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LORAN-C POSITIONING ERRORS CAUSED BY SCAITERING 
POHER LINES ABOVE THE EARTH 

Robert G. Olsen and Abdulmagid Aburwein 
Department of tlectrical Engineering 

Hashington State University, Pullman, !.JA 99164 

In this paper the scattering of a LORAN-C navigation signal by a 
power line is calculated. The results of the derivation can be 
used to predict positioning errors for land based applications of 
LORAN-C such as vehicle location schemes. The only assumptions are 
that the line spacing is small compared to its height and that the 
LORAN-C signal is narrowband, and not incident at a grazing angle. 
From this general result a very simple theory for predicting posi­
tioning errors is derived which is valid for most parameters of 
interest. The simple result for the error in pulse arrival time is 

where a is the equivalent radius of the power line conductors 
d is the average height of the power line conductors 
y is the distance of the receiver from the power line 
6 = n/2 - where is the angle between the power line and 
p the direction to the LORAN transmitter 

Wo is the center radian frequency of the pulse 
ko is the propagation constant of free space 
Inl is the refractive index of the earth 

It is found that, when a LORAN-C receiver is located near a power 
line, position errors of 1 Kilometer are possible. This value is 
in accord with published experimental results. Further, it is shown 
that position errors are significantly greater when the LORAN-C sig­
nal approaches the transmission line at a small angle. 
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FAR-FIELD COMPUTATIONS INSIDE A DIELECTRIC MEDIA 
FOR AN ANTENNA ABOVE A PLANAR INTERFACE 

Richard L. Lewis, Electromagnetic Fields Division 
National Bureau of Standards, Boulder, Colorado 80303 

We wish to consider the problem of an aperture antenna located a dis­
tance d above a planar dielectric interface, where we are interested in 
determining the far field at a distance r inside the dielectric media as 
the ratio rid gets large but not necessarily infinite. From the plane­
wave-spectrum representation of an antenna above a planar interface, 
we carry out an asymptotic saddle-point evaluation of the plane-wave 
integral to obtain the far-field. The dielectric boundary causes a 
shift in the saddle-point location as compared to the single media 
location. We find that the saddle-point location is obtained by 
solving two coupled transcendental equations, for which a geometrical 
optics interpretation is readily apparent so long as one is not within 
the evanescent-mode domain of the integral. 

If the antenna is located fairly close to the interface, then it is 
valid to use the single-media saddle-point location as a first order 
approximation to the transcendental saddle-point equation. One sur­
prising result is that transmission into the dielectric media does not 
diminish as grazing incidence is approached. However, if the antenna is 
located at least a few wavelengths above the interface, then as the 
angle of incidence changes from grazing towards evarescence these waves 
will become highly attenuated. Thus the field radiated into the dielec­
tric media rapidly attenuates for angles of refraction greater than the 
"cut-off" angl e corresponding to grazing incidence. If the antenna 
is very close to the interface, then the evanescent waves can 
contribute appreciably to the field radiated into the dielectric media; 
consequently, analysis of this case requires a knowledge of the antenna's 
reactive field. In "':':2 ;pecial case of a truncated parallel plate 
waveguide, the complete spectrum is known exactly (cf. Montgomery & 
Chang, NBS Monograph 164, June 1979). It is interesting to speculate on 
whether constrained planar source synthesis (cf. Rhodes, Synthesis of 
Planar Antenna Sources, 1974) can be used to estimate the reactive··field 
contribution in cases where only the measured field is used to character­
ize the antenna. 

Computations have been carried out for the specific case of an open­
ended rectangular waveguide located far enough above the interface that 
evanescent waves could be neglected. Here, a variant of Chu's formula 
for the field radiated by an open-ended waveguide was used so that the 
formulation could be expressed in closed form. However, the price for 
analytical simplicity is that our formulation neglects higher-order 
modes in the waveguide aperture that are excited by reflections from t~e 
interface and the abrupt waveguide termination. Our computations are 
compared to measured data obtained by illuminating a hemisphere filled 
with sand and measuring the field strength underneath the hemisphere. 
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A MOMENT SOLUTION FOR ELECTROMAGNETIC 
COUPLING THROUGH A SMALL APERTURE 

Roger F. Harrington and Joseph R. Mautz 
Department of Electrical and Computer Lugineering 

