign for HEmn / E~n modes), a the aperture 
radius and L the horn length. 

It is obvious in (1) that the aperture field distribution can be 
separated in a mode-dependent factor, which can be precalculated 
and stored for further calculations, and a geometry-dependent 
factor which should be calculated for any particular analysis. 

This scheme was implemented in a computer program and results 
compare very well with other authors' former works. Conclusions on 
practical examples and validity range of the approximation will be 
presented. 
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Thursday AM 
Joint AP-S, URSI-E Session 71 

RADIO WAVE PROPAGATION 
Chairmen: J. Wait, University of Arizona; 

C. E. Eftimiu, McDonnell Douglas 
Room: Newhouse A1 Time: 8:25-12:00 

Propagation Limitations In Determining Lightning Source Parameters 
from Remote Locations 
J. R. Wait, P. Teschan, F. Assi, University of Arizona 

Improved Meteor Burst Channel Model for a High-Thruput 
Communication System 
A. K. Gupta, J. R. Herman, GTE 

Comments on the "Head Model" 
A. Schneider, CyberCom Corporation 

Propagation Characteristics of Low Base-Station Antennas on Urban 
Road 
S. Kozono, A. Taguchi, NTT Radio Communications Systems Laboratories 
Propagation Studies on Smooth-Earth Diffraction Path 
R. K. Tewari, B. S. Jassal, Defence Electronics Applications Laboratory; M. 
N. Roy, Jadavpur University 
COFFEE BREAK 
On The Concept Of Optimal Polarizations In Problems of Radio Wave 
Propagation 
A. P. Agrawal, W. Boerner, University of Illinois at Chicago 
Modelling the Spatial Large Scale Statistical Dependence of Rain 
F. Barbaliscia, Fondazione Ugo Bordoni; G. Brussaard, Estec - Noordwijk­
Holland; A. Paraboni, Politecnico di Milano 
Spatial Statistical Dependence of Rainy Events 
F. Barbaliscia, Fondazione Ugo Bordoni; G. Brussaard, Estec; A. Paraboni, 
Politecnico di Milano 
Depolarization Due To Raindrops And'ice Particles Along Ka-Band 
Satellite Communication Path 
Y. Maekawa, N. S. Chang, A. Miyazaki, Osaka Electro-Communication 
University; T. Segawa, CSK Corporation 
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71-1 

PROPAGATION LIMITATIONS IN DETERMINING LIGHTNING 
SOURCE PARAMETERS FROM REMOTE LOCATIONS 

James R. Wait *, P. Teschan and F. Assi 
Electromagnetics Lab. 
ECE Dept./Bldg 104 
University of Arizona 
Tucson AZ 85721 

For many years the lightning community have observed 
electromagnetic fields at points remote from the discharge. 
The usual procedure is to interpret the recorded waveforms 
in terms of assumed source models. While there is no doubt 
that much valuable insight into the phenomenolgy has been 
obtained, we feel that direct inversion of the observed 
data might be possible if the forward electromagnetic 
problem is fully understood. Thus the first part of this 
paper will be to review various published papers that 
deal with the propagation influences that can modify the 
received signal characteristics. Effects of finite ground 
conductivity, earth curvature, topography, antenna siting, 
and local environment are all important .We illustrate 
some of these problems using specific examples where viable 
calculations can be made.(J.R.Wait,Proc.IEEE, 74,1173-1181,1986) 

In the second part of the paper, several direct inversion 
schemes are are described using fairly idealized situations. 
For example we show that the time dependent dipole moment of a 
vertical discharge column can be deduced directly from the 
recorded electric and magnetic field waveforms at a distant 
observation sight. Propagation influences can be built into 
the scheme at a cost of non-simple data processing. 

The desirability of making field waveform measurements 
simultaneously at two or more remote locations is stressed. 
(A.G.Jean,W,L.Taylor and J.R.Wait, J.Geophys.Res.65 ,907-912, 
1960 ; V.T.Lin, M.A.Uman, J.A. Tiller,R.D. Brantley,W.H. 
Beasley, E.P. Krider and C.D. Weidman,J.Geophys.Res. 84,6307-
6314,1979). Only in this way can we untangle the usually 
unknown propagation influences from the source character­
istics which we are trying to determine. Also we make a plea 
to experimentalists to record and publish all relevant infor­
mation connected with the data gathering such as antenna 
characteristics, ground conductivity, surface features such as 
coast lines, and equipment frequency response. 
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IMPROVED METEOR BURST CHANNEL MODEL FOR A HIGH-THRUPUT 
COMMUNICATION SYSTEM 

. * A. K. Gupta and J. R. Herman 
GTE Government Systems Corp. 

One Research Drive 
Westborough, MA 01581 

71-2 

'l'hisJ.l.ll,Pel." discusses an improved meteor burst channel model in 
terms of Rician channel rather than currently used Rayleigh model 
in a high thruput meteor burst communication system (A. K. Gupta 
and J. R. Herman, "A Channel Adaptive High Thruput Meteor Scatter 
Communication System," National Radio Science Meeting, abstract, 
Boulder, 'CO, Jan. 1988). The ratio of the specular component power 
to the diffuse component power is obtained by multiplying the rat~ 
io of number of retUrns from overdense trails to that from under­
dense trails and the ratio of received power from corresponding 
trails. The time dependence of total power can be obtained by 
combining the power equations of underdense and overdense trails 
in propdrtional to the corresponding number of trails above a 
threshold. 

The modified equation for the waiting time interval for the Rician 
channel is obtained from the inversa of total meteor occurrence 
rate obtained by Hines. A simplified model for the generalized 
waiting-time calculations is also provided in this paper. The 
capacity formulation for high thruput communication via .Rician 
channel will be different to Dr. E. J. Baghdady!s proposal in 
1979 for a high data rate system utilizing Rayleigh model 
(A. K. Gupta and M. D. Grossi, Froc. of Ionospheric Effects 
Symposium, Alexandria, VA, 282-296, 1981). 
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NUMERICAL TECHNIQUES FOR EM PROBLEMS 
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Fast-Frequency Stepping with LS-Decomposition 
T. L. Simpson, University of South Carolina; J. C. Logan, J. W. Rockway, 
Naval Ocean System Center 
Numerical Field Calculation With MMP-Programs on PC's 
C. Hafner, Swiss Federal Institute of Technology 
Automatic Choice of MMP-Functions In Dynamic Problems 
P. Leuchtmann, Swiss Federal Institute of Technology 
A Transverse Aperture-Integral-Equatlon Solution For Edge 
Diffraction By Mutiple Layers Of Homogeneous Material 
L. W. Pearson, McDonnell Douglas Research Lab.; R. A. Whitaker, 
McDonnell Douglas Aerospace Information Services 
Calculation of the Fresnel Transition Function of Complex Argument 
for the Method of Steepest Descents 
T. Griesser, C. A. Balanis, Arizona State University 
COFFEE BREAK 
Eigenvalue Projection Theory Applied to the Numerical Solution of 
Integral and Differential Equations 
A. F. Peterson, University of Illinois 
Parallel Numeric Algorithms for Large Systems of Linear Equations 
I. Ghafoor, Bronx Community College 
Parallellzing Method of Moments and Its Performance on 
Multiprocessor Systems 
A. Ghafoor, S. A. Sheikh, Syracuse University; I. Ghafoor, Bronx Community 
College 
Principles of the K-Space Method 
N. N. Bojarski; B. L. Homing, C. W. Yang, A. D. Varvatsis, Northrop Aircraft 
Division 
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73-1 

FAST-FREQUENCY STEPPING WITH LS-DECOMPOSITION 

T. L. Simpson*, University of South carolina, 
Columbia, South Carolina 29208 

J. C. Logan, and J. W. Rockway, Naval Ocean system 
center, code 822, San Diego, California 92152 

Techniques for accelerating the computation of the 
impedance matrix, Z, in moment method solutions are 
presented. LS-decomposition, where 

Z = jwL + (l/jw)S + Zf, 

enables separate and independent procedures to be used 
in computing static and harmonic terms. Static 
integration, which often requires the use of high­
resolution numerical integration, is thereby restricted 
to use in filling the Land S matrices which are stored 
for rapid insertion during frequency scanning. Harmonic 
integrals, which comprise the Zf matrix, are computed 
efficiently at each frequency using three geometric 
parameters per antenna segment which are computed only 
once as a by-product of the computation of Land S. For 
high-performance computers with parallel processing, 
the decomposition of the matrix filling process offers 
access to a new level of speed. This acceleration of 
response is very important for users exploring 
complicated antenna interactions in congested siting 
studies on ships, vehicles, and airframes. 

Further acceleration for swept frequency applications 
is also considered through the use of matrix solution 
techniques using the stored inverses of Land S. This 
avoids redundant computation and offers potential 
advantages in the use of real arithmetic on the poorly­
conditioned S matrix. Related techniques for improving 
the stability in regions near anti-resonance are also 
discussed. 
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NUMERICAL FIELD CALCULATION 

WITH MMP-PROGRAMS ON PC's 

Ch.Hafner, Electromagnetics Group 
Swiss Federal Institute of Technology, Zurich, Switzerland 

The MMP-method is a very powerful instrument for the calculation 
of electromagnetic fields in piecewise linear, homogeneous, isotropic 
domains. Since MMP-expansions solve field equations in every region 
analytically, only the discretisation of the boundaries is necessary. This 
allows to describe the geometry of a given problem in a quite simple 
way. Furthermore relatively small and compact matrices (typically 100 
columns) are obtained, which may be solved with fast updating rou­
tines. These advantages allow the implementation of MMP-programs 
even on small computers. 

At present two MMP-programs for the calculation of static fields 
and time-harmonic (E-, H-, EH-, HE-) waves on cylindrical structures 
exist. The first one neglects losses to save memory and computation 
time. The second one works fully with complex numbers and allows 
the calculation of guided waves as well as scattering problems. Both of 
them are written in FORTRAN and make use of the zooming capability 
of the MMP-method for the graphic output. 

The programs have been implemented on very different machines 
(PC's, workstations, mainframes) with different compilers and were 
already used to solve a lot of typical problems. Reasonably small ex­
ecution times are obtained on the entire PC family of IBM and com­
patibles if a math co-processor is installed. A comparison of compilers 
and machines is also given. 
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AUTOMATIC CHOICE OF MMP-FUNCTIONS 

IN DYNAMIC PROBLEMS 

P. Leuchtmann, Electromagnetics Group 
Swiss Federal Institute of Technology, Zurich, Switzerland 

The MMP-method (Multiple Multipole-method) has been successfully 
applied for solving problems in electrodynamics as well as in optics. 
It is a so called semi-analytical technique, since the solutions fulfill 
the differential equations exactly, where the boundary conditions are 
fulfilled approximately by numerical procedures (usually least squares 
techniques). The basic concept of the MMP-method, the expansion of 
the unknown field functions in series in several subdomains seperately, 
and the use of non-orthogonal expansion functions leaves a lot of free­
dom to the user, but forces him to know deeply the mechanism of the 
technique. 

To avoid the difficulties which may arise in choosing the expansion 
functions, an automat.ed procedure is now available to find enough 
functions for almost any technical problem. The new procedure was 
applied to statics first and has now also been applied to dynamical 
problems, scattering problems as well as eigenvalue problems (e.g. wave 
guides). 

The "pole-finding-procedure" (the expansion functions are so­
called multipoles) is split into two steps. In a first step, a basic set 
of functions is produced very straightforwardly using only geometrical 
criteria. In many cases, the results obtained by this basic set of func­
tions fulfill practical requirements. Hence, there is no need to perform 
the second step. For those cases, where a higher accuracy is requested, 
the procedure searches for additional functions, which are optimally 
predestinated to minimize the error of the first approximation obtained 
using only the basic set. Therefore, it is possible to decrease the error 
iteratively. 

Results will be presented which leave no doubt as to the accuracy 
and the computational amount. The program runs on PC as well as 
on work stations or bigger computers. 
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A TRANSVERSE APERTURE-INTEGRAL-EQUATION SOLUTION FOR EDGE 
DIFFRACTION BY MULTIPLE LAYERS OF HOMOGENEOUS MATERIAL 

* L. W. Pearson 
McDonnell Douglas Research Laboratories 

R. A. Whitaker 
McDonnell Douglas Aerospace Information Services 

P.O. Box 516 
St. Louis, MO 63166 

The authors have recently proposed a numerical method for 
the computation of diffraction coefficients at the truncation 
of semi-infinite stratified structures ("A Transverse 
Aperture-Integral-Equation Method for Numerical Evaluation of 
Edge Diffraction by Semi-Infinite Structures, National Radio 
Science Meeting, Boulder, CO, January, 1987.) This method 
has the potential to provide a means of computation of dif­
fraction coefficients from a broad class of material pro­
files, including sheet-anisotropy models for conducting com­
posites. 

In this presentation we concentrate on the application of 
this method when the material profile comprises layers of 
homogeneous, potentially lossy material. In our earlier 
presentation we discussed the example of classical half-plane 
diffraction. The method was shown to allow analytical evalu­
ation of the distant magnetic fields in an infinite aperture, 
thereby limiting the domain on which the unknown was signifi­
cant to a modest extent--specifically ±2-3 wavelengths from 
the edge. When the diffracting sheet comprises penetrable 
material, the solution domain must be segmented into subdo­
mains spanning the individual material faces. 

The presence of material layers provides a better measure 
of the computational complexity of the method, because one 
must deal with Green's functions that are expressed as 
Sommerfeld-type integrals. The impact of these spectral 
integrals is twofold. The first is that the elements 
constituting the moment matrix must be computed as Sommerfeld 
integrals. The second is that the asymptotic anticipation 
involves reflection coefficients that are angularly dependent 
and is therefore more complicated. The computation issues 
that arise are discussed and illustrative computations are 
presented. 
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CALCULATION OF THE FRESNEL TRANSITION FUNCTION 
OF COMPLEX ARGUMENT FOR THE METHOD OF STEEPEST DESCENTS 

Timothy Griesser* and Constantine A. Balanis 
Department of Electrical and Computer Engineering 

Arizona State University 
Tempe, AZ 85287 

The Fresnel transition function F(z) arises in many types of 
diffraction problems in which the method of steepest descents is 
utilized. For perfectly conducting wedge diffraction, the 
Fresnel function of real argument is required and efficient means 
for calculating this function are available. For imperfectly 
conducting problems involving surface impedance boundary 
conditions, the Fresnel function of complex argument z is 
encountered. For complex argument, the Fresnel function is more 
difficult to calculate and the choice of an appropriate branch 
cut for the transition function becomes important. 

Many large computer systems have mathematical software 
packages which have some form of a complex error function and the 
Fresnel transition function can be related to the error function. 
Care must be taken to assure a branch cut of the square root of 
the complex argument z will lie along arg z=rr/2. This keeps /Z 
below the Stokes lines so that -3rr/4<arg /Z<rr/4. The 
discontinuity over the branch cut is important to provide the 
proper discontinuity in a steepest descent asymptotic solution to 
account for a pole crossing a steepest descent path. 

Smaller computers or hand calculators will generally not have 
access to a complex error function and other means of calculation 
are sought. A small argument asymptotic form of the Fresnel 
transition function exists and its accuracy depends on the number 
of terms chosen and on the location of the argument in the complex 
plane. This small term form also includes a square root term for 
which an appropriate branch cut must be identified. 

For large arguments, an asymptotic expansion is available. 
The asymptotic expansion is not necessarily convergent; however 
good accuracy can be obtained by choosing an appropriate number 
of terms in the series. The series is truncated before the term 
of smallest magnitude to minimize the resultant error. Indeed 
for best accuracy, fewer terms should be included for small 
arguments. This is in sharp contrast to the small argument form 
in which more terms always provide better accuracy. 

The intermediate ranges are effectively covered with good 
accuracy when up to 20 terms in the small and large argument 
series are considered. An alternate approach is to perform a 
numerical integration for an intermediate range argument. 
Comparisons of the errors of the various methods and the computer 
time requirements will be discussed in the presentation along 
with formulations for determining the branch cuts and associated 
discontinuities. 

360 



73-6 

EIGENVALUE PROJECTION THEORY 
APPLIED TO THE NUMERICAL SOLUTION 

OF INTEGRAL AND DIFFERENTIAL 
EQUATIONS 

Andrew F. Peterson 
Electromagnetic Communication Laboratory 

University of Illinois 
1406 W. Green St. 
Urbana,IL 61801 

One aspect of the numerical analysis of electromagnetic field problems involves 
the eigenvalue character of the associated matrix equations. Recent work 
suggests that significant insight can be obtained from the matrix eigenvalue 
spectrum, via a theory that relates the matrix spectrum to the spectrum of the 
continuous operator equation and the specific discretization used to construct the 
matrix equation (A. F. Peterson, "Eigenvalue projection theory for linear operator 
equations of electromagnetics," UILU-ENG-87-2252, University of Illinois, 
Urbana,IL, 1987). 

Knowledge of the eigenvalues of the continuous and matrix operators can aid in 
the selection of a robust formulation and discretization procedure. For example, 
the eigenvalue spectrum of the electric and magnetic field integral operators often 
used to represent conducting scatterers are very different in character. The 
behavior of the equations for low-frequency scattering is apparent from the 
spectrum, and helps explain the difficulty in solving the EFIE numerically at low 
frequencies. The eigenvalue spectrum can also characterize the stability of these 
equations for large numbers of unknowns. As a third application, eigenvalue 
projection theory demonstrates the dependence of the matrix spectrum on the 
basis and testing functions used within the method-of-moments discretization, 
and can explain the ill-conditioning sometimes encountered as a result of using 
entire-domain basis and testing functions. 

The selection of an appropriate solution algorithm can also be enhanced by 
knowledge of the matrix eigenvalue spectrum. It is well known that the 
convergence characteristics of iterative algorithms depend on the matrix 
eigenvalues (Peterson, Smith, and Miura, "Eigenvalues of the moment-method 
matrix and their effect on the convergence of the conjugate gradient method," 
IEEE Trans. Antennas Propagat., 1988 (in press». Knowledge of the eigenvalue 
spectrum can be used to select a convergent algorithm, optimize the convergence 
rate of the method in use, or evaluate preconditioners for accelerating convergence 
rates. 