Syracuse University 
Syracuse, NY 13210 

A three term moment solution for electromagnetic coupling 
through a small aperture in a conducting screen is obtained. This 
solution gives the equivalent magnetic current in the aperture as 
a linear combination of the three quasi-static magnetic currents 
responsible for the three dipole fields seen in the far zone. Be­
cause only the dipole effects of the quasi-static currents are 
known, the elements of the excitation vector and the moment matrix 
can not be evaluated directly. Reciprocity is used to express 
the elements of the excitation vector in terms of the short-circuit 
incident fields. The imaginary parts of the elements of the moment 
matrix are evaluated by forcing the moment solution to be equal to 
the solution predicted by conventional small aperture theory. The 
real parts of the elements of the moment martrix are extracted 
from the quadratic expression for the power radiated by the magne­
tic current. The solution is applied to three examples - an 
aperture in a conducting plane, an aperture in a transverse wall 
between two rectangular waveguides, and an aperture in a lateral 
wall of a rectangular waveguide coupling to a half-space. 
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EQUIVALENT CIRCUIT ANALYSIS OF ELECTROMAGNETIC 
TRANSMISSION THROUGH A FILLED SLOT IN A 

THIN-WALLED CYLINDER 

D.T. Auckland 
Syracuse Research Corporation 

Syracuse, NY 13210 

An equivalent circuit is postulated and its parameters 
are derived for a filled slot in a thin-walled conducting cylin­
der. The one-term moment method (R.F. Harrington and D.T. 
Auckland, IEEE Trans. on A.P., September 1980) is employed. Here 
a lumped admitt.ance is used to represent an external region 
(Region e) and an interior region (Region i). The slot region 
(Region s) is treated as a parallel-plate waveguide section. The 
analytical results obtained are compared to those for a slotted 
infinite screen and the importance of the inductive susceptance, 
caused by the circular shell interior, on the slot transfer 
admittance, YT , is noted. 

REGION e 
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CAPACITIVE AND INDUCTIVE IRISES IN RECTANGULAR WAVEGUIDE: A NEW SOLUTION 

Kendall F. Casey 
Lawrence Livermore National Laboratory 

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

Techniques for the solution of dual series equations ftrising in potential 
theory are extended and applied to the solutions of two classical problems in 
waveguide theory: the capacitive and inductive iris problems. It is found 
that the normalized iris susceptances can be obtained from a rapidly 
convergent set of linear equations in the modal amplitudes and that new 
approximate expressions can be obtained from these equations by analytical 
means •. The key to the· procedure is expressing the modal amplitudes in terms 
of certain Jacobi polynomials. Numerically exact and approximate results are 
presented and compared, both against each other and against extant approximate 
results obtained by variational means. Applications of the method to other 
guided-wave problems of more current interest are also discussed • 
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SEAM COUPLING USING THE FINITE DIFFERENCE METHOD AND 
THE GENERALIZED BABINET PRINCIPLE 

Karl S. Kunz, Kunz Associates, Inc., Albuquerque, N.M. 

While finite difference methods have modeled relatively 
fine detail in electromagnetic coupling problems involving aero­
space systems, they have not modeled coupling through thin seams 
such as arise from composite panel construction. Cell size, 
characterized by dimensions on the order of a meter, would have 
to shrink to a millimeter or less. Such a reductionxannot be 
expected anytime soon. 

A solution to this problem does exist that combines the 
finite difference method with the generalized Babinet principle 
[Jordan and Balmain, Electromagnetic Waves and Ra.diating Sys­
tems, pp. 5l9-22J. First, the interaction object is treated 
without seams, using the finite difference method. Aperture 
and diffusive coupling can be treated with current versions of 
the method. Having treated these effects, the interactipn ob­
ject can now be considered a perfectly conducting surface seg­
mented by seams into panels. Thus, second, the interaction ob­
ject geometry can be replaced by a conjugate/complement geome­
try where the perfectly conducting panels, which represent She 
scatterinq surface, are replaced by the boundary condition n x 
Hscatterea = 0, seams are replaced by wires, and electrically 
conducting structures (n x rtotal = 0) on either side ot the 
scattering surface are changed to magnetic conductors (n x 
Rtotal = 0). Thin wires can be accurately modeled [Holland, 
IEEE Trans. EMC, pp. 88-97,1981J using finite difference tech­
niques. This allows the accurate calculation of the fields 
scattered from the conjugate/complement model, H~otal = H1 nc 

. 1CC 1CC 
+ Hscattered d Etotal - E1nc + Escattered Th l' d icc an icc - icc icc . e genera 1ze 
Babinet principle states that 