A variety of examples based upon eigenvalue spectrums of both integral and 
differential operators will be used to iIIustrate applications of eigenvalue 
projection theory to computational electromagnetics. 
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ABSTRACT 

Parallel Numeric Algorithms for Large 
Systems of Linear Equations 

Imran Ghafoor 
Dept. of Business and Data Processing, 

Bronx Community College, Bronx, N.Y. 10453 

In many electrical engineering applications, such as signal processing, Electro-magnetic " 
field equations, boundary value problems, and circuit and control systems etc, the most 
extensive part of the computation requires solving a large system of liear equations (or 
linearized equations in case if the system is nonlinear). In many cases the system matrix 
is either sparse or ill-conditioned, requiring special attention to obtain numeric stability. 
With the current availability of massive multiprocessor systems using SIMD and MIMD 
architectures, it is now quite feasible to devise parallel algorithms for solving such systems 
with greater accuracy and at a much faster speed. In this paper we provide parallel ver­
sions of two commonly known algorithms namely: Conjugate Gradient (CG) method and 
LV decomposition. We analyse th,ese algorithms and find the comlexities of precondition­
ing in CG and of finding pivots in ill conditioned systems for LV decomposition, when 
the system's matrix is not positive semi-definite. Finally, we compare the performance 
of these algorithms on various multiprocessor systems such as Hypercube, Multimax and 
Cray X-MP. 
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ABSTRACT 

Parallelizing Method of Moments and its 
Performance on Multiprocessor Systems 

A. Ghafoor and Sohail A. Sheikh 
Dept. of Electrical and Compo Engr. 

Syracuse University, Syracuse, N. Y. 13244-1240 

Imran Ghafoor 
Dept. of Business and Data Processing, 

Bronx Community College, Bronx, N. Y. 1045:1 

73-8 

The method of moments is a basic technique for reducing functional equations, gen­
erally encountered in solving field equations, to matrix equations of a linear system. The 
desired accuracy of this method mainly depends on the size of the matrix used to express 
this system, and in many moderate size applications the size of the matrix may itself pose a 
serious memory storage problem. In this paper, we present a method for solving such a set 
of large linear algebraic equations using matrix partitioning approach. The computation 
uses a prallel version of LV decomposition algorithm. The complete process of solving 
such a system proceeds in three phases; namely pivoting, LV factorization and backward 
substituion to get the final solution. Each indvidual phase is implemented in form of a 
prallel algorithm. The performance of such a cascaded parallel structure is analyzed for 
the Hypercube multiprocessor system. 
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PRINCIPLES OF THE K-SPACE METHOD 

N. N. Bojarski 
1320 Santiago Drive 

Newport Beach, CA 92660 

B. L. Horning., C. W. Yang and A. D. Varvatsis 
Northrop Aircraft Division 

One Northrop Avenue 
Hawthorne, CA 90250 

The scattered fields from arbitrarily shaped inhomogeneous and 
anisotropic structures may be computed using the k-space method. 
This method employs the Fast Fourier Transform with uniform zoning 
to achieve solution~ to the general scatterIng problem in order 
N Log 2 N operations where N is the number of unknowns. The k-space 
method was published in a 1970 report under USAF contract F33615-
70-C-1345 and is the first application of FFTs to the general 
electromagnetic scattering problem known to the authors. While 
this report is occasionally referenced in discussions of continuous 
and discrete Fourier Transform applications in scattering theory, 
a number of featureE of the k-space method apparently remain un­
recognized or at least not applied. This paper reviews the k-space 
approach and its application. 

Topics presented are: 
1. The reformulation of Maxwell's equations to an invariant rep­

resentation of the fundamental ~ and ~ fields. 'This, in 
combination with a generalized constitutive equation, permits 
formulation of the general scattering problem using the free 
space Green's function. The constitutive equation relates the 
fields and currents to the electromagnetic properties of the 
scatterer which may be anisotropic and inhomogeneous; 

2. The principle of domain doubling and the reduction of the 
impedance matrix to generatrix form for application of the FFT 
is discussed; 

3. The discretized surface integral equation for infinite conduc­
tors is recast to volumetric form. This permits solutions of 
more general scattering problems for structures possessing both 
metallic and penetrable components without modification to the 
scalar Green's function. Reformulation of the surface integral 
equation for peLetrab1e homogeneous scatterers, i.e., the 
classical Method of Moments problem, is also discussed; 

4. The bistatic return in all principal scattering directions on 
the Ewald sphere may be computed in order N operations. How 
this is done using the FFT is described. 

To i~lustrate applications of k-space, the following problems 
are presented: 1. The penetrable inhomogeneous slab using the 1-d 
Green's function, 2. the infinite strip with arbitrary resistivity 
distribution, and 3. the inhomogeneous penetrable cylinder of 
finite length using the 3-d Green's function. 
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8:50 Numerical Computation of Induced Currents Inside Heterogeneous 367 
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9:10 On The Optimum Choice For The Coupling Coefficient(alpha) In The 368 
Combined Field Integral Equation 
B. C. Ahn, A. W. Glisson, University of Mississippi 

9:30 A Procedure of Solving the Electric Field Integral Equation for a 369 
Dielectric Scatterer with a Large Permittivity 
C. Su, National Tsinghua University 

9:50 Numerical Solution of Electromagnetic Problems Involving 370 
Heterogeneous Bodies Irradiated by Time-Harmonic Conducting 
Sources 
K. D. Paulsen, The University of Arizona; D. R. Lynch, Dartmouth College 

10:10 COFFEE BREAK 
10:40 Numerical Solution of Electromagnetic Scattering by Conducting 371 

Objects over a Lossy Ground 
A. Helaly, A. Sebak, L. Shafai, University of Manitoba 

11 :00 A Method of Moments Solution for Electromagnetic Scattering from a 372 
Large Rectangular Conducting Plate with Dielectric Coatings 
C. M. Morris, McDonnell Aircraft Company; J. M. Putnam, McDonnell 
Douglas Research Laboratories; S. D. Alspach, McDonnell Aircraft 
Company 

11 :20 Radiation From Electrically Large Coated Bodies 373 
D. Wang, P. L. Huddleston, McDonnell Douglas Research Lab. 

11 :40 The Electromagnetic Scattering from the Circular Strip 374 
J. T. Williams, University of Houston; D. G. Dudley, University of Arizona 
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Two-dimensional Scattering Prediction From An Arbitrary Combination 
Of Dielectric, Magnetic and Perfectly Conducting bodies; Survey Of 

Theoretical and Numerical Techniques 

R. C. Baucke*, Rockwell International, Tulsa, OK 
S. Singh, Department of Electrical Engineering 

The University of Tulsa, Tulsa, OK 74104 

A baseline combined field integral equation code has been developed. This code 
predicts the scattering levels from an arbitrary geometry consisting of dielectrics, 
magnetics, and perfectly conducting (PEC) strips. This code is used to detellnine the 
basic computational limits in speed and in size for volumetric integral equation problems. 
An electrically thin dielectric approximation has been added to the code which as 
expected reduced the number of unknowns for this common geometry. An electrically 
thin dielectric and magnetic strip approximation does not appear to be simple or accilrate 
enough to be advantageous and was not incorporated into the code. 

Comparisons in computation speed and accuracy are made between different PEC 
strip fOllnulations, along with a comparison of the accuracy of the electrically thin 
dielectric strip to that of the dielectric circular cylinder. The improvement of 
computation speed and accuracy for large matrices has been a priority, and therefore 
careful consideration is given to the actual structure of the code. The code is written in a 
manner that utilizes the capabilities of supercomputers and vector processing. The 
application of iterative techniques to the matrix equation for largc systcms is also 
investigated, along with methods of approximating the impedance matrix by an 
acceptable sparse matrix. 

Commission B 
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NUMERICAL COMPUTATION OF INDUCED CURRENTS INSIDE 
HETEROGENEOUS BIOLOGICAL BODIES BY 

ELF·LF ELECTRIC FIELDS 

B.-R. Chuang*. K.-M. Chen. and J. Skutnick 
Department of Electrical Engineering and Systems Science 

Michigan State University, East Lansing, MI 48823 

74-2 

Recently a numerical technique, the surface charge integral equation 
(SCIE) method, has been developed by our group to quantify the interaction of 
ELF-LF electric fields with homogeneous biological bodies and conducting 
objects. By using this SCIE method, the induced electric fields at the body sur­
face and inside the body, the induced current density inside the body, the 
short-circuit current, and the effects of grounding impedances on the induced 
current in a homogeneous body of realistic shape can be computed efficiently 
and accurately. 

A more challenging and difficult problem on this subject is a heterogene­
ous body case. In this paper, we report a new numerical method which com­
bines the impedance network method with the SCIE method to treat a hetero­
geneous body. In this method, a heterogeneous body is modeled as an 
equivalent impedance network and the induced surface charge calculated by the 
SCIE method is viewed as an equivalent current source. With equivalent 
current sources connected at the outer boundary of the impedance network, the 
current flowing at any impedance can be determined on the basis of the I 
Kirchhoffs current law (KCL). From this current, the induced current density 
and electric field inside the body can be mapped. 

The method has been applied to a biological concentric-sphere and the 
numerical results agree well with an existing analytical solution. Numerical 
results of the induced current inside a simplified heterogeneous model of the 
human head (consisting of brain, bone, and muscle) computed by this method 
are also presented. The method can be applied to any heterogeneous biological 
body as long as a proper impedance network is constructed to model the body. 
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ON THE OPTIHDK CHOICE FOR THE COUPLING 
COEFFICIENT a IN THE COMBINED FIELD INTEGRAL EQUATION 

Bierng C. Ahn* and Allen W. Glisson 
Department of Electrical Engineering 

University of Mississippi 
University, MS 38677 

In the numerical solution of electromagnetic radiation and 
scattering problems involving closed, perfectly conducting bodies 
it is known that the Electric Field Integral Equation (EFIE) and 
the Magnetic Field Integral Equation (MFIE) formulations will 
fail at a set of discrete frequencies. The frequencies at which 
these formulations fail correspond to the resonant frequencies of 
a conducting cavity having the same boundary as the scatterer. 
One approach to the elimination of these non-physical resonances 
is the use of the Combined Field Integral Equation (CFIE). The 
CFIE is usually formed as a weighted sum of the MFIE and a 
weighting coefficient a times the EFIE. It can be shown that the 
solution to the CFIE will be unique for all frequencies when the 
weighting coefficient a is real and positive. 

We investigate in this paper various choices for the coupling 
coefficient a in the CFIE, including complex values. It is 
demonstrated numerically for particular geometries that a complex 
value of a represents an optimum choice in some sense. The 
effect of changing the geometry when using this optimum choice 
for a is considered. The question of uniqueness of the solution 
to the CFIE when a complex value is used for a is also considered 
from an empirical point of view. 
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A PIlOCEDURE OF SOLVING THE ELECI'RIC FIELD INTEGRAL ~TION FOR 
A DIELECl'RIC SCATl'ERER WITH A LARGE PERMITTIVITY 

Ching-Chuan Su 
Department of Electrical Engineering 

National Tsinghua University 
Hsinchu, Taiwan ROC 

74-4 

To calculate the scattering from or the field distributions wi thin a 
dielectric scatterer:, the electric field integral equation (EFIE) is widely 
employed. To solve the integral equation numerically, the method employing 
the block model in conjuction with the pulse-function expansion and the 
point-matching technique is quite simple in the programming and has been used 
for a long time. Recently, the efficiency of this method is greatly improved 
by a use of the conjugate gradient method (CGM) and the fast Fourier transform 
(FFT). However, the conventional procedure of solving the EFIE using the 
block model has one major drawback; that is, the permittivity of the scatterer 
must be kept small. Otherwise, the iteration process in the CGM converges 
slowly and may stagnate. Such a situation has been ascribed to an increase in 
the condition number of the resulting matrix as the permittivity being 
increased. 

In this presentation, we propose a pr~edure of solving the EFIE using the 
block model, which keeps the condition number small regardless of the 
magnitude of the permittivity. The main features of this procedure are the 
two steps: 

1) The node points at which the fields are to be calculated are not 
placed at the center of each block; rather are placed at the 
centers of the faces of each block. 

2) Then, the polarization charge induced at an interface separating 
two blocks of dissimilar media (with E., and E..) is calculated by 
the formula (within a multiplicative constant): 

or 

depending on which between the E., and E. 2 is larger, where E, and 
E., denoting the corresponding normal components of the electric 
fields at the face-centered node, are related by the boundary 
condition E.,E, = E..E.. Note that at an interface separating two 
blocks of similar media, the polarization charge is set to zero 
automatically, as it should be. 

It is the key point to note that with the E., or E. 2 (the larger one) 
emerging in the denominator, the condition number is kept small in all 
situations. Consequently, the scatterer does not need to be modeled very 
accurately. The merits of such a procedure are that the programming task is 
simple and, more importantly, that the associated calculation preserves the 
convolution form of the EFIE and hence the FFT can be applied. 
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NUMERICAL SOLUTION OF ELECTROMAGNETIC PROBLEMS 
INVOLVING HETEROGENEOUS BODIES IRRADIATED BY 

TIME-HARMONIC CONDUCTING SOURCES 

Keith D. Pau1s'en* and Daniel R. Lynch 
Department of Electrical Engineering, 
University of Arizona, Tucson, AZ and 

Thayer School of Engineering, 
Dartmouth College, Hanover, NH 

A numerical formulation is being developed for solving the 
Maxwell equations inside and outside arbitrarily-shaped hetero­
geneous lossy dielectric bodies placed in the near-field of time­
harmonic sources. The technique couples finite and boundary 
elements as an approach to modeling the irregularly-shaped in­
homogeneous object while also formally enforcing the outer 
boundary condition which is needed to describe the unbounded 
nature of the fields. In this work, sources have been treated 
as conducting surfaces having either finite or infinite con­
ductivities. A known current is assumed to be injected onto 
each conducting surface and the resultant current and charge 
densities are required to distribute themselves in accordance 
with charge conservation. This method has been used to analyze 
the heating of tissue by energized electrodes for the purpose 
of inducing hyperthermia as a cancer therapy. Body cross­
sections obtained from CT-scans of cancer patients have been 
digitized into finite element grids and placed between various 
arrangements of electrodes. Results from this study will be 
shown which illustrate the capabilities and limitations of 
heating via externally placed electrodes. These results will 
also illustrate the flexibility of the numerical technique for 
solving a general class of electromagnetic problems. While the 
formulation is fully three-dimensional, only results from its 
two-dimensional counterpart will be shown in this presentation. 
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NUMERICAL SOLUTION OF ELECTROMAGNETIC SCATTERING 
BY CONDUCTING OBJECTS OVER A LOSSY GROUND 

A. Helaly, A. Sebak and L. Shafai 
Department of Electrical Engineering 

University of Manitoba 
Winnipeg, Manitoba, Canada, R3T 2N2 

74-6 

An approximate numerical method is developed to determine the elec­
tromagnetic wave scattering by conducting objects located above a lossy half­
space. The incident field of the exciting sources, i.e. dipoles or loops which 
are located above or within the lossy ground, is determined using the dyadic 
Green's functions for a half-space ( C. T. Tai, Dyadic Green's Functions in 
Electromagnetic Theory, Inten, San Fransisco, 1971). The scattering problem 
is then formulated using the magnetic field integral equation of an 
unbounded region, but keeping the incident field of the half-space. The 
method of moment is then used to reduce the integral equation. to a matrix 
one to determine the induced surface currents on the object. 

The surface currents of the object represent a set of electric dipoles dis­
tributed tangentially on the object. The dyadic Green's functions of the half­
space are again used to compute the scattered field of the object, which is due 
to the electric dipoles with their appropriate amplitude distributions, i.e. 
dipole moments, and orientations determined by the object shape. An arbi­
trarily oriented dipole is represented in terms of its vertical and parallel com­
ponents with respect to the air-earth interface. 

The method reduces the complex scattering problem of objects over a 
lossy ground to a simpler one for determining the field of elementary sources 
over a lossy half-space and the solution of the standard magnetic field integral 
equation. The results of the method and their accuracy as well as the effect of 
the ground conductivity and frequency etc., will be presented and discussed. 

371 

Ii 



74-7 

A METHOD OF MOMENTS SOLUTION FOR ELECTROMAGNETIC 
SCATTERING FROM A LARGE RECTANGULAR CONDUCTING PLATE 

WITH DIELECTRIC COATINGS 

Charles M. Morris 
McDonnell Aircraft Company 

John M. Putnam 
McDonnell Douglas Research Laboratories 

Scott D. Alspach 
McDonnell Aircraft Company 

P.O. Box 516 
St. Louis. MO 63166 

The scattering from a rectangular • perfectly 
eleotrically conducting ( PEC ) plate with thin 
dielectric coatings is analyzed by the method of 
moments . The E-field and H-field equations are 
applied to the dielectrio regions and the E-field 
equation is applied to the PEC . Entire domain 
expansion functions and Galerkin testing functions 
are so chosen that the resulting system of equations 
is efficiently generated • has the property of 
deooupling into four smaller independent systems of 
equations • and requires only the currents bounding 
free space as the unknowns . A oomputer code making 
use of these properties has been written and sample 
computations are compared with experimental data . 
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RADIATION FROM ELECTRICALLY LARGE COATED BODIES 

* D.-S. Wang and P. L. Huddleston 
McDonnell Douglas Research Laboratories 

'P.O. Box 516 
St. Louis, MO 63166 

74-8 

This paper discusses the accuracy of the method of 
moments (MM) solutions using various integral-equation 
formulations when they are applied to electrically large, 
perfectly conducting bodies coated with materials satisfying 
the impedance boundary condition{IBC). It has been shown 
that the electric- and magnetic-field integral equations 
(EFIE AND MFIE) can lead to erroneous scattering results at 
frequencies near the internal resonances of the scatterer 
(J. R. Rogers, IEEE Trans. Antennas Propagat. AP-33, 462, 
1985). There is also evidence indicating that the use of the 
MM techniques in solving the EFIE and MFIE produces spurious 
scattering results at frequencies away from the internal 
resonances (J. R. Mautz and R. F. Harrington, A.E.U. vol. 32, 
157, 1978). For electrically large scatterers, further 
deterioration in the scattering results is noted in the 
present investigation. To circumvent these problems, one can 
employ the combined field or the combined source integral 
equation formulation (CFIE or CSIE). We will examine how the 
accuracy of the surface currents is affected by the use of 
various integral equation formulations. We will also discuss 
the advantages and disadvantages of the various formulations 
in treating radiation problems. 
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The Electromagnetic Scattering 
from the 

Circular Strip 

Jeffery T. Williams 

Applied Electromagnetics Laboratory 
Department of Electrical Engineering 

University of Houston 
Houston, TX 77004, USA 

Donald C. Dudley 

Electromagnetics Laboratory 
Department of Electrical and Computer Engineering 

University of Arizona 
Tucson, AZ85721, USA 

The axially excited circular strip is an ideal canonical scattering structure for 
use in system and target identification studies and in transient antenna range exper­
iments. It offers a tractable theoretical solution, and it is relatively easy to model 
experimentally. In addition, the axially excited circular strip is a useful model for 
determining the effects of surrounding vertical antennas with passive, metallic walls 
or fences. It ~,'i!l be sn::-wn that such fences can have a significant effect upon the 
radiation pattern of the antenna. 

An electric field integral equation is formulated in terms of the current induced 
on the surface of the strip and solved using the method of moments (MOM). Using 
the MOM formulation, we determine the fields scattered from the circular strip, in 
both the frequency and time domains. The frequency domain analysis is applied 
to the to the problem of fencing small vertical broadcast antennas. We find that 
appropriately designed fencing can enhance the ground wave ,of. the antenna, while 
decreasing the sky wave. In addition, we determine that the radiation efficiency of the 
antenna is sensitive to the size of the circular strip, and that the radiation efficiency 
displays resonant behavior when the frequency of operation is near a natural resonace 
of the circular strip. We, also, calcuate the time domain transient scattered fields for 
different circular strip geometries, using the MOM formulation and the geometrical 
theory of diffraction (GTD). By deemphasizing the low frequencies in the transient 
pulse spectrum, we obtain good agreement between the GTD early time scattering 
and the transient scattering determined from the MOM formulation. 
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B. Tomasic, Rome Air Development Center; A. Hessel, Polytechnic 
University 

2:30 Taper Optimization for Sidelobe Control In Millimeter-Wave 379 
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J. A. Encinar, M. Guglielmi, A. A. Oliner, Polytechnic University 

2:50 COFFEE BREAK 
3:20 The Moment Method Applied to an Infinite Array of Slots Fed by 380 

Coplanar Waveguide 
D. F. Hanson, The University of Mississippi 

3:40 Cross-Polar Characteristics of Multi-Coaxial Cup Prime Focus Feeds 381 
C. Papathomas, Case Western Reserve University 

4:00 Mutual Coupling In Arrays Of Different Collinear Rectangular 382 
Waveguides 
T. S. Bird, CSIRO 

4:20 Spectral Domain Analysis of Leaky~Wave Antennas for Millimeter 383 
Waves 
V. Hansen, Ruhr-Universitat Bochum 

4:40 Computation Of Self And Mutual-Admittance Between Two 384 
Longitudinal Slots In The Broad-Wall Of A Thin Rectangular 
Wave-Guide 
B. Sinha, D. Guha, University of Roorkee 

375 

I i ,j ~ 



75-\ 

EFFECTS OF CROSS-PLANE SCANNING IN AN ARRAY 

OF PRINTED-CIRCUIT LEAKY-WAVE LINE SOURCES 

P. Lampariello and F. Frezza 
University of Rome "La Sapienza, " Italy 00184 

AAOliner 
Polytechnic University, Brooklyn, New York 11201 

A new type of linear phased array of parallel leaky-wave line sources for 
millimeter waves was described recently (P. Lampariello and A A Oliner, European 
Micr. Conf., Rome, Italy, pp. 555-560, Sept. 1987) that furnishes a two-dimensional scan 
over a sector of space by frequency or electronic scan in elevation and phase· scan in the 
cross plane (and therefore in azimuth)'. The line sources were derived as printed-circuit 
versions of the offset-groove-guide leaky-wave antenna; the line-source structure may be 
viewed, however, as a flat dielectric-filled rectangular waveguide with an unsymmetrical 
continuous slit in its top wall, leaking.power into an air-filled upper stub of finite height. 
The excitation in the lower waveguide is polarized vertically, but because the continuous 
slit is asymmetrical a horizontally polarized field is excited in the upper stub in the form 
of a lEM mode that propagates at an angle and radiates from the open upper end of the 
stub. The width and location of the slit control the leakage rate and therefore the width 
of the radiated beam. The parallel-plate stub region is made sufficiently narrow that the 
vertically polarized field there is below cutoff; as a result, negligible cross polarization is 
present in the radiated field. 

An accurate transverse equivalent network has been derived for the array of such 
line sources that employs a unit-cell approach and therefore takes all mutual coupling 
effects completely into account. This network has been used to obtain the performance 
characteristics of the array, and in this paper we present the various interesting effects 
produced when the array is scanned in the cross plane. 

The discontinuity present at the radiating open end introduces several key features. 
The first is that a standing wave in the vertical direction is produced in the air-filled stub 
region, so that the leakage rate, and therefore the beam width in elevation, depends on 
the height of the stub. The second is that another set of leaky modes, the channel-guide 
modes, is excited, and that under appropriate conditions these modes can couple to the 
desired leaky mode and produce interesting dispersion behavior. As the beam is scanned 
further away from the vertical position, the magnitude of these two effects increases. 
During the scan process, the beam executes a conical scan. However, the discontinuity at 
the open end is a function of the scan angle, so that a deviation from strict conical scan 
occurs; the deviation is found to be small, though. The last effect to be discussed is the 
possibility that blind spots may occur during the scan process, particularly since the 
discontinuity changes during scan; we demonstrate in two ways, however, that no blind 
spots are found. 
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ANALYSIS OF SLOT ·RADIATORS IN THE BROAD WALL 
OF A RECTANGUIAR WAVEGUIDE 

TUNED BY INDUCTIVE METALLIC POSTS 

Karthikeyan Hahadevan 
Hesham A. Auda 

Department of Electrical Engineering 
University of Mississippi 
University, MS 38677. USA 

75-2 

A rigorous field analysis of slot radiators in the broad wall of a 
rectangular waveguide tuned by metallic posts and fed by the domi­
nant waveguide mode is presented. The slots are assumed of arbi­
trary number and orientation and radiate into a homogeneous half­
space. The posts are assumed uniform along the narrow side of the 
waveguide, but are otherwise of arbitrary cross-section and thick­
ness, i. e., of the inductive type. These radiators have the dis­
tinct advantage in that individual slots in an array can be tuned to 
produce specified radiation patterns. Methods for the efficient 
handling of the various Green's functions involved in the analysis, 
as well as some of the results obtained, are also presented. 
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LINEAR ARRAY OF COAXIALLY-FED MONOPOLE ELEMENTS WITH WAIM SHEET 
IN A PARALLEL PLATE WAVEGUIDE 

Boris Tomasic* 
Rome Air Development Center 

Electromagnetics Directorate 
Hanscom AFB, MA 01731 

Al exander Hessel 
Polytechnic University 

Route no 
Farmingdale, NY 11735 

Linear arrays of coaxially-fed monopoles radiating into a 
parallel plate region are used extensivF'ly in various space-fed 
microwave array antenna systems. In particular, such arrays are 
employed in space-fed beam forming networks. In addition, the 
information derived from the study of these arrays is very useful 
in the design of a large variety of conformal arrays. The 
performance of a coaxially-fed monopole element in an infinite 
array environment in a parallel plate guide has been analyzed 
extensively in (B. Tomasic and A. Hessel, IEEE AP-T, March 1988). 

In this paper we have gone one step further. Namely, we 
analyzed the same array with a dielectric sheet to improve its 
impedance match over wide scan angles and frequency, a so-called 
WAIM sheet (E. G. Magill and H. A. Wheeler, IEEE AP-T, January 
1966). The analysis takes into account the geometry of the 
coaxial feed. Expressions for active admittance, coupling 
coefficients and element patterns are derived. Preliminary 
numerical results will be presented for judiciously selected 
parameters, which illustrate the various design trade-offs. 
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TAPER OPI'IMIZATION FOR SIDELOBE CONTROL IN 

MILLIMETER-WAVE METAL-STRIP-LOADED DIELECTRIC ANTENNAS 

J. A Encinar, M. Guglielmi and A A Oliner 
Polytechnic University, Brooklyn, NY 11201 

It is generally assumed that the class of periodically loaded dielectric 
antennas cannot be successfully designed for low sidelobes. This viewpoint 
stems from empirical approaches discussed in the literature that have shown 
only limited success, a situation due in part to the lack of an accurate theory 
but also to the difficulty in being able to control separately the phase and 
leakage constants of the antenna. For leaky-wave antennas comprised of a 
metal-strip grating on a dielectric image guide, we have addressed both of 
these difficulties. An accurate theory has recently become available (M. 
Guglielmi and A A Oliner, Proc. European Micr. Conf., pp. 549-554, Rome, 
Italy, Sept. 1981), and, in this presentation, we demonstrate how we overcame 
the second difficulty. 

As a challenging but practical example, we chose a Taylor aperture 
distnbution corresponding to a narrow beam (about 2° ) and to sidelobes 35 dB 
below the main beam. The procedure is first to specify the variation of the 
leakage constant a along the antenna length consistent with the Taylor 
distribution, and then to determine the changes in the antenna geometry 
required to realize this a variation, while maintaining the phase constant fJ the 
same. One seeks the best dimensional parameter to alter in this design, but 
inevitably fJ is changed somewhat in the process. The usual procedure is to 
then proceed sequentially; first, optimize for a, and then adjust an appropriate 
second parameter to compensate for the change in fJ. In the antenna type 
under consideration, only the width and location of the metal strips are 
accessible parameters. By following the sequential procedure together with 
our new theory, we achieved quite decent results, but with some degradation. 
We therefore developed a new procedure in which both strip widths and 
spacings are changed simultaneously; the final result yields the taper in 
dimensions along the antenna length that corresponds precisely to the 35 dB 
Taylor distnbution. 

The optimization procedure thus yields the width of each metal strip 
and the spacing between adjacent strips for the whole structure. Since the 
strips can be deposited lithographically, or the spacing etched away, this 
procedure allows one to design a mask that accomplishes the geometric 
arrangement all at one time. This feature is particularly attractive at 
millimeter wavelengths, where fabricational simplicity is an important concem 
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THE MOMENT METHOD APPLIED TO AN INFINITE ARRAY OF SLOTS FED BY 
COPLANAR WAVEGUIDE 

Donald F. Hanson 
Department of Electrical Engineering, University, MS 38677 

Coplanar waveguide has come into use lately in monolithic microwave 
integrated circuits because of its low inductance ground connections 
for active devices and its capability for both shunt and series con­
l1-ections. It also can be used to reduce the physical length of a 
transmission line interconnection between devices. It has great pot­
ential for feeding slot antennas. The fields of a slot antenna fed 
by coplanar waveguide have previuusly been reported (D. F. Hanson, 
1987 IEEE AP-S International Symposium Digest, Vol. I, 107-110, 1987) 
using the moment method. 

Interest in developing monolithic microwave integrated circuit antennas 
for phased arrays is high. An integral equation for the case of an 
infinite array of slots fed by coplanar waveguide is derived. A series 
acceleration technique (R. Lampe, P. Klock, and P. Mayes, IEEE Trans. 
Microwave Theory Techn., Vol. MTT-33, 734-736, 1985) is developed and 
applied. Finally, the moment method is used to obtain a matrix equa­
tion to be solved. 
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CROSS-Por.AR CHARACTERISTICS OF MULTI-COAXIAr. CUP PRIME FOCUS FEEDS. 

Constantinos Papathomas 
Dept. of Electrical Enqr. and Applied Physics 

Case Western Reserve University 
Cleveland, OH 44106. 

75-6 

The qoal of the work presented in this paper is to provide a theory that will render possible the optimization of the central wavequide radius and the coaxial cup sections depth and radii ,for the small primary focus feed for shallow parabolic dishes under question. 

A necessary step is to allow the method of moment solution to accommodate multimode propaqation in all reqions.The couplinq effects between TE and TM modes of the inner· wavequide and coaxial cups are investiqated and incorporated into the computer solution. 

The radiation properties of TE and TM coaxial cup modes are analyzed and plotted for various combinations of cup depth and radii. 

Computer qenerated patterns establish the fact that cross-polar levels below -30dB are easy to obtain and compare favorably with published experimental data (Kumar,A.,Microwaves, March 1978 and also Collin,R.E.,H.Schillinq and I •• Hebert,Report No. NASA CR-167934,July 1982). 
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MUTUAL COUPLING IN ARRAYS OF DIFFERENT 
COLLINEAR RECTANGULAR WAVEGUIDES 

T.S. Bird 
CSIRO Division of Radiophysics 

PO Box 76, Epping, NSW 2121 
Australia 

A number of different formulations are given in the literature for 
mutual coupling between identical collinear rectangular waveguides 
opening into an infinite ground plane (e.g. R.J. Mailloux, IEEE AP-17, 
pp. 740-746, 1969; T.S. Bird, Elect. Lett. 23, pp. 1199-1201, 1987). In an 
analysis of this problem by the Green's function approach fourfold 
integration over the source and field apertures is needed to calculate the 
mutual admittances between the modes in the apertures. Two possible 
methods of reducing the order of integration in the case of rectangular 
apertures are: a change of variables (originally due to Lewin), and 
replacement of the Green's function by its Fourier transform equivalent. 
The advantage of the first method is that the resulting double integral 
has finite limits. 

In this paper we show that both methods are applicable to coupling 
between different size rectangular waveguides. Mutual admittance 
expressions obtained by the first method will be presented for all possible 
combinations of TE and TM mode coupling. The efficacy of the solution 
will be demonstrated for adjacent waveguides coupling in their E- and 
H-planes and also for excitation of the cross-polarized TEOl mode by the 
TElO mode for waveguides coupling in the inter-cardinal planes. 
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SPECTRAL DOMAIN ANALYSIS OF LEAKY-WAVE 
ANTENNAS FOR MILLIMETER WAVES 

Volkert Hansen 
Institut fiir Hoch- und Hiichstfrequenztechnik 

Ruhr-Universitat Bochum 
D-4630 Bochum, FRG 
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Recently leaky-wave antennas have been the focus of attention as a low-cost alter­
native for use with millimeter integrated circuits. One mechanism used to introduce 
leakage and thereby produce an antenna is the deposition of small periodic metal 
strips on the top surface of a dielectric image guide. 

An alternative for producing leakage is to load the grounded dielectric sheet with 
a top (superstrate) layer. In order to analyse the basic properties of this structure 
the Greens function is determined as a first step. Following the well known procedure 
introduced in connection with the theory for microstrip antennas with a superstrate 
the problem is stated using integrals of Sommerfeld type. Typically, the farfield 
solution of the Sommerfeld integrals is obtained by the method of steepest descent. 
By this the complete solution is composed of the contribution of the saddle point and 
of the poles. The latter are surface-wave (real) poles and leaky-wave (complex) poles. 
Here we have to deal with the problem that a structure with a strong leaky-wave 
excitation is required. This occurs, if a complex pole is located close to the real axis. 
Therefore the migration of the complex poles as a function of the parameters of the 
layered structure is discussed in detail. 

The farfield pattern of a point source located in a microstrip structure is so far 
calculated from the saddle point contribution. In the case of a strong leaky-wave 
exit at ion one would suppose that the contribution of the corresponding complex pole, 
which is calculated by the residue theory, must be added. Doing this, the following 
difficulty arises: According to the residue theorem, the contribution of a pole must 
only be taken into account if it is captured during the path deformation required by 
the method of steepest descent. Numerical solutions of the Sommerfeld integrals show, 
however, that a leaky-wave excitation also occurs if a complex pole is not captured by 
the path of steepest descent. Another problem arises because of the restricted range 
of validity of the asymptotic solution described so far: This is only true, if no pole 
singularity is close to the saddle-point. In many interesting cases this restriction is 
often not satisfied. Then the modified method may be used, the application of which 
is often somewhat complicated. An alternative is to find a numerical solution of the 
Sommerfeld integrals. Since the convergence of these integrals is very poor for the 
farfield pattern, a numerical solution is not adaquate for an optimization procedure. 
Therefore in a first step the radiation pattern is determined by the simple method of 
steepest descent in order to discover sets of parameters for a considerable leaky-wave 
exitation. In a second step the radiation pattern is accurately calculated applying 
numerical integration in order to find the parameters for strong leakage. 

A considerable improvement of the radiation pattern is obtained using a linear 
array of rectangular patches instead of a point source. The phases of the antenna 
currents are adjusted for radiation in the direction of the leakage. For the determina­
tion of the required phases of the source currents an integral equation is formulated 
for the antenna currents in the spectral domain and it is solved by the method of 
moments including the effect of mutual coupling. The radiation pattern of the array 
is then obtained by multiplying the array pattern and the element pattern. 
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CONJ:,TJ£ATION OF SELF AND MurUAL-ADMITTANCE BE:l""EEN TWO 
LONGITUDJNAL SLOTS IN THE llROAJ>-WALL OF A THJN R.rerAN­
GULAR \vAVE-GUIDE 

BHARcrI SINHA* and DEEPAK GUHA 
Department of Electronics and Computer Engineering 

university of Roorkee, 
ROORKEE-247667 (INDIA) 

ABSI'RACT 

The present state-of-art in the design of waveguide­
fed slotted arrays lies in reducing the height of the wave­
guide and lengthening of slots. As a result the effect of 
external mutual coupling as well as internal mutual coup­
ling due to both prOpagating and non-prOpagAting higher 
order modes can no longer be neglected. In 1983, a general 
theory was presented, that would permit the design of 
linear and planar arrays of wave-guide fed slots including 
the effects of external mutual coupling [R.S.Elliott,AP-33. 
t-'o.ll, 1264-1271, 1983]. The theory is mainly based on 
experimental data [stegen R.J.~ HUghes Technical Memo 261, 
HUghes Aircraft co., USA, 1951J for self-admittance of a 
single slot, it's length and offset. The information is 
then used for design equations taking into account mutual 
coupling as well. The procedure is costly, time-consuming 
and less accurate for high-performance array designing. 

In this paper, a theoretical model based on moment 
method has been described, that would replace experimentally 
obtained input data by theoretical data generated with suffi-

. cient accuracy, less cost and time. The analysis allows 
direct computation of self and mutual-admittances based on 
scattering parameters Calculated theoretically. It takes 
into account the effects of internal mutual coupling due to 
both prOpagating and non;..prOpagating modes and external 
mutual-coupling as well ,giving more-reliable data. 

The geometry of the problem is shown in Fig.l. The 
functional equations are derived by applying equivalence 
principle in conjunction with apprOpriate boundary condition 
for the tangential components of H field applied to each 
slot. The equations are solved by Galer'\tins method. The 
chOice of piecewise trigonometric function to mOdel electric 
field in the slots gives a more realistic approach, at the 
same time reduces the computation storage and run-time 
requirements. 

Computed results are presented to show the variation 
of self and mutual-admittances of these slots as a function 
of slot-lengths and their offsets from the center line. 
Also the variations of self and mutual conductance and sus­
ceptance as a function of offset for two resonantly spaced 
half-wavelength slots are shown separately. 
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IMPEDANCB PARAMBTBRS AND RADIATION PATTERN OF 
CYLINDRICAL-RBCTANGULAR AND WRAPAROUND 

MICROSTRIP ANTBNNAS 

T.M. Habashy, S.M. AIi+, and I.A. Kong+ 

• Schlumberger-Doll Research 
Old Quarry Road 

Ridgefield, CT 06877-4108 

+ Department of Electrical Engineering and Computer Science 
Massachusetts Institute of Technology 

Cambridge, MA 02139 

Cylindrical microstrip antennas find many applications pertaining to high 
speed aircrafts and spacecrafts, because of their conformity with the 
aerodynamical structure of such vehicles. Recently there has been some 
progress in the theoretical study of such antennas. In the papers by 
Fonseca et al. (S. Fonseca and A. Giarola, IEEE Trans. Alltellllas 
Propagt., vol. AP-3I, no. 2, March 1983) and Ashkenazy et a!. (J. 
Ashkenazy et al., IEEE Trails. Antellnas Propagt., vol. AP-33, no. 3, 
March 1985), the radiation from various cylindrical microstrip elements 
was computed by assuming an electric surface current distribution on the 
microstrip patch. The excitation problem of realizing such a current 
distribution was not addressed in these papers. Furthermore, the input 
impedance for the cylindrical microstrip antennas was not reported. 

In this paper we address the more realistic problem of the radiation 
from a cylindrical microstrip antenna excited by a probe. Both the 
cylindrical-rectangular and the wraparound elements are discussed. The 
current distribution on the patch is rigorously formulated using a 
cylindrically stratified medium approach. A set of vector integral 
equations are derived which governs the current distribution on the 
patch. This set of equations is then solved using Galerkin's method in 
which the patch current is expanded in terms of a complete set of basis 
functions that can take into account the edge singularity condition. The 
input impedance together with the radiation pattern are derived both 
exactly and in the small substrate thickness limit where a single mode 
approximation is employed. 
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An Efficient. Momt"nt Metod Analysis of Finite Phast"d Arrays of Microstrip. 
Dipoles Using An Asymptotic Close<l Form Approximation 

for the Planar Microstrip Green's Function 

Sina Barkeshli* and P.H. Pathak 

The Ohio State University ElectroScience Laboratory 
Department of Electrical Engineering 

, Columbus, Ohio 43212 

An efficient analysis of a finite phased array of microstrip dipoles which 
employs the newly developed closed form asymptotic representation for the 
planar microstrip Green's function is presented. Such an analysis is of im­
portance to the proper design of monolithic phased arrays which are gaining 
popularity for applications in the millimeter wave regime. 

The full wave array analysis via the Moment Method (MM) requires one 
to calculate the mutual coupling between all possible pair of the elements 
in the array (some of these are identical via symmetry considerations). The 
exact Plane Wave Spectral (PWS) integral representation for the microstrip 
surface Green's function has been utilized previously for such calculations [D. 
M. Pozar, IEEE Trans. Antennas and Propagations, AP-33, pp. 1045-1053 
, 1985J. However, these calculations require long numerical 'Computational 
times; e.g., about two hours of CPU time on a VAX 11/750 for 19 x 19 
element array as indicated in the preceeding refrence. In order to drastically 
reduce the above computational times, the aformentioned asymptotic closed 
form approximation for the planar microstrip Green's function [So Barkeshli, 
P. H. Pathak, URSI, Radio Science Meeting Digest, pp. 177, 1986J and [So 
Barkeshli, Ph.D. Dissertation, The Ohio State University, 1987J is utilized. 
This closed form asymptotic approximation remains accurate even for very 
small (e.g., a few tenths of a wavelength) lateral separations between the 
source and field points. 

The various quantities of interest, such as the active impedance and active 
reflection coefficient versus scan angle have been found using the present 
approach for various size arrays. The numerical efficiency of this newly 
developed approach will be described. 
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SCATIERING FROM AN IMPEDANCE LOADED 
PRINTED DIPOLE ARRAY 

Michael A. Blischke*, Edward J. Rothwell and Kun-Mu Chen 
Department of Electrical Engineering and System Science 

Michigan State University, East Lansing, M1 48824 
Juang-Lu Lin 

Boeing Military Airplane Company 
Seattle, WA 98124-2207 

A theoretical model for obtaining the scattering characteristics of a two­
dimensional infinite array of dipoles printed on a dielectric coated conductor is 
considered. 

The dipoles are mounted in a rectangular array and illuminated by an 
incident plane wave of arbitrary incidence angle. Each element is impedance 
loaded in the center. The approach taken is to decompose the problem into two 
related problems--scattering from an array of shorted dipoles and transmission 
from an array of dipoles. A dyadic Green's function approach is used to deter­
mine the fields due to the induced currents on the dipoles. The currents are 
modeled using sinusoidal basis functions with no variation across the width of 
the dipoles. Galerkin's method is used to solve for the dipole currents. 

The power absorbed by the load impedance as a function of frequency, 
incidence angle and polarization, as well as of the array geometry arid dielectric 
parameters, is obtained. Control of the scattered field through variation of the 
load impedance is investigated. 
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ANALYSIS OF SEQUENTIALLY ROTATED FEEDING FOR 

WIDE BANDWIDTH CIRCULARLY POLARISED MICROSTRIP ANTENNAS 

P.S. Hall·, J.S. Dahele and J.R. James 
Wolfson rtF Engineering Centre 

Royal Military College of Science 
Shrivenham, Swindon, UK. SN6 8LA 

The technique of sequentially rotated feeding has been recently applied to 
circularly polarised microstrip patch arrays and shown to give substantial 
increases in bandwidth for both axial ratio and input VSWR. This improvement 
can be attributed to the cancellation of both element cross polarisation within the 
radiation field and also element mismatch within the feed network brought about 
by the element rotation and feeding phase shifts respectively. The method also 
allows use of feed networks without isolating resistors which is a considerable 
saving in construction complexity. 

In this paper we present results of an analysis of the sequentially rotated 
microstrip antenna and its associated feed structure that indicate both the 
optimum feeding arrangements and the likely performance limitations of the 
technique. The microstrip elements are modelled using the patch cavity model 
including higher order modes estimated by mode matching at the input point. 
Radiation patterns are calculated using a magnetic source model at the patch 
edge. The feed is analysed using a transmission line equivalent circuit and is 
representative of both coaxial or triplate line feeds or to a first approximation 
coplanar microstrip networks. It is shown that multiple scattering between the 
elements and the power splitter in the feed network, higher order mode 
generation in the microstrip patch elements, the use of frequency sensitive phase 
shift elements in the feed and mutual coupling between elements are all important 
aspects governing the overall performance. Closed expressions are given that 
highlight the relationship of these aspects to number of elements and phase 
progression and more detailed analysis allows the relative significance to be 
established. 

Results will be presented both for patch arrays and for multiple point feeding of 
single patches. It is concluded that even in the case of very thick patches where 
higher order modes would be expected to be significant, the multiple reflection 
between the patch mismatch off resonance and the power splitter is the dominant 
effect in limiting the bandwidth. In the case of single patch feeding the 
analysis indicates that alternate feeding arrangements to those previously used 
will give further improvements in performance. It is also demonstrated that 
while increased bandwidth for axial ratio and VSWR occur, the antenna gain 
bandwidth is unaffected by the rotation technique. 
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ON THE DESIGN OF WIDE-BAND MULTIPLE-COUPLED LINES 
MICROSTRIP ANTENNAS 

K. C. Gupta and Brian Bandhauer 
Department of Electrical & Computer Engineering 

University of Colorado 
Boulder, CO 80309-0425 
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One of the techniques suggested for increasing the bandwidth of rectangu­
lar microstrip patch antennas is the use of multiple elements coupled to each 
other in a composite patch configuration (Kumar and Gupta, IEEE APS Interna­
tional Symposium, Houston, 1983). Out of the various arrangements proposed, 
the patch with various elements coupled along the non-radiating edges can be de­
Signed to occupy a relatively smaller area and is therefore the most promising. A 
coupled-line model for analysis and design of such antennas has been proposed 
recently (Gupta and Bandhauer, URSI Meeting, Boulder, January 1988). 

An insight into the operation of these antennas is obtained by considering 
the normal modes of wave propagation along the multiple coupled microstrip 
lines on a dielectric substrate. If we consider two identical patches gap-coupled 
along the non-radiating edges, the two normal modes of excitation are even and 
odd modes of coupled microstrip lines. Owing to the different phase velocities of 
even and odd modes, twin coupled resonator patch will resonate at two different 
frequencies (for the lowest TE1 0 modes). However, the odd-mode voltages at the 
two sections of each of the radiating edges are 1800 out of phase, and hence their 
radiation fields cancel each other. Thus, for such a symmetrical design, only the 
even mode would radiate efficiently. On the other hand, if two coupled patches 
have different widths, we can obtain a substantial radiation at the resonance of 
the odd mode (or 1t mode) also. 

A triple-resonator, coupled-line microstrip antenna is a better choice 
for broadband operation because of its three normal modes. The structure may be 
designed so that these three resonance frequencies are located suitably over the 
operating bandwidth of the antenna. In the c mode, voltages on the three sections 
of each of the radiating edges have the same polarity, and the radiated power is at 
maximum. For the other two modes, one of the three sections of the radiating 
edge will have a voltage polarity opposite to those on the other two, and therefore 
the radiated power will be smaller. By suitable adjustment of antenna parame­
ters, it should be possible to extend the antenna gain bandwidth over the reso­
nances of three modes. 

Detailed design results for two-line and three-line antennas will be 
discussed. 
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NUMERICAL ANALYSIS OF A BICONICAL TRANSMITTING ANTENNA 

Vahid Badii*, Ken Tomiyama, Dale M. Grimes 
Department of Electrical Engineering 

The Pennsylvania State University 

Several decades ago, the biconical transmitting antenna was 
analyzed [So A. Schelkunoff, Advanced Antenna Theory, Wiley, New 
York, 1952], as, more recently, was the biconical receiving 
antenna [D. M. Grimes, J. Math. Phys., 23, 897-914, 1982]. 
Although these exact results have the capability of teaching us 
more about antennas, the complexity of the field equations has 
prohibited widespread u'seage or even understanding. Existing 
numerical solutions primarily provide only input impedances. 
Biconical antennas are the only ones that are somewhat practical 
and for which complete solutions are possible, for antennas of 
arbitrary size. For these reasons we have recently completed a 
numerical analysis of the biconical transmitting antenna, and are 
working on the receiving one. We are capable of computing 
transmitter solutions for all cone angles and arm lengths. 

Using a system of linear equations with parameter dependent 
coefficients, we have obtained and programmed the relationships 
between the field coefficients inside and outside the antenna 
aperture. This required the solution of a truncated, infinite set 
of linear equations with parameter dependent coefficients. We 
developed a robust computation algorithm for the roots of odd 
parity Legendre functions, both inside and outside the aperture. 
Exact functional expressions were used wherever possible to 
evaluate surface integrals, with elsewhere a resort to numerical 
integration. 

Although the far field terms converge rapidly with multipolar 
degree, the near fields do not. For example, our best approach to 
the fields in the vicinity of the cap discontinuity [D. M. Grimes, 
Electromagnetics, 7, 129-135, 1987] required going to degree of 
about thirty. Our im~edance results agree with others 
[J. R. Wait, Antenna Theory, Collin and Zucker, eds., McGraw Hill, 
1969, Chp. 12]. Field solutions will be compared cross the 
aperture, surface current and charges on arms and caps sketched, 
and the real power flow, the reactive power flow, and reactive 
energy density sketched as a function of radius. 
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HANKEL DOMAIN ANALYSIS OF ANNULAR-RING MICROSTRIP 
ANTENNAS WITH PARASITIC ELEMENTS 

K. M. Luk 
Department of Electronics 

The Chinese University of Hong Kong 
Shatin, N. T., Hong Kong 

P. C. L. Yip and W. Y. Tam 
Department of Electronic Engineering 

City Polytechnic of Hong Kong 
700 Nathan Road, Mongkok, Hong Kong 
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One method for widening the bandwidth of microstrip patch antennas 
is to add parasitic patches having the same shape on the top of the 
original patches. Analysis on this type of two-layer 
electromagnetically coupled patch antennas has been carried out 
recently (K. Araki, H. Ueda and T. Ma sa yuki , T-AP, 34, 1390-1394). 
The analysis based on Hankel domain transform was concentrated on 
the characteristics of circular disk antennas. As it is well-known 
that the TM12 mode of an annular-ring microstrip antenna has a 
wider bandwidth performance compared with the fundamental modes of 
itself and other patches, it is interesting to investigate the 
possibility of further increasing the bandwidth of the TM12 mode by 
the addition of parasitic elements. In this paper, we present 
results on the complex-resonant frequencies, far field patterns and 
input impedances of annular-ring microstrip antennas loaded with 
parasitic annular-ring patches, deriving from the Hankel domain 
analysis. Comparison between theory and experiment will also be 
demonstrated • 
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QUADRATURE MIXF.R ANALYSIS 

Anarew J. Noga, Rome Air Development Center 

Many moaern communication systems require easeeana 
representation Of eanapass signals. A nOise-free eanapass" 
signal is representea in the form )«0 Ai (t)COS(wt) 
Aq(t>sin(wt> Where A is a constant, w is tile carrier frequency 
in raalsec, ana i(t) ana q(t) are some form of either one or two 
signals, aepending upon the aesirea moaulation. The in-pnase 
component i(t) ana tne quaarature component q(t) can ee 
recoverea from the signal )«t) in one Of two ways. Either the 
signal can ee aigitizea at a low Intermeaiate Frequency (IF) ana 
aigital processing can ee employea to separate i (t) ana q(t), or 
the signal can ee convertea airectly to easeeana (DCIF) as shown 
in figure A. In tnis case separate aigitizers can ee usea to 
convert tne i ana q Signals to their samplea versions. The 
aavantage to USing thiS secona technique is that the sample rate 
of the AID converters is reaucea to at least 1/2 that Of the lOW 
IF technique. ThiS impl ies that for a given aynamic range in an 
AID converter, the DCIF technique can process SignalS of wiaer 
eanawiath. 

Disregarding nOise, wave reflections, mi)(er spurious, ana 
other nonl inear distortions, the quadrature mixer'S performance 
aepenas heavi Iy upon phase ana amp I ituae mismatches eetween the 
in-phase and quaarature channels. AS an example, a mismatch of 1 
aegree in phase ana 0.1 ae in amp I ituae Wi I I proauce an 
unaesirea image Signal WhiCh is 42 ae eelow the aesirea signal. 
The paper to ee presentea woula ee an overview Of the analysis 
of tnese aistortions from selectea open-I iterature sources ana 
from worK sponsorea ey RADC. 

Figure A. 
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Conditions 
A. Gupta, GTE 
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Efficient Method Of Computing Current Distributions For Sum And 
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T. B. Vu, The University of New South Wales 
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L Yin, L Zou, Xi'an Jiaotong University 
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ADAPTIVE DIGITAL DOPPLER FILTERS 

Huanqun Chen" and Iianxin Li 
Nanjing Research Institute of Electronics Technology 

P.O.Box~i315 Nanjing, People's Republic of China 

Tapan K. Sarkar" 
Departaent of Electrical and Coaputer Engineering 

Syracuse University 
Syracuse, NY 13244-1240 U.S.A. 
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Instead of using the·PPT or PIR digital filter bank, we tried to 
use adaptive digital filters as the Doppler filters for MTI or MTD 
radars. The weight vector W of the adaptive digital filter is the 
eigenvector corresponding to the ainiaua eigenvalue of a generalized 
eigensystea R..W = AZ •• W. R.. is the covariance aatrix of the input 
data. Zo. is the covariance aatrix of the noise of/and clutter 
contained in the input data. A is the eigenvalue of the generalized 
eigensysteR. 

The weight vector W is iteratively calculated by the GMEVCG 
algoritha (Huanqun Chen, Tapan K. Sarkar et al., IEEE Trans. Acoust., 
Speech, Signal Processing, vol. ASSP-34, 272-284, 1986>. The nount 
of coaputation of one iteration for an adaptive digi tal fi 1 ter wl th 
weights is about 3596 aore than that of a 32-point PPT. 

The results of our coaputer siaulation~ indicate that the signal 
spectra of two equinplitude sinusoids at -60 dB SCR (Signal to 
Clutter Ratio) could be detected by a 5-weight adaptive dlgl tal fl Uer 
(Pig. 1>. We use a 5-weight adaptive digital filter to detect the 
spectrua of one sinusoid that the SCR Ray be down. to -75 dB (Pig. 2). 
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AN ADAPTIVE CODED WIDEBAND HF SYSTEM FOR VARYING 
CHANNEL CONDITIONS 

Ashok K. Gupta 
GTE Government Systems Corp. 

One Research Drive 
Westborough, MA 01581 

This paper discusses an adaptive high data rate (up to 24 kbits/sec. 
with an error rate of tenth power of -4) jam resistant HF communi­
cation system for high quality information transmission, including 
digital voice, through time-varying channel conditions in single­
hop ionospheric path established in mid-latitude or in trans­
auroral belt. The proposed method employs coded (e.g. block, con­
volution and concatenated) diversity system in addition to pre­
viously proposed MFSK signalling with waveform diversity 
(A.K. Gupta and M.D. Grossi, Proc. of Ionospheric Effects Sympo­
sium, Alexandria, VA, 282-296. 1981). 

The concatenated codes may be the combination of any two codes or 
a code and a spatial diversity system. For MFSK signalling, 
further processing gain is shown to be possible by this author 
proposed Whitening techniques (A.K. Gupta et al., IEEE Trans on 
ASSP, June 1986). 
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REDUCTION OF INTERFERING SIGNALS IN SWEPT-FREQUENCY 
SCATTERING MEASUREMENTS USING COMPLEX WIENER FILTERING 

David E. Weissman * 
Dept. of Engineering 
Hofstra University 

Hempstead, New York 11550 

Leo D. Staton 
Antenna and Microwave Research Branch 

NASA Langely Research Center 
Hampton, Virginia 23665 

A new approach to the reduction of scattered, interfering 
signals that corrupt measurments of the signal backscattered from 
radar targets of interest is being developed. This method is 
based on the concept of Wiener filtering (which minimizes the 
difference between the signal plus noise and the desired signal in 
the time domain). In contrast to the traditional Wiener filter, 
in which the time domain difference between two sequences are 
minimized, the approach reported here employs the frequency domain 
phasor amplitudes of a swept frequency signal. It minimizes the 
difference (least-mean-square-magnitude) between the signal-plus­
noise and the signal complex phasors, across the entire spectrum. 
The Wiener filter therefore has complex coefficients which act on 
the phasors associated with the sequence of frequencies. The 
design of the filter is based on the complex autocorrelations of 
the signal-pIus-noise and the noise. This approach is attractive 
in radar range measurments where the support structures create 
interfering backscattered waves. 

The performance of the filter can be chosen by selecting the 
number of coefficients. Their number can be increased as desired 
(up to some small fraction of the total number of data points). 
For example, in the case of a 2-inch sphere immersed in random 
noise that is about 5.5 db stronger (averaged over the 1024 freq­
uencies), a 48 complex coefficient Wiener filter will reduce the 
time domain noise by a minimum of 10 db at almost all the time 
domain points. Increasing the number of coefficients will result 
in even greater reduction. Also, if other localized sources of 
spurious reflection are to be suppressed, their autocorrelation 
function at the receiver (in the frequency domain) can be used to 
optimize the filter. 

398 



Thursday PM 
URSI-F Session 80 

RADIO AND RADAR METROLOGY 
Chairmen: E. Smith, University of Colorado; M. S. Pontes, CETUC 

Room: Sheraton Comstock B Time: 1 :25-5:00 

1 :30 Optimal Reception In Depolarizing Rain Clutter 400 
B. D. James, A. B. Kostinski, W. Boerner, University of Illinois at Chicago 

1 :50 Dual Polarization Radar Observations of a Colorado Hailstorm 401 
K. Aydin, Y. Zhao, T. A. Seliga, Pennsylvania State University 

2:10 Predicting Attenuation and Depolarization Along 10-30 GHz 402 
Earth-Space Paths Using Dual-Polarized Radar 
C. Ozbay, T. Pratt, W. L. Stutzman, Virginia Tech 

2:30 Hydrometeor Scattering in 53- and 118-GHz Observations of 403 
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OPTIMAL RECEPTION IN DEPOLARIZING RAIN CLUTTER 

* Brian D. James, Alexander B. Kostinski, and wolfgang-M. Boerner 
Communications Laboratory (M/C 154) 

Department of Electrical Engineering & Computer Science 
University of Illinois at Chicago, Chicago, IL 60680-4348 

This research is directed towards developing methods of power 
optimization that might prove fruitful for analyzing rain 
signatures and for suppressing/enhancing rain clutter/target. 
Using coherent measurements of the backscattering matrix, the 
time-averaged Mueller matrix is constructed so as to 
characterize a time-varying rain-cell from a partial 
polarization viewpoint. This Mueller matrix is used to calculate 
the ellipticity and tilt of the transmitted field which 
optimizes the adjustable power in the received field (JOSA A 
Ser.2,Vol.5(l), pp. 58-64, Jan. 88); only transmitted fields 
which are completely polarized are considered. Values of 
ellipticity and tilt can then be correlated against available 
ground-truth data to aid in the analysis of rain signatures, 
calibration of the radar system, or simply as a method for 
treating rain as clutter or target. 

The optimization procedure has been recently tested against 
suitable x-band backscattering matrix measurements. preliminary 
results indicate that linearly polarized fields (ellipticity of 
zero and tilt of 80 degrees) are "best" to transmit. The 80 
degree tilt angle (from horizontal) seems to compare with the 
small canting angles (from vertical) observed by meteorologists. 
The optimal adjustable power seems to correlate with the average 
rain rate, but it is also a function of the wind speed gradient 
and direction. 

400 



DUAL roLARIZATIOO RADAR OBSERVATIONS 
OF A OOWRAOO HA!LblORM 

K. Aydin*, Y. Zhao and T. A. Seliga 
Coammications and Space Science Laboratory 

~"(l1lltnent of Electrical gngineering 
The Pennsylvania State Oruversity 

University Park, PA 16802 
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Ibal linear polarization radars (at S-band 
frequencies) have been shown to be able to discnminate hail 
~lons frOm the surroundin.e: rainfall regions in severe s"t.onns 
(AYdin e"t; al. ~ _J. Climate AppI. ~teor. , 20, 1475-11§1" 1986). 
'!biB hail aetectlon techDlque 16 based on the =erences 
(clUHtering) in the back:scattering properties of raindrops and 
hailstones at horizontal (H) and vertical (V) -I'Olarizations. 
Raindrops, due to their oblate· SPheroidal shape and alijpuoent of 
minor axes along the vertical direction". create an aIl1SOtrq>ic 
medium PrOducing a larger radar return at n-polarization relatlve 
to V-polarization (the difference between the reflectivity factors 
at H and V polariZations in decibeLs is defined as differential 
reflectivity or Zdr ;Seliga and Br:rnm., J. Appl. Meteor., 15, 69-
76, 1976) _ On the other hand, haiLstones are generally more 
ip-egular in shape and tend to wobble and tumble as they fall, 
thus creating more of an isotropic medium producing verr similar 
radar returns at H and V polariZations, whiCh are general y higher 
than the returns due to rain. 

This ~r utilizes the Zdr hail detection technique 
to discrim:i.nate hail ngj.ons in the June 13, 1984 hail.storm tliat 
occurred near Denver, COlorado ~ using the National Center for 
Atm:>spheric Research s CP-2 raaar system. Within the identi:fied 
hail retP-ons the reflectivity "factors at H-polarization (Zh) are 
categorized in 5 dB increments rang:ing froiiI 35 to 70 dBZ dur:iJJg 
di£ferent time intervals and at various heie;hts in the storm_ The 
mean differential reflectivities (Zdr) = these categories are 
determined and are seen to exhibit variations with fieight and 
time. The area-time intemal. of both Zh and Zdr also exhibit 
significant variations with neight. Interpretations of these 
obServations in terms of the characteristics of the hail medium 
are made 1 and studies necessary for improving these 
interpreta"{;ions are suggested. 
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PREDICTING ATTENUATION AKD DEPOLARIZATION ALONG 10-30 GHZ 
EARTH-SPACE PATHS USING DUAL-POLARIZED RADAR 

* C. Ozbay, T, Pratt, W.L. Stutzman 
Satellite Communications Group 

Electricai Engineering Department 
Virginia Polytechnic Institute and State University 

Blacksburg, VA 24060 

The most important meteorological parameters in slant path 
propagation through a rain medium are the size, orientation, and 
shape of raindrops. These three parameters can be described by: 
(i) a Gamma drop size distribution (OSO) with parameters Nr and~ in a OSO equation of the form N (De) = N,. De exp (-~ De) ) 
where De is the diameter of a spherical equivolume raindrop; 
(ii) a Gaussian canting angle distribution with a mean~)end e 
standard deviation<i ; and (iii) a discrete shape distribution 
with Fo the fraction of the drops which are oblate, the remainder 
being spherical. Since specific rainfall attenuation (A) 1S 
proportional to the cubic power of De, and radsr reflectivity 
(Z) is proportional to the sixth power of De, correct knowledge 
o:f the OSO is vitally important in predicting attenuation :from 
radar measurements. The Virginia Tech multiple polarization 
Octopod radar has eight linear polarizations, and i8 used to 
collect re£lectivity (Z) and dif£erential re£lectivity (ZDR) data 
as input for a forward scattering analysiS program, which 
calculates attenuation (A) and cross polarization discrimination 
(XPO) on the alant path. 

The connect·icm between beck scatter and :forwerd scatter is 
accomplished through curve fits :for the relationships between 
~ and ZDR, ZH/~ and ~ , and between R/~ end -A.,... 
(ZH/N is t.he normalized horizontal reflectiv1ty of the medium, 
and R/N~ is the normalized rain rate.) We use stastically 
determined values :for parameters Fo andC;; • with values o:f r = 0, 
2, and 5. The curve :fit data 1a derived :from rigorous 
backscatter calculations :for each of these relation- shipa, 
starting with a given DSD and setting each of the other 
parameters to a wide range o:f values. The radar measured Z and 
ZDR values are used to calculate the corresp~nding N~ and ~ 
values in each range bin for a given ~. The DSO parameters 
determined for each range bin are then used in the :forward 
scattering analysis program • which calculates A end XPD on the 
path, with the corresponding values of Fo snd oe . 

The program calculates the medium depolarization matrix [DT] 
:from [DT] COl] CO2] [011 COm], where [Dil is f-he 
depolarization matrix :for the i-th range gate, and i = m 
corresponds to the bo~tom of the melting layer. Rainrate R 1s 
cetermined ~iro,. the nso parameters of each range bin. The A and 
XPD calculations avoid ·che usual rain rate step, and eliminate 
the need for storm-dependent A-Z-R relationahips, resulting in 
higher accuracy in A and XPO predictions. 

(*) Now at RCA Astro Space Di.v:~sion, Princeton, New Jersey 
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Hydrometeor Scattering in 53- and 118-GHz Observations 
of Brightness Temperatures over Precipitation Cells 

A.J. Gasiewski*and D.H. Staelin 
Research Laboratory of Electronics 

Massachusetts Institute of Technology 
Cambridge, Massachusetts 02139 

Nadiral observations of microwave brightne811 temperature over convective precipitation cells have 
been made using two narrowband O2 channels at 53.65 GHz and 118.75±1.47 GHz. The observations 
were made using a multichannel millimeter-wave imaging spectrometer on board the NASA ER-2 
high-altitude aircraft during the ~perative lluntsville Meteorological Experiment (COHMEX) 
1986. The two channels have similar clear-air nadiral temperature weighting functions (Fig. 1), 
hence yield nearly identical brightne811 temperatures over cloud-free regions. 

The response of the two channels to liquid and frozen hydrometeors, however, is markedly differ­
ent. Over precipitating regions, smaIl negative perturbations (::;35 K) in the 118-GHz brightness 
temperature are found to be 2-3 times as large as coincident 53-GHz perturbations. Such perturba­
tions are common over weak precipitation. Negative 118-GHz perturbations larger than 35 K track 
coincident 53-GHz perturbations more closely, and have been associated with strong convective pre­
cipitation. A scatter plot of the perturbed brightness temperatures for the twO channels is shown 
for observations of precipitation on June 29, 1986 (Fig. 2). 

The observed brightness temperature perturbations have been compared to numerical results from 
a simple one-dimensional radiative transfer model incorporating an ice-phase scattering layer. The 
ice layer was assumed to extend from 7 to 10 km, consistent with coincident radar observations. Ice 
particles were assumed to have Mie scattering crOllll-sections and equal forward- and back-scattered 
components. Brightness temperatures were computed for ice densities up to 5.0 g/cm2 (l3.8 g/m') 
for selected particle radii between 100 j.lm and 1.5 mm (Fig. 3). The calculated 118- and 53-GH. 
perturbations match the observations most closely for ",I mm particle radii, but are quite sensitive 
to the assumed parti~le sise and density. 

53-QHz 118-GHz 

o 0.1 

285~_T--~~--~~--~ 

g250 .. 
tn 
~ 215 

i 180 m .. 
$,145 

I 

~ 110 

..,., 
I: 

_~'i 
..• i .. 

_: I", ~ 
,. . .. 

:.:t:::-

285r---------------~ 

g 250 
OJ .. 
:l 215 

i 180 m 

~ 145 
(!/ 
I 

II) 110 

75~~~~~~~~~ 
75110145180215250285 

ITemperature wei1o.ht Ikm-Il 

. Figure 

7575110145180215250285 

53-GHz Brightnell (K) 

Figure 2. 

403 

53-GHz Brightne .. (K) 

Figure 3 • 



80-5 

RAIN-SCATI'ER IN'I'KRI!'KRmfC ON MICRCMAVE 
a:moNICATION LINKS 

K. Aydin* and Y. M. Wre 
Calmmications and Space Science Laboratory 

Department of Electrical ~ 
The :E'ermsylvania State University 

University Park, PA 16802 

A rain-filled medium al~ a microwave caDIIlIlicatiCin 
link can scatter signalB in vanoos directions producing 
:interference at . other receiying stations. This rain-scatter 
interference can affect both terrestrial and satellite 
caDIIlIlication l.inkB. The J2r0blem is especially important in those 
parts of the liOrld (e.g., lIUrope) where such caDIIlIlication links 
are increasing m Dumber within fixed frequ~ bands. 
Cclmutational Btudies of rain-scatter interference have been 
perlormed in the past w:siM ~rical shapes for rain ~ and 
Laws and Parsons or Marshall-PaJ..mer raindrOp size distrirutions 
both of which :represent widespread continental type rainfall. A 
number of these Studies also utilized the Ray le:iRh scattering 
approxiJDation at X-band and hiJmer ~ies. In fJri.s ~ we 
consider the rain-scatter interlerence problem at 11 and 30 GHz 
~ies between a satellite-based <Xl!IIIIImication earth station 
and a terrestrial llne-of-s:igt).t caDIIlIlication tmminal. We 
~ the interference caused-by tlio different types of ~ 
size distrihItions: the Joss-thimderstorm and- Harshall-Palmer 
drop size distrihItions. We also compare the effects of spherical 
ana oblate ~roidal (which is a more :realistic model) Dixiels of 
raindrop shape. ReSults are -.Presented for both vertical and 
horizontal pol.arU:ations. The electrQmagnetic scatteJ:"ing 
CCIIJIUtations are performed using Waterman' s exteoded. boundarY 
condition fOZlllllatian (also known as the T-matrix method) which 
does not involve the Rayleigh scattering approxiJDation. 
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MEASUREMENTS OF RAIN RATE AND RADIOMETRIC SKY TEMPERATURES 
AT 12 GHz IN TROPICAL AND EQUATORIAL CLIMATES 

M_S. PONTES* C.G.S. MIGLIORA L.A.R. da SILVA MELLO 
Center for Telecommunications Studies (CETUC) 

R.Mqs.S.Vicente,225 -'Rio de Janeiro - 22453 - BRAZIL 

In november 1987, radiometric sky temperature and rain 
rate measurements were initiated at four sites in Brazil,as 
part of a cooperative program with the Canadian Research 
Centre, that provided the necessary equipment. The main 
goal of the program is to investigate the impairment due to 
rain attenuation in satellite links at frequencies above 10 
GHz, in tropical and equatorial climates. Each experimental 
set-up consists of a dual-slope radiometer system operating 
at 12 GHz,which samples and records sky noise temperature 
every two seconds, and a tipping bucket raingauge. The time 
of each tip is also recorded by the system. 

The locations chosen, their climates and the respective 
elevation angles of the radiometer antennas are as follows: 

MANAUS 
PONTA DAS LAGES 
BELEM 
RIO DE JANEIRO 

LATITUDE 
03 008'S 
03°06'5 
01°27'5 
22° 55'S 

LONGITUDE 
600.01' W 
59° 54' W 
48° 29'W 
43° 30'W 

CLIMATE ELEVATION 
equatorial 78° 
equatorial 780 
equatorial 650 
tropical 520 

Statistics of rain rate and equivalent attenuation 
obtained during the 1987-1988 summer in Brazil will be 
presented. Since the distance between Manaus and Ponta das 
Lages is only 9 km, the effect of employing space diversity 
is also evaluated. Preliminary results already available, 
indicate that this technique can be effective even for such 
short antenna separations, as suggested by the record below. 

LOC. 10. Ponti cI .. La,., - 17 NOY 21 Lac. is, ".naua - 87 NOV 27 
_A,digMtar" -Aadlout.,. .. 

_Ralnqauga 

'co 
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*** COMMISSION F 

'" ~ 

TH'E CHARACTERISTICS OF RAIN RATE DISTRIBUTIONS 
FOR VARIOUS INTEGRATION TIMES AND DATA PERIODS 

KUNG MIN JU 
Applied Research Lab., Telecommunication Labs., M. O. C. 

P. O. Box 71, Chung-Li, Taiwan, R. O. C. 

ABSTRACT 
Some statistics of shorter rainfall rate are applied for 

microwave system design at frequency above 10 GHz. In plan 
to establish shorter-time rainfall observing systems for 
collecting data, to adopt a suitable integration time for 
an acceptable measuring period and from economical benefit 
viewpoint is an important consideration. This paper makes 
an investigation on the varieties of cumulative rain rate 
distributions for various integration times and data peri­
ods and on the variety relationships of lowest (occurren­
ce time) percentage of cumulative rain rate distribution 
versus data period. From the outlines of analysis results, 
the regularity of lowest percentage distributions can be 
classified into (l)ordinary (Fig. 1) and (2)quasi-ordinary 
(Fig. 2). With the knowledge of the lowest percentage dis­
tributions, which integration times are more than 1 hour, 
to develop a method for estimating such distributions of 
integration times being less than 1 hour is possible and 
necessary for the further employment. 
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INTER-ANNUAL VARIATION IN PRECIPITATION CLIMATE 

B. Segal 
Communications Research Centre 

Department oJ Communications, Ottawa, Ontario, KeH 8Se 

This paper examines the magnitude and form of the year to year variability 
in precipitation climate using detailed rainfall observations from stations situated 
from coast to coast. Statistical resampling methods are used to merge data for 
locations within uniform climatic regions in order to produce larger samples than 
any that have previously been examined. Various statistical analyses are employed 
to establish the precise nature of the inter-annual variation of rainfall intensity. 

The paper will describe some of the unique aspects of the methodology employed 
and discuss the significance of the results in terms of the inherent variability in 
microwave link attenuation relative to the long term mean. 

URSI Commission F / Radiometeorology 
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INITIAL RESULTS FROM A ONE-YEAR SLANT PATH RAIN 
PROPAGATION EXPERIMENT USING RADAR AND SATELLITE 

BEACON DATA 

T. Pratt, C. W. Bostian, W. L. stutzman*, 
and R. E. Porter 

satellite Communications Group 
Bradley Department of Electrical Engineering 

Virginia Tech 
Blacksburg, VA 24061 

The data from a one-year experiment conducted at Virgi­
nia Tech during 1985-86 have been processed. This paper 
presents some initial results and conclusions. 

The experiment was quite involved. The main component 
was an S-band multiple polarization radar that was scanned 
to collect rain scatter data for several earth-space slant 
propagation paths. simultaneously, two INTELSAT-V 11 GHz 
beacon receivers were operating, one at the radar site and 
the other 7 km distant, simulating a site-diversity system. 
Rain monitoring equipment was also used. During the one 
year period the system was operational 87% of the time and 
recorded 71 significant rain events in which slant path 
attenuation exceeded 1 dB. 

The radar measured both reflectivity (Z) and differen­
tial refectivity between vertical and horizontal polariza­
tions (ZDR). These measurements were used in an inference 
algorithm to estimate the rain drop size distribution in 
each radar range cell. This information was then used in a 
forward propagation algorithm to predict earth-space link 
performance for various paths, frequencies, and elevation 
angles. These results will be reported as well as other 
conclusions concerning the precipitation observed. 

To validate the results, radar-predicted attenuation 
statistics at 11.45 GHz were compared to direct beacon 
measurements. Agreement was very good. Predicted and 
measured diversity gain for the two receiving sites also 
agreed. 
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PREDICTION OF THE ERROR DUE TO DISTANCE 
IN THE MEASUREMENT OR CALCULATION OF 

ELECTROMAGNETIC BACKSCATTER 

J.A.G. Malherbe and C.W.1. Pistorius 

Department of Electronics and Computer Engineering 
University of Pretoria. South Africa 

In the measurement of electromagnetic backscatter. the criterium 
of separation between the observer and the target is usually taken to 
be somewhere between 2D' / A and 4D' / A. This distance corresponds 
to a prescri bed phase error that will ensure an acceptable error in the 
measured or calculated backscatter. At millimeterwave frequencies 
it is often impossible (and impractical) to satisfy these criteria. because 
the target is never that far away from the observer. 

It has been shown (Malherbe and Pistorius. Electron. Letters. 
to be published) that in the case of a two-dimensional target. the error 
made in assuming that the target is at infinity. is described by a Fresnel 
integral. and that the argument of the integral is the so-called numerical 
distance to the target. which includes information on the target size. 
the frequency and the distance. 

In this paper. the two-dimensional limitation has been removed. 
and expressions for the effect of distance on the measured or computed 
backscatter for (a) a rectangular flat plate and (b) a circular flat plate 
have been derived. The derivation is based on a physical optics assumption. 
i.e. that the currents induced in the surface is just double the incident 
magnetic field. although the latter varies in phase due to the incident 
path lengths being different. In the case of the flat plate • the expres­
sion for the error is of the form of the product of t\\'o Fresnel integrals. 
while for the round disk. the error is given by a sin x/x-function. 

The theory has been verified by measuring the backscatter from 
a round and a rectangular plate. and experimental results will be present. 
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A Comparison of Sphere and Small Square~Plate Trihedrals 
as Compact Range Scattering Calibration Targets 

Jonathan Young and John Gwynne 
The Ohio State University ElectroScience Laboratory 

Department of Electrical Engineering 
1320 Kinnear Rd. 

Columbus, Ohio 43212 
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A common practice in compact range scattering metrology 
is measurement of a reference target whose backscattering is 
stable with respect to orientation and is accurately predicted by 
theory. The two most common targets used for this purpose are 
probably the sphere and trihedral. The advantage of the sphere is 
that its scattering is independent of orientation, and its scat~ 
tering is predicted with absolute accuracy regardless of 
frequency. The advantage of the trihedral is that its backscat~ 
tering is much stronger than the sphere for a comparably sized 
target, and it interacts less with the support structure and the 
room. 

This paper presents diagnostic scattering measurements of 
both spheres and trihedrals made in the OSU Compact Range. The 
results are compared to theory, and the strengths and weaknesses 
of both are demonstrated. A decision rule for selection between 
these targets based on measurement frequency, accuracy require~ 
ments, support structure characteristics, and cross~section range 
of the other test targets to be calibrated is presented. 
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Flat Plate Measurements of Ceiling and Side Vall 
Scattering in a Compact Radar Scattering Range 

Jonathan D. Young and Giancarlo Clerici 
The Ohio State University ElectroScience Laboratory 

Department of Electrical Engineering 
1320 Kinnear Rd. 

Columbus, Ohio 43212 

One problem of concern in compact ranges is the energy 
which is scattered off of the walls and ceiling (with their 
imperfect absorber) into the target region. Assuming such scat­
tering can be measured, the next question is how such energy 
would cause errors in "real" scattering measurements. This paper 
discusses a proposed standard experiment for compact range diag­
nostic testing to provide a worst case answer to these questions. 

A tiltable flat plate metal reflector 6 ft. square was 
positioned in the "sweet spot" of the ElectroScience Laboratory 
Compact Range, and angled to illuminate several patches of ceil­
ing and walls. Then calibrated frequency-domain signatures were 
measured, and transformed into bandlimited impulse responses. 
Knowing the geometry of the target and room permits the impulse 
responses to be interpreted so that the wall scattering can be 
compared to the edge scattering and corner backscattering of the 
tilted plate. 

Results to be presented include spectral and impulse 
responses for the wall and ceiling terms. These data are worst 
case in the sense that a plane wave reflected beam is pointed at 
the ceiling or wall, which is stronger illumination than would 
come from normal quasi-convex targets. 
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MEASUREMENT PROCEDURES FOR TARGET SCATTERING MATRICES IN BOTII MONOSTATIC AND BISTATIC ARRANGEMENTS FOR THE COHERENT AND PARTIALLY COHERENT CASES 

* Robe~t B. Lempkowski , Sujeet K. Chaudhu~i, 
Alexande~ B. Kostinski and Wolfgang-M. Boe~ne~ 

Communications Labo~ato~y (M/C 154) 
Depa~tment of Elect~ical Enginee~ing & Compute~ Science 

Unive~sity of Illinois at Chicago, Chicago, IL 60680-4348 

. The measu~ement of the rnonostatic and bistatic scatte~ing mat~ices does not only depend on equipment pa~amete~s such as pola~ization state switching, antenna pola~ization pu~ity, decoupling of co/c~oss-pola~ized channels, pulse ~epetition ~ate, measu~ernent du~ation, etc., but rno~e so on envi~onrnental facto~s such as scattering cente~ deco~~elation times along the p~opagation path and on the moving/fluctuating ta~gets. Thus the deco~~elation factors and the associated cohe~ency pa~amete~s need to be established fi~st, and in case the deg~ee of pola~ization is less than one, a cohe~ency mat~ix o~ [4x1] Stokes vecto~ app~oach using the 4x4 Muelle~ mat~ix ~ep~esentation instead of the [2x2] scatte~ing mat~ix is st~ictly ~equi~ed. 
Based upon the co~~ection of the pe~tinent sections of existing standa~ds, we p~ovide a co~~ect fo~lation of the associated pola~imet~ic ~ada~ equations togethe~ with a well-defined and consistant p~ocedu~e fo~ measu~ing ta~get scattering matrices in both monostatic and bistatic arrangements for a general elliptical polarization state basis pair, for both the coherent and partially coherent cases. 
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Broadband Time-Domain Antennas 

MOTOHISA KANDA 
Electromagnetic Fields Division 

National Bureau of Standards 
Boulder, CO 80303 
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The purpose of thi s paper is to di scuss vari ous sensors and 
radiators commonly used for time-domain antenna measurements. 
The sensors and radiators discussed here are passive analog 
devices that convert the electromagnetic quantity of interest to 
a voltage or current at their terminal ports. Moreover, they 
are primary standards in the sense that their transfer functions 
can be calculated from their geometries and are flat (frequency­
independent) across a wide frequency range. One of the major 
requirements of these sensors and radiators is that the electro­
magnetic far field, for transmission or reception, be a replica 
or high-fidelity derivative of the original pulse. 

Because of their usefulness in electric-field strength 
measurements, linear antennas nonuniformly and continuously 
loaded wi th res i stance, or both res i stance and capaci tance, are 
discussed. Also, a conical antenna and an asymptotic conical 
antenna are exami ned from the standpoi nt of improved antenna 
characteristics. Various types of transverse electro-magnetic 
(TEM) horns are considered for improved directivity, e.g., a 
conducting TEM horn and a resistively loaded TEM horn. For 
magnetic-field strength measurements, a loop antenna with 
uniform resistive loading is discussed. 
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USE OF GATED TIME DOMAIN RESPONSE 
IN ANTENNA AND RCS MEASUREMENTS 

S.R. Mishra 
National Research Council/ 

MPB Technologies 
Ottawa, Canada 

Modern network analyzers and superior data processing 
abilities of desk top computers have revolutionized the way 
antenna, radar cross section (RCS) and e.m. field measurements 
are performed. Built in features such as relatively fast 
measurements in frequency domain over a large bandwidth, and 
almost real time conversion of this data to display simulated 
time domain impulse response provides unprecedented abilities for 
studying e.m. wave interaction mechanisms. Further data 
processing permits separating responses in time domain (time 
domain gating) and reconvert ion of these filtered or gated time 
domain responses back to frequency domain. This allows studying 
frequency domain response due to isolated "desired" e.m. 
interaction. These schemes have found to be very useful antenna 
and RCS measurements in suppressing the effects of multipath and 
other undesired reflections. However, caution is necessary in 
using advanced features of modern equipment otherwise the 
recorded data may not be an accurate measure of the reality. 

This paper will describe some of the applications of time 
domain response in studying e.m. wave interaction. Examples 
include effect of material and geometric characteristics (such as 
fini te ground plane, curved surfaces etc.) on antenna impedance 
and inter-antenna coupling. In particular effect of gated time 
domain response in improving accuracy of antenna and RCS 
measurements will be described. Some of the errors caused by 
improper selection of gates, gate widths, and system bandwidth 
and their effect on measured parameters will be discussed. Some 
necessary precautions for meaningful measurements using time 
domain gating will be outlined. 
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FAR ZONE PATTERN MEASUREHENTS AND TIHE DOHAIN ANALYSIS 
OF REFLECTOR ANTENNAS IN THE COHPACT RANGE 

R.C. Rudduck, R.M. Lambert and T.B. Lee 
The Ohio State University ElectroScience Laboratory 

Department of Electrical Engineering 
1320 Kinnear Road 

Columbus, Ohio 43212 
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The direct far field pattern measurement of an aperture 
antenna becomes more difficult as the size of the aperture 
increases. Recent measurements on reflector antennas with 
2D'/A=1500' at The Ohio State University ElectroScience Laboratory 
have demonstrated the usefulness of the compact range in obtaining 
the complete far field pattern of antennas with large far field 
distances. 

The measurements were performed at 11 GHz on reflector 
antennas having B' diameter apertures. The measurements took 
advantage of the rolled edge modification of the compact range 
reflector which allows the target zone to accommodate an antenna 
under test of this size. Additionally, the pulsed/CV radar of the 
compact range facility was implemented to provide BO dB of dynamic 
range by eliminating the clutter originating from the finite 
dimensions of the range. 

The measured patterns are compared to patterns calculated by 
The Ohio State University Reflector Antenna Code. The quality of 
the measured patterns and the good agreement between the measured 
and calculated patterns demonstrate the utility of the compact 
range facility for antenna measurements. 

The time domain analysis involves taking stepped frequency 
measurements at fixed pattern angles and then performing the 
Fourier transformation to the time domain. This technique results 
in the ability to analyze separately the various radiation and 
scattering mechanisms associated with the reflector. These 
include the contributions from the reflector rim, the feed 
aperture, strut scattering and multiple interactions. 
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Abstract 

Royal 

MEASUREMENT AND ANALYSIS 
OF TRANSIENT EFFECTS 
IN LOADED ANTENNAS 

D.M. Parkes, 
Signals and Radar Establishment, 
Malvern, WR14 3PS, England 

S.R. Cloude*, 
Dept. of Mathematics and Computer Science 
The University, Dundee, DD1 4HN, Scotland 

This paper details a comparison of methods available for the time 
domain modelling of transient effects in loaded wire antennas and 
presents experimental validation of the predictions obtained from 
these models for the current induced at the base of a monopole 
antenna loaded by linear and nonlinear circuit elements. 

Two theoretical models are compared; a direct time domain 
solution of Hallen's integral equation for the antenna current and 
a second based on a frequency domain Norton equivalent circuit 
for the antenna which leads to a nonlinear Volterra integral 
equation for the unknown load current. The former is restricted to 
straight wire antennas and involves recalculation of the current 
along the whole wire for changes in point loading while the latter 
is more computationally efficient, requiring no recalculation of 
antenna current for changes in load conditions. 

An important aspect of this work is an experimental validation 
of the theoretical models. Towards this end, predicted and 
measured load current waveforms are presented and compared for 
linear resistive, capacitive and transmission line loading of a 
monopole mounted above a perfectly conducting ground plane. The 
transmitting antenna is a coaxial fed bicone transmitting an 
approximately Gaussian pulse with full width at half height of 
160ps at a PRF of 1KHz. The monopole is connected to low loss 509 
coax with circuit elements placed either directly at the base or, 
in a screened box, at some convenient distance from the base 
point. The circuit current is then fed by 509 coax to a wideband 
digitising scope and offline computer for further analysis. 

As an important example of nonlinear 
consider and compare the predicted and 
resonant circuits with semiconductor 
demonstrate the significant role played by 
in determining transient response. 

(§) Controller HMSO London 1987 
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A UNEAR PHASED ARRAY OF PERIODIC PRINTED-CIRCUIT 

LEAKY-WAVE LINE SOURCES THAT PERMITS WIDE 

TWO-DIMENSIONAL SCAN COVERAGE 

M. Guglielmi and A A Oliner 
Polytechnic University 

333 Jay Street, Brooklyn, NY 11201 

Two members of a class of two-dimensional scanning arrays for 
millimeter wavelengths were described recently (A A Oliner and S. J. Xu, 
URSI Abstracts, p. 139, Blacksburg, VA, June 1987, and P. Lampariello and A 
A Oliner, Proc. European Micr. Conf., pp. 555-560, Rome, Italy, Sept. 1987) 
that consisted of a linear phased array of leaky-wave line sources. These line 
sources were made uniform 10ngitudina1ly to provide structural simplicity, but 
as a result the scan in elevation was restricted to the major part of the forward 
quadrant; the two-dimensional scan provided by the whole array then covered 
only half of space at best. 

The leaky-wave line source in the array analyzed and discussed here is 
periodic rather than uniform 10ngitudina1ly, containing a periodic array of metal 
grids or slits. The periodic grid is still simple in configuration, and it can be 
fabricated at one time by lithographic means, where the mask for such 
fabrication can incorporate the tapering of the 10ngitudina1 aperture 
distnbution for sidelobe control. Since leakage from this periodic grating is 
provided by the n = -1 space harmonic, the angular coverage in elevation 
would then comprise the whole backward quadrant and some or all of the 
forward quadrant, depending on the parameter values. The new array 
therefore permits much wider scan coverage. 

This new array was analyzed by employing a unit-cell approach, which 
takes into account all mutual coupling effects. An accurate transverse 
equivalent network was developed for this unit cell, in which the result for the 
constituent metal grating on a dielectric layer was derived via a small-argument 
solution for the relevant integral equation. 

In addition to its relative simplicity in struture, the array has the 
important advantages of negligible cross polarization (it is horizontally 
polarized), no grating lobes, and no blind spots. The paper describes the array 
structure, the principal aspects of the analysis, and the key performance 
features. 
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Synthesis '"ed"l11iqutls for Circular Arrays 

Karl J. Moe/ler* and Vaughn P. Cable 
California Microwave, Inc. 
Woodland Hills, California 
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The characteristics of an open, circular array of antenna elements in free space 
have been investigated. With the main beam in the plane of the array (endfire), 
calculated antenna patterns reveal an elliptical beam cross-sectiC!n, broad in the 
vertical plane, with high near-in side lobes. A Taylor-like amplitude distribution was 
found to reduce the near-in sidelobe level in the horizontal plane without 
significantly degrading the vertical plane pattern. Reduced near-in sidelobes in the 
vertical plane are then obtained by either stacking multiple rings of circular arrays 
or by selection of specific element factors. 

Two synthesis techniques, a perturbation technique taken from linear array 
theory and an optimization technique for uniform sidelobes, have also been 
investigated. The effects of mutual coupling for these synthesized patterns for an 
open circular array of dipoles is discussed. 
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A Highly Steerable and Directional Array Factor 

A. Lakhtakia*, V.K. Varadan and V.V. Varadan 
Department of Engineering Science & Mechanics 

and 
Center for the Engineering of Electronic & Acoustic Materials 

The Pennsylvania State University, 
UNIVERSITY PARK, PA 16802. 

As per the principle of pattern mutiplication, the radiation characteristics of an 
array of identical radiators can be adequately expressed in terms of the 
characteristics of a single radiator as well as an array factor, provided it is assumed 
that the antennas do not interact with one another. For highly directional arrays, 
feeding the individual elements with differing phases offers potentially significant 
advantages, and numerical techniques are used to design the feed system in order 
to achieve substantial sidelobe-reduction. In the process, or through other means, 
some amount of electronic steerability is also obtained. 

The Connell sequence was proposed in 1959, and it has been utilized by us to 
construct array factors which offer a high degree of directivity as well as 
steerability by adjustment of the individual phases by a single parameter. The 
adjacent elements are spaced half-wavelength apart, and the array consists of 
q(q+I)/2 elements, q > 1. The phase of the n-th (n = 1,2,3, ... ) element is given 
by exp[ip<pnl, where 

<Pn = 21t uiUq, 

Uq = q(q_I)(3q2 - q + 4)/12, 

un = 2n - [{I + ";(8n - 7)}/2], 

and [xl denotes the integral part of x. The parameter p is the control and varies 
over the range ±Pq, corresponding to which the mainlobe direction also varies 
continuously. The relationships of Pq and of the array performance to the 
parameters p and q have been numerically explored, and will be presented. 
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Thin Insulated Antenna Theory 

Kenneth c. Chen* and Larry K. Warne 
Sandia National Laboratories 

P.o. Box 5800 
Albuquerque, NM 87185 
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The conventional wisdom for treating the insulation on 
antennas/cables is "Use the bare antenna theory whenever the 
antenna does not have insulation, and the insulated antenna 
theory whenever an insulation layer is present." This paper 
examines the validity of this statement by studying the 
limit as the insulation layer approaches zero. This thin 
insulated antenna theory differs from the conventional 
theory; in that, it assumes the same condition as the .bare 
antenna theory, whereas the conventional theory requires an 
additional condition, Ik41» Ik2/, 
where k4 and k2 are the wave number of the medium and the 
insulat~on, respectively. The thin theory also tracks the 
pole of the exact layer solution in the limit as the 
insulation disappears. Discussions include: (1) 
differences between the insulated antenna and the bare 
antenna in the infinite case, (2) semi-infinite solutions, 
and (3) approximate, finite-length solutions. 
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MULTIPACTOR BREAKDOWN IN A CROSS-DIPOLE FEED 

A. Kumar 
Spar Aerospace Ltd. 

Ste-Anne-de-8eIIlevue 
Quebec 

Canada H9G lES 

This paper describes a theoretical invesigation on 
multipactor breakdown of a high power cross-dipole teed 
element. The study also suggests dimensions for a 
teed which can handle 600 Watts power with more than 
6 dB margin. Multipactor breakdown is a secondary 
electron resonance breakdown. The effect of multi­
pactor breakdown occurs in microwave components 
carrying high power in a space environment. MuIti­
pactor occurs in a situation where a free electron is 
accelerated toward a surface under RF voltage. Upon 
impact, a number of secondary electrons are released 
which in turn act as bombarding electrons in the 
reverse cycle of the RF signal. As this process 
continues, the electron population rapidly increases 
to the point where breakdown oc~urs. 

424 



82-6 

NEAR FIELD CALCULATIONS FOR A HIGH POWER HF DIPOLE CURTAIN ARRAY 

Alakananda Paul 
Electrical Engineering Department 

Howard University, Washington, D.C. 20059 

Horizontal dipole curtain arrays are used as broadcast transmitting 
antennas for long-range transmission at high frequencies (HF). Dipole 
curtain array is a rectangular array of horizontal dipoles usually half 
wavelength long, mounted in front of a reflecting screen. Since the 
transmitted power can be very high (of the order of 1 MW), it is important 
to estimate the field strength contours in near-field region very close to 
the ground plane. 

In order to accurately estimate the field strength in the near-field, one 
needs to consider the complete current distribution over the curtain array 
as well as the effect of the ground plane. The reactive components of the 
fields need to be considered, when the field point is less than a 
wavelength from the array. Since the above procedure becomes quite 
complicated, an approximate method which has been used to give 
conservative estimate of the actual field strength, will be outlined. 

In this method, the array has been reduced to a point source located at 
the radiation center of the array, having the radiation pattern and gain of 
the entire array. The far-field equations are used. The earth is considered 
to be flat and perfectly conducting. The field is assumed to be inversely 
proportional to the shortest horizontal distance between the source and 
the field point. The direct and ground reflected fields are added at the 
near-field point, by approximating the phase difference between the fields 
for low height of the field pOint. The reflecting screen is assumed to be 
geometrically identical to the main array. It can be shown that all the 
above approximations will result in conservative estimate of the field 
strength, thereby predicting the worst case scenario. Typical contours 
will be shown and estimates of errors associated with different 
approximations will be discussed. 
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TRUNCATED SPHERICAL PROBING 

Sembiam R. Rengarajan 1 
Robert G. Yaccarino· 

Department of Electrical Engineering 
University of California, Los Angeles 

Los Angeles, CA 90024. 

Spherical Wave Expansion has been widely employed in antenna analysis 
and measurement applications. Jensen and Larsen (IEEE A.P. Symposium 
Digest, pp. 378-381, 1977 ) showed that by truncating the near field 
probing region, it is possible to compute far fields accurately within the 
region of interest. In this paper, truncated spherical probing of aperture 
antennas and reflectors is addressed. Numerical results on reconstructed 
radiation patterns in the near field and far field regions are presented. The 
effect of truncation on the spherical mode coefficients and gain are 
investigated. Near fields reconstructed from truncated spherical far field 
probing of hyperboloids I ellipsoids have applications in the analysis of 
Cassegrain I Gregorian reflectors. Results presented for truncated near 
field probing cases are useful in spherical near field measurements. 

1 on sabbatical from California State University, Northridge. 
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THE EFFECT OF FINITE GROUNDPLANES ON THE RADIATION PATTERNS 
OF SMALL SLOT ARRAYS 

L.Botha*, CSIR, Pretoria, South Africa 
D.A.McNamara, Univ. of Pretoria, Pretoria, South Africa 

The slotted waveguide array is a widely used antenna. A 
considerable amount has been published on reliable procedures 
(R.S.Elliott, IEEE Trans., AP-31, 48-53, Jan. 1983) for the 
des i gn of such arrays . However, accurate pred i ct ion of the 
radiation patterns of such antennas, taking into account the 
effects of the finite groundplane in which the slots are 
mounted, has received less attention in the 1 iterature. A 
knowl edge of the effects of the groundp 1 ane on the pattern 
sidelobes, especially in the case of low sidelobe arrays, 
would greatly increase the designer's confidence. 

In this paper the geometrical theory of diffraction 
(R.G.Kouyoumjian & P.H.Pathak, Proc. IEEE, 62, 1448-1461, 
1974) has been used to include the groundplane edge 
diffraction in the pattern computation. A slot is represented 
by a magnetic current source. At each point in space the far­
zone fields of each slot in the presence of the groundplane 
are found as the sum of a direct ray and several diffracted 
rays. The overall pattern is then the sum of that obtained 
for each slot/groundplane combination individually. For each 
slot, and for each di fferent pattern cut, there wi 11 be 
different diffraction point positions; these stationary 
points are easily found using the law of diffraction 
(R.G.Kouyoumjian & P.H.Pathak, Proc. IEEE, 62, 1448-1461, 
1974). Three different array groundplane shapes are 
considered: rectangular, elliptical and circular. For the 
elliptical groundplane there are in general four diffraction 
pOints (this reduces to two in the case of the circular 
groundplane), while there are two 'such points for the 
rectangular case. In the latter case corner diffraction is 
included (W.D.Burnside et. al., IEEE Trans., AP-28, 318-327, 
1980). 

Results of a parametric study conducted using the above 
analysis will be presented. Firstly, the effect of the 
rectangular groundplane size on the sidelobe levels of a 
linear slotted waveguide is given. Then a planar array of 32 
elements (the typical size of a small slotted waveguide 
array) is considered, and the patterns with the above­
mentioned three shapes of groundplane (of various sizes) are 
compared as regards their ·sidelobe performance" advantages 
and disadvantages. Computed results are compared with 
measured patterns where available. 
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A SYNTHESIS METHOD FOR CIRCULAR ARRAYS USING SPATIAL 

MODES EXPANSION 

Manuel Sierra' ; Juan C. Bernal 

Grupo de Radiaci6n. E.T.S.I. Telecomunicaci6n. U.P.M. 

Ciudad Universitaria. 28040 Madrid. SPAIN 

This work describes a pattern synthesis process for circular 

arrays whose radiating elements are arranged with radial symmetry. 

This is a general procedure based in the expansion in spatial modes 

of both the whole array radiation pattern and its radiating elements 

wi th their respective phases. These two expansions are related 

through the excitacion coefficients to match the pattern specifica­

tions. 

These expansion series have to be truncated and this becomes 

the main constraint of the method. If the separation between the 

elements is less than half the wavelength, the approximation proves 

to be reliable. On the other hand, if the array radius is too small, 

this method also generates the excitacion coefficients, but the 

resulting values lead to a super-gain effect that makes the prac­

tical real-ization hardly feasible. 

This procedure has been applied to Chebycheff and Taylor 

patterns constructed with very simple radiating elements. Within the 

valid margin previously mentioned, the results were fully satisfac­

tory. It has been proved that the synthesis is reliable even with 

patterns having extremely reduced sidelobes and it has been applied 

to semicircular arrays with similar results. 

Windowing and error minimization techniques may be used to 

spread the truncation errors along the whole pattern. A slight 

margin extension has been achieved using some of these techniques in 

the computer simulations performed during the tests. 

This procedure can be carried out with any other kind of 

pattern with the help of conventional techniques for linear arrays 
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EDGE-TREATED COMPACT RANGE REFLECTORS 

• M. P. Hurst and L. N. Medgyesi-Mitschang 
McDonnell Douglas Research Laboratories 

P.O. Box 516 
St. Louis, MO 63166 

Recent studies have demonstrated that rolled edges 
blended into a parabolic dish can improve the performance of 
a compact range reflector by reducing the amplitude and phase 
ripple in the quiet zone (W. D. Burnside, et. a1., IEEE 
'rrans. Antennas Propagat. AP-35, 2, 176-182, 1987). Rolled 
edges greatly reduce diffraction directly into the quiet 
zone, but can enhance scattering in the direction of walls 
and fixtures, thus imposing undesirable constraints on the 
measurement chamber. 

In this investigation, we examine the effectiveness of 
edge treatments on compact range reflectors, both in 
optimizing the quiet zone and in reducing the stray fields 
elsewhere. As a baseline configuration, a parabolic half­
dish is chosen with a blended rolled edge to which tapered 
dielectric treatment is added. Because of the accuracy 
requirements, a method-of-moments-based mixed-domain Galerkin 
formulation is used to compute the near fields (amplitude and 
phase) at the critical lower frequency limit of the 
reflector. A mapping of the edge currents is obtained to 
provide physical insight into the problem. The reflector­
test target interaction effects are also examined for various 
size targets at varying field points. 
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PROBLEMS AND SOLUTIONS FOUND IN THE 
DESIGN AND ANALYSIS OF WIRE MESH 

REFLECTOR ANTENNAS 

Dr. William Imbriale, Dr. Victor Galindo-Israel, 
and Dr. Yahya Rahmat-Samii 

Jet Propulsion Laboratory 
California Institute of Technology 

Pasadena, Calif. 91109 

Wire mesh knit reflecting surfaces are now frequently used on 
unfurlable type spacecraft reflector antennas (IDRSS, Galileo, etc.). 

83-2 

The knit characteristic of this mesh permits the surface to be stretched 
and tied so that a smooth doubly curved surface is obtained with minimal 
pillowing. The knit is essentially a thin periodic (or nearly so) surface. 
Each periodic cell consists of a complex "weave" of very fine wires. 

The fineness of the wires and the complexity of the weave has made 
the problem of an exact numerical diffraction analysis quite formidable. 
We have successfully analyzed this mesh by treating it as a flat weave of 
wire strips in a periodic array. The analysis is by moment methods using 
a piece-wise triangular basis function with a Floquet mode analysis of 
the periodic structure. In particular, we have found that wire bends and 
junctions can be properly treated only if precise and careful attention is 
paid to the vector continuity of current through the wire strip bend or 
junction. 

It is common in some fine wire mesh grids to avoid soldering the 
junctions of wires and to depend upon contact pressure in order to obtain 
good electrical continuity at junction points. Under certain conditions, as 
has been found experimentally, poor electrical contact in these mesh 
surfaces can result in poor surface reflectivity and considerable 
transmission loss. The poor surface reflectivity of the tricot knit mesh 
has been verified by analysis for the case when there is no electrical 
contact at the junction points. In addition, a simple model of the tricot 
mesh which provides an understanding of the cause of the poor 
reflectivity is presented. Alternative knit models for avoiding these 
problems are thus indicated. 
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ANALYSIS OF REFLECTOR ANTENNAS USING INCREMENTAL 
DIFFRACTION COEFFICIENTS 

Robert A. Shore and Arthur D. Yaghjian 
Electromagnetics Directorate 
Rome Air Development Center 

Hanscom AFB, Massachusetts 01731 

Incremental diffraction coefficients (IDC's) provide a powerful 
technique for enhancing the accuracy of reflector antenna patterns 
obtained from physical optics (PO) currents. Unlike other tech­
niques' employed for taking into account scattering from edge dis­
continuties of reflectors (e.g., GTD, PTD), the integration of IDC's 
yields corrections to the PO fields that are valid in virtually all 
ranges of the pattern angles and so obviates the necessity of em­
ploying a number of distinct formulations corresponding to different 
ranges. 

In this paper we demonstrate two applications of IDC's. First 
we use the IDC's for a half-plane to calculate the correction to the 
PO reflector pattern of the nonuniform current near the rim of the 
reflector. The antenna is assumed to be focal-fed with either an 
electric dipole or a Huygens source. Patterns obtained with a com­
puter program that integrates t~e IDC's along the rim of the reflec­
tor are shown to agree closely with those calculated by Bach and 
Viskum (lEE Proc., Aug. 1986, IEEE AP-S Trans., Feb. 1987) using the 
method of moments applied to an electric field integral equation. 
The back lobes of the co-polarized reflector patterns in the prin­
cipal plane, and the cross-polarized field are significantly affect­
ed by the rim-diffracted field. 

We then use the IDC's for a narrow slit to study the effect of 
cracks in the surface of reflector antennas such as those formed by 
the imperfect fitting together of panels to form large reflectors. 
The antenna is assumed fed by a Huygens source at the focus, and both 
azimuthal and radially directed cracks are considered. The effect 
of the cracks is obtained by numerical integration of the slit IDC's 
along the cracks. The cross-polarized field is especially strongly 
modified by the inclusion of the slit-diffracted fields. It is 
found that the method of IDC's is considerably more effective and 
convenient to use than conventional asymptotic high frequency tech­
niques for obtaining the modifications of the PO pattern due to the 
cracks in the reflector surface. 
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GLOBAL SURFACE EXPANSION COEFFICIENT OPTIMIZATION 
FOR REFLECTOR SHAPING 

Y. Rahmat-Samii and J. Mumford 
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, CA 91109 
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In modern satellite antenna systems, contour beam 
generation, multiple beam formation, and spot beam 
creation are finding numerous applications. C~stomarily, 
these design objectives are achieved uSlng offset 
parabolic reflector antennas with array feeds in the focal 
plane of the reflector. The concept typically requires a 
sophisticated beam forming network. Recently, attention 
has been focused on designs using a single feed element 
(or elements), with no sophisticated beam forming network, 
that still achieve the design objectives. Attempts have 
been made to utilize non-parabolic reflector surfaces that 
produce the desired performance. Several methodologies 
have been used in the recent past, however, most of them 
do not lend themselves in a systematic way to surface 
profile generation in conjunction with diffraction 
considerations. 

In this paper, results of surface shaping for 
improved performance is reported. The concept of global 
surface coefficient optimization is used. In this 
technique, the reflector surface (or surfaces) is expanded 
in terms of unknown coefficients using global Fourier­
Jacobi orthogonal polynomials. The question is then: how 
to find these unknown coefficients? An optimization 
procedure based upon the Levenberg-Marguardt algorithm is 
used to determine the unknown coefficients by implementing 
a diffraction analysis evaluation of the antenna 
performance at each stage of the optimization. The 
optimization cost function is defined such that it 
satisfies the design objectives of the problem at hand. 

Many numerical results will be shown to demonstrate 
the utility of the concept for several different cases. 
The effects of the cost function selection, starting 
surface profile, and number of expansion coefficients will 
also be presented. One of the advantages of the global 
expansion optimization technique is that it directly 
utilizes curved reflector surfaces; hence, after the 
coefficients are determined they can be used directly in 
the diffraction analysis of the reflector pattern. 
Furthermore, there is no need to use an interpolation 
algorithm to characterize the reflector surface as 
typically needed in other surface shaping approaches which 
are based on the geometrical optical shaping or aperture 
distribution shaping. 
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FOCAL REGION FIELDS OF REFLECTOR ANTENNAS 
WITH ARBITRARY SURFACE DISTORTIONS 

N. E. Buris* and J. F. Kauffman 
North Carolina State University 

Raleigh, North Carolina 27695-7911 

Surface distortions of reflector antennas result in severe effects 
on their performance. In certain environments, surface 
distortions may be too difficult to correct on a functioning 
antenna. This is the case, for example, of the large space 
deployable antenna. In these cases, surface distortion effects 
may be compensated by appropriate feed tapering. In the spirit of 
these efforts, the focal region fields are needed of reflectors 
that suffer from arbitrary surface distortions. In this paper, 
we present results of an algorithm developed to analyze the fields 
scattered by arbitrarily shaped conductors. The surface of the 
conductor is specified by the coordinates of a set of target 
points. Using a max-min criterion, the aperture of the reflector 
is discretized in a set of triangular domains with vertices being 
the prOjections of the target points on the aperture plane. In 
each domain the surface of the reflector is interpolated by a 
fifth degree bivariate polynomial and the current induced on the 
surface is calculated for certain incident fields according to the 
PO approximation. The total scattered field is calculated by 
adding up the contributions from each triangular domain. An 
appropriate modification of Gaussian Quadrature is used for the 
numerical integration of the integrals involved in the field 
expressions. Several results are presented for parabolic 
reflectors with distortions. Surface distortions effects on co­
pol and cross-pol fields are discussed. 
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.E:i.gm:e : Fields 
scattered by a D = 2m, 
F = 1.19m parabolic 
reflector with a bump. 
The incident field is 
a plane wave along the 
optical axis. 



PERFORMANCE COMPARISON OF HOPPING ANO 
SCANNING BEAM SATELLITE ANTENNAS 

B.S. Lee*, A.I. Zaghloul and R.M. Sorbello 
COMSAT Laboratories 
Clarksburg, MD 20871 
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Competition with optical fibers will require that future 
satellite systems deliver enhanced services such as point 
to multipoint communications and ultimately provide 
direct services to end users. These services will be 
implemented by satellite systems that employ SS/TOMA via 
fast hopping or scanning spot beams over the earth. 
(Zaghloul, et al., 1987 MILCOM). In a hopping beam 
system each spot beam corresponds to one feed element or 
a cluster of feeds and the beam movement is achieved by 
shifting the power from one feed element or one cluster 
to another. The beam selection of these systems is 
accomplished by using a switch matrix network. In a 
scanning beam system the beam is generated by controlling 
the phase distribution across the antenna aperture and 
thereby all elements contribute to each scanning beam. 

This paper presents a comparison between four different 
optical configurations for the hopping and scanning beam 
antennas. The single offset parabolic reflector is the 
simplest for hopping beam applications. Large reflector 
size and focal length are required, however, to produce 
the desired co and cross-polarization isolations. Dual 
reflector systems offer an attractive alternative. 
Side-fed offset Cassegrain (SFOC) system (Jorgensen,et 
al., IEEE/AP Trans.,1985) is chosen as the second hopping 
beam configuration because of its low scan loss, 
compatibility with large feed arrays and large effective 
focal length which leads to high co and cross-pol 
isolations for the same size of the main reflector. 

Two scanning beam antennas are considered, near-field 
Gregorian reflector fed by an active phased array and a 
direct radiating active phased array (ORA). The near 
field Gregorian optic can be employed to magnify a plane 
wave excitation and thus provide a potential reduction in 
weight and complexity versus ORA. However, as the 
magnification of the optics is increased the radiation 
performance relative to the ORA can degrade through 
increased scan loss and decreased cross-pol isolation. 

A comparison between the four systems from the points of 
view of gain, isolation, weight and power estimates for 
specific beam size and EIRP requirements are presented. 

-B.S. Lee is now with INTELSAT, El Segundo, CA 90250 
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SCATTERING FROM PARTIAL SURFACES OF REVOLUTION 

* M. P. Hurst and L. N. Medgyesi-Mitschang 
McDonnell Douglas Research Laboratories 

P.O. Box 516 
St. Louis, MO 63166 

Electromagnetic problems dealing with bodies of 
revolution (BORs) have been the subject of extensive 
investigations using a variety of classical, analytical, and 
more recently, numerical methods. When the Galerkin 
technique is used with a harmonic circumferential expansion 
along ~, there is modal decoupling in the integral operators. 
(J. R. Mautz and R. F. Harrington, AEU 32, 159-164, 1978; P. 
L. Huddleston et al. AP-34, 510-520, 1986.) This coupling is 
true for conducting as well as for penetrable surfaces or 
bodies. This highly desireable mathematical property is lost 
if the problem lacks rotational symmetry. 

This paper examines classes of partial surfaces of 
revolution in the presence of perfectly electrically or 
magnetically conducting (p.e.c. or p.m.c.) image planes where 
modal decoupling is preserved by a judicious choice of 
circumferential basis functions. As an application of the 
general formulation, a class of surfaces is examined in the 
context of reflectors in a compact range. The effect of 
edges on the near-field behavior of these reflectors is 
discussed. 
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A NEW LOOK ON SHAPING ROTATIONALLY SYMMETRIC REFLECTORS. 

A. Garcia-Pino, M.Calvo·, J.L. Besada. 

Grupo de Radiaci6n. E.T.S.I. Telecomunicaci6n. 
Universidad Politecnica de Madrid. 
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This paper describes the design of the E.S.A. TMS-7 (moving ground station) antenna for 20-30 GHz communications with the Olympus satellite. The baseline design was of the classical Cassegrain type for mechanical stiffness. 

The blockage of the subreflector and the struts makes it diffi­cult to obtain a side lobe envelope compliant with the CCIR specification. A simplified model of the effects of the subreflec­tor and struts blockage and diffraction, that accounts also for the direct feed spillover, [M. Calvo , J.L.Besada, R.Momp6. "Fast Model for the Pre-design of Dual Reflector Antennas". VI Annual Meeting of the Spanish Commission B of URSI. Valencia Sept 1987] was used to define the baseline reflector geometry, the required aperture illumination, and the conical corrugated horn feed. 

The desired aperture distribution (uniform phase and parabolic type amplitude) can be obtained from the amplitude and phase feed pattern by shaping both the subreflector and main reflector. The classical Galindo-Williams shaping technique [Galindo. "Design of Dual Reflector Antennas with Arbitrary Phase and Amplitude Distri­bution". IEEE TAP. Jul 1964] for rotationally symmetric reflectors was used. However, instead of using the ray path length as a condition, the Snell law of reflection in both reflectors was used. Both procedures are equivalent [Collin. Zucker. "Antenna Theory, Part 2". McGraw Hill. 1969]. This new form of implementing the method is easier to program and allows for a more intuitive interpretation. 

The synthetized dual reflector has been analyzed and the results obtained are compliant with the CCIR envelope. The antenna is now under construction and measured patterns will be.available soon. 
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ATLANTIS ANTENNA FOR THE SIMULTANEOUS 
DBS COVERAGE OF SPAIN AND PORTUGAL. 

M. Calvo*(l) , J.L. Besada(l), L. Haro(l), B. Galocha(l), C. 
Montesano(2) , E. Vila(2), G. Crone(3). 

(1) Radiation Group Polytechnic University of Madrid. 
(2) Space Division, CASA. 
(3) ESTEC, ESA. 

ATLANTIS (~dvanced Ielecommunication Antenna for Iberia ~atelli­
te) is a European Space Agency project for the design, manufactu­
ring and testing of a Demonstration Model antenna intended for the 
simultaneous coverage of Spain and Portugal Mainland and Islands. 

The antenna will consist of an offset reflector with an ellipti­
cal aperture of 2. 3x3. 2 meters ["L.R.A. 11/14". CASA Final Report 
for ESTEC Contract NO. 5277/82/NL/PP.] fed by a cluster of horns. 
The required amplitude and phase excitations of the horns will be 
provided by a Beam Forming Network through corrugated waveguide 
polarizers to produce the circular polarization. 

This work will be focused on the electrical design of the 
antenna. A parametric study was performed to determine the optimum 
number of horns and their aperture size and location in the focal 
plane. We have used for this purpose the COBRA software package 
from TICRA [R. Jorgensen: "Manual for COBRA Synthesis. Software for 
Optimization of Multibeam Reflector Antennas". TICRA A/S S-164-03. 
Copenhagen Nov. 1982.] in the synthesis and analysis of the antenna 
configurations. 

Different types of horns have been considered for the cluster 
feed. Potter and Turrin types of dual mode horns, as well as 
fundamental mode TEll conical ones have been designed, bread­
boarded and tested. Crosspolarization, frequency band, input VSWR 
and mutual coupl ing have been accounted for in the trade-off 
studies. The Queen Mary College software for mutual coupling [S.M. 
Tun, P.J .B. Clarricoats, C.G. Parini: "A Computer Package for 
the Radiation and Mutual Coupling Analysis of a Dominant Mode 
Circular Horn Array". ESTEC Contract NO 5296/82/NL/GM. April 1985.] 
and our analysis program based on the Moment Method for Bodies of 
Revolution [M. F. Catedra: "User's Manual for the Antenna with 
Symmetry of Revolution Code (ASRC)". Report UPMT/ETSIT/GR/2l/87. 
July 1987.] were used. 

Final antenna configuration with its theoretical performance, 
predicted from the measured cluster- feed patterns, will be pre­
sented as the final integration and testing of the whole antenna is 
foreseen for September 1988. 
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Y. Cho, NASA Ames Research Center 

3:40 Cross Range processln~ and RCS Data 
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A SINPLE APPROXH'lATt: TECHNIQUE 1'u COMPUTE SCATTEKING 

FROM fINITE CYLINDERS WITH ARBITRARY CROSS-S]<;CI'lON 

Joseph M. Frederick 

P.K. Murthy 

Electromagnetics Group - University of Dayton 

The problem of scattering from perfectly conducting finite 

cylinders of arbitarary cross-section is considered. This is a 

three dimensional problem and a technique is developed to reduce 

this 3-D problem to a sequence of 2-D problems. This involves 

the following approximation: The current at any point on the 

cylinder surface is taken to be the same as that on an intinite 

cylinder with the same cross-section. Several well known 

techniques are available to solve the 2-D problems. The edges, 

due to the finiteness of the cylinder, may be easily accounted 

for by the inclusion of equivalent currents. Using the 

approximate current, so obtained, the scattered fields may be 

computed. 

A finite ogival cylinder with perfect conductivity is taken 

to be the tes t case. A model was designed fabricated and 

far-field radar range testing was carried out. RCS was measured 

for bi-static angles of 2°, 45° and 90° for several different 

incident angles and for both I'E and I'M polarizations. This 

experimental data was compared to RCS predicted by the 

approximate model -developed here and good agreement is evident. 

Work is presently in progress to extend this anaLysis to tinite 

cylinders with gently varying cross-section. 
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THE DISK: A rolPARISCN OF ELEcrOCMAGNETIC SCATTERIN3 
SOWTIONS AND ITS USE AS A CALIBRATION STANDARD FOR 

BISTATIC RCS MEASUREMEl'lrS 

Keith D. Trott 
RAOC/EEcr 

Target Characterization Branch 
Applied Electromagnetics Division 

Hanscom AFB, MA 01731 

Three solutions for scattering from a perfectly 
conducting disk are compared: a closed-form Physical 
Optics (PO) solution, a Physical Theory of Diffraction 
(PTD) solution, and an exact eigenfunction solution. Far 
field patterns are compared for various ka values and 
incidence angles for both horizontally and vertically 
polarized electric fields. For normal incidence, the PO 
and eigenfunction solutions agreed very well over the 
main lobe and a significant number of side lobes. For 
small ka the agreement is remarkable; however, as ka 
increases, and the observation angle exceeds 45 degrees, 
a shift occurs in the side lobes when the incident 
electric field lies parallel to the edge of the disk. 
This shift is not as pronounced when the incident 
electric field lies perpendicular to the edge. 

Applicability of the disk as a calibration standard 
for bistatic scattering measurements is discussed by 
examining the calibration curve (specular return). The 
specular return, as a function of bistatic angle, is 
computed for both horizontal and vertical polarizations 
at various ka values using the PO, PTD, and eigenfunction 
solutions. The calibration curve found using PO goes to 
zero for both polarizations; however, the calibration 
curve computed using the eigenfunction solution does not 
go to zero when the incident electric field is parallel 
to the edge because it contains the proper edge behavior. 
The agreement between the solutions is good for bistatic 
angles out to 140 degrees for ka as low as five. Also, 
as expected, the agreement for the specular return 
improves as ka increases. 
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EFFECT OF MULTIPLE SCATTERING ON THE RADAR 

CROSS SECTION OF POLYGONAL PLATE STRUCTURES 

R. G. Atkins· and R. T. Shin 

MIT Lincoln Laboratory 
Lexington, MA 02173 

84-4 

Existing radar cross section (RCS) prediction algorithms using the Phys­
ical Optics and the Physical Theory of Diffraction techniques have been 
shown to give erroneous results for cases in which multiple scattering be­
tween portions of the target is significant. In particular, double reflections 
between flat plate surfaces are important for geometries resembling the cor­
ner reflector, and this effect is neglected by current algorithms which include 
only single surface interactions. To overcome this limitation a method is 
presented of extending the conventional results obtained using Physical Op­
tics to include a field due to double reflections between two polygonal plate 
surfaces. 

An integral expression is derived, applying the tangent plane approxi­
mation at each surface, and correctly accounting for the potentially near-field 
interactions between the two perfectly conducting plates. The initial com­
plexity of this expression necessitates numerical evaluation of the integrals 
and results in a large computational burden. The requirement of numeri­
cal integration is eliminated, however, by applying the method of Stationary 
Phase and expanding quadratically the exact inter-plate phase term. The 
two surface integrations are replaced by line integrals using Stokes' Theo­
rem, and for polygonal plates, the contour is subdivided into linear segments 
on which the integration is performed analytically. In the case where the 
conducting plates are loaded with one or more layers of dielectric, the equiv­
alent electric and magnetic surface currents are derived using the reflection 
coefficients at each plate. 

The resulting field expressions are derived with sufficient generality so 
as to permit incorporation in standard RCS prediction codes allowing arbi­
trary geometry and illumination. Comparisons with measurements of sev­
eral simple two-plate targets confirm the accuracy of the predicted field and 
demonstrate a significant improvement over existing algorithms which ne­
glect multiple reflections or which assume a far field interaction between the 
surfaces. 

This work was sponsored by the U.S. Air Force under contract F19628-85-
C-0002. The views expressed are those of the authors and do not reflect the 
official policy or position of the U.S. Government. 
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A Rigorous Calculation of Radar cross-Section 
of A Circular Cavity on An Infinite Wall 

Young-chung Cho 
NASA Ames Research Center MIS 260-1 
Moffett Field, CA 94035 

An exact solution is presented for the diffraction 
of a scalar plane wave by a circular cylindrical 
cavity on an infinite plane wall. The wave functions 
are subjected to the boundary condition of vanishing 
normal derivative on the wall and also on the inner 
surface of the cavity. At the entrance of the cavity, 
an incident wave will excite wave guide modes which 
propagate into the cavity, and will partly be scattered 
back into free space. The scattered waves will be 
obtained in terms of hyperboloidal wave functions. 
These functions are defined as a class of eigensolutions 
of the wave equation for oblate spheroidal coordinates. 
The hyperboloidal wave functions are distinct from, and 
superior to the conventional oblate spheroidal wave 
functions for problems involving half space, as in the 
present study. The results will~nclude rigorously 
calculated radar cross section for various incident 
angles and frequencies of the incident plane waves. The 
powers of scattered waves and of waves transmitted into 
the cavity will be also presented. 
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Cross Range Processing and RCS Data* 

E.C. Burt 
MIT Lincoln Laboratory 

Lexington, MA 02173 

84-6 

When analyzing data from measured or predicted RCS patterns it is 
often desirable to be able to associate components of scattering with specific 
portions of the target. If the RCS data are coherent, i.e. if both amplitude 
and phase are available, then it is possible to obtain a cross range profile of 
the target through use of the Fourier transform. This is essentially Doppler 
processing and is the same procedure that is used in SAR and ISAR imaging 
systems, except that in our case the entire target is contained in one range 
resolution cell. This paper will discuss the use of cross range processing 
as a method of analyzing measured and predicted RCS data. Comparisons 
between patterns obtained using PTD and the method of moments will be 
shown for several targets, together with cross range plots showing the level 
of agreement at locations across the target. 

If the coherent RCS samples are available at a spacing of A() in angle, 
then the unambiguous cross range window is XWindow = >"j2A(). If A() 
were chosen to be as large as possible while still resulting in an adequate 
cross range window, it would be too coarse for most applications - includ­
ing making a simple plot of the RCS pattern. However, by the Sampling 
Theorem one can see that these coarse samples contain enough information 
to allow intermediate RCS values to be reconstructed. This fact can be 
exploited to allow predicted coherent RCS values to be calculated at rela­
tively coarse samples with intermediate values obtained using interpolation 
methods related to the Sampling Theorem. For some applications this can 
reduce the required computer run time by a factor of 5 or more. Examples 
illustrating this approach will be included in the paper. 

-This work was sponsored by the Department of the Air Force. The views expressed are 
those of the author and do not reflect the official policy or position of the u.s. Government. 
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Res OF LARGE BODIES SHOWING AN-ORDER SVMMETRY OF ROTATION 
BY B E M COMPUTATION 

P. BANNELlER, C. BROCHARD, J.P. MARTINAUD, J. TOURNEUR 
THOMSON-eSE, Division RCM 

92242 MALAKOFF-CEDEl<, FRANCE 

The boundary element method (B.E.H.) has been successfully applted to calculate radiation patterns of antennas using the electric field integral equation under variational form (1,2) . This work has been recently extended In THOHSON-CSF to calCUlate the ReS of arbitrary shape Objects Involving various metallic surfaces and homogeneous media. 

In order to access dimensions of Objects substantially large compared to 
wavelength, a formulation has been developped taking Into account rotational 
symmetry of arbitrary order. The order of rotation N can either be imposed by the geometry (for example the number of blades of a turbopropeller) or arbitrary (in case of circularly Invariant structures) . The whale structure can be deduced by rotations of a generic cell and Its assocIated mesh. 

In case of general excitation (I.e. not admitting the rotational symmetry),the problem is shown to reduce to a linear combinatIon of N sub-problems, each one corresponding to a definite phase difference between adjacent cells. For each sub-problem, the unknowns are only those associated wIth the generiC cell and the electromagnetic quantIties on the symmetric cells can be deduced by discrete Fourier transform. 

Taking Into account the symmetry, the primary problem has thus been replaced by the linear combination of N sub-problems whose number of unknowns Is divided by N. This implies the following Improvements: 
- storage requirements are divided by N/2 (the factor of 2 ariSing from the fact 

that matrixes are no longer symmetric) , 
- the number of electromagnetiC Interactions to be evaluated between elements 

of the mesh Is divi ded by N , 
- time for solving linear systems is of order NxN smaller. 

Several examples will be presented during the conference showing a good 
agreement with experimental results and the advantages of the method. 

(1) - .. Finite element approximation of electromagnetiC diffraction by arbltrarly 
shaped surfaces', A BENDALl, D. CLAIR, J. TOURNEUR, Electronics Letters 22nd July 1982, vol 18, No 15 pp 641-642 . 

(2) -' General numerical procedure for conception of metallic and dielectric large bandwidth horns ',c. BROCHARD, J.P. MARTINAUD, J. TOURNEUR, 
U.R.S.1. Symposium, Philadelphia, Juln 1986. 
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SCATTERING FROM LOSSY CASCl>.DED GRATINGS 

* P. F. Wahid and C. G. Christodoulou 
Electrical Engineering and communication 

Sciences Department 
University of Central Florida, Orlando, Fl 32816 

AS TRACT 
The spectral corrector iteration technique along 

with the theory of scattering matricies is employed to 
analyze the scat~ering from lossy cascaded 
gratings. The total reflection and transmission 
coefficients are presented as a function of the angle 
of incidence. The dependence of the coefficients on 
various grating parameters such as wire spacing, wire 
t~ickness, losses in the wire, grating separation and 
the number of gratings is presented. The problem of 
stacked lossy dielectric slabs with periodic gratings 
is formulated and analyzed. The results obtained are 
compared with other data published in the literature. 
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THE NULL FIELD APPROACH TO ELECTROMAGNE­
TIC SCATTERING FROM COMPOSITE OBJECTS: 
THE CASE OF CONCAVO-CONVEX CONSTITUENTS 

Staffan Str6m* and Wenxin Zheng, Department of 
Electromagnetic Theory, The Royal Institute of 
Technology, S-100 44 Stockholm, Sweden. 

85-2 

Time-harmonic electromagnetic scattering from a 
composite body consisting of a (dielectric or me­
tallic) core plus one or several dielectric coat­
ings has been studied by means of the null field 
approach. Previously developed null field ap­
proaches to scattering from composite bodies do 
not apply when these coatings are of concavo­
convex shapes. The present work emphasizes that 
case and some a1termative null field approaches to 
such geometries are developed. The scattering 
problem is solved by means of a determination of 
the total transition matrix, referring to spheri­
cal waves, for the composite scatterer. The alter­
native approaches lead to different algebraic ex­
pressions for the transition matrix. The numerical 
implementation of these formulas to a number of 
examples shows that useful convergence is obtained 
for a frequency interval that often extends into 
the resonance region. 

The quality of the results are checked against 
general constraints such as symmetry and unitari­
ty, as well as against other computed and measured 
results. Another test concerns the influence on 
the numerical performance of the choice of expan­
sion functions for the surface fields. In the ap­
plications to composite scatterers given here, ex­
pansions in terms of vector spherical harmonics is 
often the preferred choice. As examples numerical 
results for bistatic and radar cross sections are 
presented for composite scatterers which consist 
of a core plus a single-layer coating which con­
sists of two parts which have different dielectric 
properties. Results which illustrate the resonance 
structure of radar cross sections for this type of 
composite scatterer as a function of frequency are 
also given. 
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85-3 
NON-UNIQUENESS OF THE SURFACE EFIE APPLIED TO MULTIPLE 

CONDUCTING AND/OR DIELECTRIC BODIES 

Ercument ARVAS and Joseph R. MAUTZ 

Department of Electrical and Computer Engineering 
Syracuse University. S·yracuse. New York 13244-1240. 

It is proved that the surface electric field integral equations as 
applied to perfectly conducting and/or homogeneous dielectric bodies 
do not have unique solutions at certain frequencies. For example. the 
problem of scattering from a perfect conductor covered by a dielectric 
layer can be formulated in terms of the following set of coupled 
integral equations. 

x~ 
inc On Sde ~e ~ ,~ ) = - ~e x I 

E+ + 
~e x !!c ~ -~ 0 On Sde -i 

+ 
,-~)=O On ,..+ 

~i x Ii { !!c -~ .)di 

These equations fail to give unique solutions if (i) Sdi when filled 
with (.fAi.. €i) and covered with a perfect conductor forms a resonant 
cavity. or (ii) SJe when filled with ( ~o. co) and covered with a 
perfect conductor forms a resonant cavity. The figure below shows the 
condition number of the moment matrix for a conducting circular 
cylinder covered by a dielectric layer. and illuminated by a TM plane 
wave. The peaks occur near the frequencies where the formulation 
fails. 

L 
o 
G 

N 
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SCATTERING FROM AN ANISOTROPICALLY 
CLAD CIRCULAR CYLINDER AT OBLIQUE 
INCIDENCE 

H. Massoudi*, J.C. Monzon, and N.J. Damaskos 

Damaskos, Inc., P. O. Box 469, 
Concordville, PA 19331 

8~4 

The scattering of an electromagnetic (EM) plane 
wave from a circular metallic cylinder coated by a 

lossy anisotropic layer at oblique incidence is 

investigated. The anisotropic coating is charac­

terized by tensors € and ~ which are diagonal when 

referred to principal axes (p, ~, z). 

In the biaxial layer, by assuming harmonic axial 

and angular dependence, a set of coupled second order 
equations is derived for the axial components of the 
electromagnetic fields. These equations are solved 

by standard methods and an exact field expansion is 

obtained in terms of special cylindrical functions. 

Calculated far scattered field for the aforemen­

tioned geometry will be presented. In addition, the 

extension of this analysis to EM scattering from a 

multilayered anisotropic cylinder, at oblique 

incidence, will be discussed. 
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SCATIERING AND ABSORPOTION BY LONG 
CHAINS OF PARTICLES OF BRANCHED 
STRUCTURES: M. F. Iskander* and H. Y. Chen, 
Electrical Engineering Department, University of 
Utah, Salt Lake City, Utah 84112 and J. E. Penner, 
Lawrence Livermore National Laboratory, P.O. Box 
808, Livermore, California 94550. 

Calculation of electromagnetic (EM) scattering and absorption of aerosol 
particles has many applications including characterization of atmospheric aerosols 
and predicting their climatic impact, evaluation of smoke effectiveness in 
obscuration, calculation of radiant heat transfer from flames, and in the evaluation 
of the various scenarios of nuclear winter. The utilization of global transport and 
scavenging models such as the general circulation model, critically depends on 
accurate quantification of the amount as well as the scattering and absorption 
properties of carbon aerosols. 

Although many (EM) scattering and absorption calculations by aerosol 
particles have been done in the past, there remain two important unresolved issues. 
This includes, I) Calculating scattering and absorption by highly-elongated particles 
in the resonance frequency range, and 2) Extending the calculations to coagulated 
chains of particles of branched structures such as those often encountered in the 
atmosphere, as well as in the experimental measurements. In this paper we address 
these two issues and present results illustrating the accuracy qf the developed 
techniques for making these calculations. For oriented chains of coagulated 
particles, we developed a new version of the Iterative Extended Boundary 
Condition Method (IEBCM) which made it possible to make calculations for 
elongated particles with as high aspect ratio of 250 in the resonance frequency 
range. Specific modifications of the IEBCM include the implementation of a . 
sectioning procedure and the use of a new segmentation method that made it 
possible to make calculations for very long oriented chains of aerosols. 

The scattering of particles of branched structures on the other hand, is 
calculated using a volume integral equation formulation (VIEF) and the method of 
moments solution. A surface integral term was included to account for dielectric 
discontinuities which in our case occurs only on the outside surface of the obj~ct. 
Comparison between the IEBCM results and the VIEF calculations will be 
presented both in terms of internal field. distribution as well as quantities of 
engineering interest such as scattering, absorption and extinction efficiencies. 
Results for variety of branched chains geometries will also be presented at various 
frequencies. The validity of some qualitative (low frequency) observations 
regarding the relationship between single and coagulated particles scattering will be 
evaluated with emphasis on their accuracy in the resonance frequency range. 
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STOCHASTIC IMPEDANCE BOUNDARY CONDITION METHOD 

* L. N. Medgyesi-Mitschang and P. L. Huddleston 
McDonnell Douglas Research Laboratories 

P.O. Box 516 
St. Louis, MO 63166 

A formulation is developed to describe the scattering 
from axisymmetric, coated, perfectly conducting bodies. In 
this investigation, the coating is assumed to be 
inhomogeneous where the electrical properties of the coating 
permit representation through an impedance boundary condition 
(IBC) and the inhomogeneities are characterized by a random 
process. For simplicity, the surface impedance ns is assumed 

to vary randomly in circumferential ($) direction only. An 
arbitrary deterministic variation may exist along the 
generating curve of the body. 

The scattering process is described by a surface 
integral-equation formulation. The formulation is solved by 
the Galerkinmethod using harmonic expansion in $. If ns is 

characterized by a stationary process, then circumferential 
modal decoupling occurs, substantially simplifying the 
analysis. Numerical results are presented for classes of 
axisymmetric bodies when ns is described by a stationary 

gaussian process. 
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SCATTERING FROM THE INTERIOR OF A CORNER REFLECTOR 

George P. Saramadis* and Sharad R. Laxpati 
Dept. of Electrical Engineering and Computer Science 
University of Illinois at Chicago 
P.O.Box 4348 
Chicago 11 60680 
Tel.:(312)996-3422 

The scattering of a plane e-m wave from the interior of a metallic 
corner reflector is examined in this paper. The problem has been 
formulated using the Spectral Domain Technique (S.D.T.) which is 
an extension of the moment method into the frequency domain. 

The formulation of the problem has been cHrried out for both 
the TE and the TM modes of the incident wave. For the TM mode 
we consider that the reflector consists from two non-electrically 
connected strips,whereas for the TE mode the solution incorporates 
electrical continuity of the reflector. Furthermore, we examine 
models for the induced surface current densitips, radar cross 
sections and the scattered electric and magnetic fields. 

For the TM mode only there have been some results available 
and only for the case of a reflector made up by two tilted strips. 
Also,regarding the backscattering by corner reflectors,there has 
been some work published lately [lJ,[2J. 

REFERENCES: 
[lJ: T.Griesser and C.A.Balanis,Backscatter analysis of dihedral 
corner reflectors using P.O. and P.T.D. ,IEEE Trans. on Antennas 
and Prop.,vol.AP-35,number 10,pp.1137-1147,October 1987. 

[2J: P.Corona,G.Ferrara,and C.Gennarelli,Backscattering by loaded" 
and unloaded dihedral corners,IEEE Trans. on Antennas and Prop., 
vol.AP-35,no.10,pp.1148-1153,October 1987. 
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RADAR CROSS SECTION PREDICTION 
USING A HYBRID METHOD 

C. F. Lee*, R. T. Shin, and J. A. Kong 

Department of Electrical Engineering and Computer Science 
and Research Laboratory of Electronics 
Massachusetts Institute of Technology 

Cambridge, Massachusetts 02139 

85-8 

A hybrid method for radar cross section (RCS) calculation of perfect 
conductors is discussed. The hybrid method utilizes the electric field integral 
equation formulation and combines the method of moments and the phys­
ical theory of diffraction. The method of moments is employed to cast the 
governing integral equation into the matrix equation for the problem. Then, 
the matrix equation is solved using the conjugate gradient iterative method 
with the initial guess solution provided by the physical theory of diffraction 
(PTD). The numerical results indicate that with 5 % error criterion and the 
PTD initial guess solution, accurate solution can be obtained with reduced 
computation time. For the calculation of monostatic radar_ cross sections, 
where the induced surface currents have to calculated for each incidence an­
gle, the solution for the previous angle of incidence with the physical optics 
phase correction provides good guess solution for the next angle of incidence. 
The hybrid method is used to calculate monostatic RCS and compared with 
measurement results for flat plate and corner reflector geometries and ,also 
for a simple aircraft model. Based on the cases studied, it is found that the 
hybrid method coverges and the average number of iterations is fairly insen­
sitive to the number of unknowns and the shape of the target. The average 
number of iterations was below 10 in most cases and, therefore, a significant 
savings of computation time can be achieved with the hybrid method for 
objects with large number of unknowns. 
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RADAR CROSS SECTION OF COMPOSITE 
DIELECTRIC AND METAL OBJECTS WITH 
ARB ITRARY SHAP E 

Te-Kao Wu 
Hughes Aircraft 
P.O. Box 92426 

El Segundo, CA 

Company 
R2/A102 

90009 

In this paper Integral Equation Formulations and numerical 
solutions are given for the Radar Cross Section (RCS) 
prediction of composite dielectric and metal objects with 
arbitrary shape. Specifically, the RCS of a five-layered 
lossy dielectric elliptical cylinder is evaluated via the 
Surface Integral Equation (SIE) formulations and a 
recursive procedure (Pogorzelski and WU,1979 URSI Symp. EM 
Waves). The RCS of a body-of-revolution model of human is 
evaluated via the SIE technique (Wu, IEEE Vol. 
MTT-27,3,279-283). Also included is the RCS evaluation of a 
composite metal and layered lossy dielectric 
body-of-revolution simulating a missile with a trailing 
plume. The RCS of a missile/plume is evaluated via the 
Approximate Integral Equation (AlE) formulations (Wu,et. 
a 1 . ,RADC-TR-78-261 , 1978) . 

In general, the major advantages of the integral 
equation solutions of the scattering from 
composi,e objects are 1) arbitrary shape and 2) 
once the unknown currents are found,the RCS, near 
and far fields are readily computed. The 
limitation is that the method is presently only 
applicable at low frequencies (i.e., resonance 
region and below). Sample numerical RCS results for 
the above mentioned composite objects are presented 
to demonstrate the versatility of the integral 
equation solutions. 
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