H~otal E~otal _Hinc 
U +U = _1 __ + ~ = 1 Htotal = _. i_ E~cattered 
1 2 H~nc E~nc or i E~nc 1CC 

1 1CC 1CC 
From these relations the fields scattered from the conjugate/ 
complement model can be converted into the fields, H!otaT = 

H~nc'+ H~cattered and E~otal = E~nc + Escattered, sc~ttered by 
1 1 1 1 1 

the seams, completing the problem. 
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~IICROSTRIP FEEDIliG VIA A SLOTTED RECTMlGULAR WAVEGUIDE 

Perry F. Wilson and David C. Chang, 
Electromagnetics Laboratory 

Department of Electrical Engineering 
University of Colorado 

Boulder, Colorado 80309 

As the operating frequency of a microstrip increases, conventional 
excitation with a coaxial pin feeding becomes physically more 
difficult and a mode launching method more compatible with planar 
construction techniques be'comes increasingly desirable. An alter­
nate approach, investigated in this paper, is to couple a micro­
strip to a. rectangular waveguide at the groundplane via a fiarrow 
slot ~unning longitudinally in the direction of propagation. The 
coupling strength will be affected by the slot location, or offset, 
as well as the slot width. Numerical results for these gap 
dependencies, as well as guide matching considerations, will be 
discussed. 

Previous work by the authors has dealt with how the requirement of 
constructive interference leads to the formulation of a transverse 
resonance condition for narrow slot coupled waveguiding systems. 
The resulting modal equation takes the form det (I - rS) = 0, where 
I, r, and S are 4 x 4 matrices representing respectively the 
identity matrix, the reflection coefficient of an obliquely 
incident wave at the guide edges, and the slot scattering effect. 
The solution for S consists of formulating an integral equation 
for the unknown fields in the slot, simplifying the singular 
kernel by assuming that the slot width 2g is electrically small, 
that is 2kog « 1. and then solving the approximate integral 
equation. The form of S depends on whether the vertical electric 
field is evenly or oddly distributed about the slot. The solution 
for r depends on the type of guide wall. For a metal wall the 
problem is trivial, however, the reflection at the edge of a 
microstrip can be analyzed using more difficult Wiener-Hopf 
techniques. 
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A UNIFIED APPROACH TO MODAL DISPERSION OF STRIPLINE STRUCTURES 
IN LAYERED MEDIA 

Bing-Hope Liu 
Electromagnetics Laboratory 

Department of Electrical Engineering 
University of Colorado 

Boulder, Colorado 80309 

A new analytical method for the rapid evaluation of modal dispersion for general stripline structures in layered media will be proposed, based on employing the spectral domain formulation and utilizing some functional properties of the physical quantities concerned. The fundamental mode{s) as well as all the higher-order modes are treated in a unified way. 

Consider the general configuration shown in Fig. 1. On the one hand, the exact spectral domain (i.e., Fourier transform domain) equations relating the tangential electric fields and the sur-face currents in the plane of strips (y= 0 plane) is formulated. On the other hand, from the Fourier-transformed continuity equation 
-jS 1z (p) + jp Ix (p) = -jw& (p) 

a simple functional relation between the Fourier-transformed currents lz{p) and Ix{p) is introduced: 

PIx{p) = ~(p,S) • [-SIz{p)] . (*) 

(Here p is the Fourier variable; the propagation factor exp{jwt - jSz) is understood and suppressed.) By combiningJ*) with the spectral domain equations,modal equation in terms of Iz{p) can 
be constructed which is relatively simple in mathematical setup. As an application example of the proposed method, the specific case of two-layered stripline structures will be discussed in detail. A waveguide-like interpretation of the modal equation will be pOinted out. 

_ ....... _x 

()12,E2) ----_. 

{)12~ ,E 2n .. l ______ ~----__ _ 

Fig. 1. 
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RADIATION FROM A BENT, NARROW MICROSTRIP 
ABOVE A GROUNDED DIELECTRIC SLAB 

R.L. Holland and'E.F. Kuester 
E1ectromagnetics Laboratory 

Department of Electrical Engineering 
University of Colorado 

Boulder, Colorado 80309 

This analytical investigation considers the physical configuration 
of an electrically narrow microstrip situated on top of a grounded 
dielectric substrate, a configuration suited to integrated milli­
meter wave component applications. The main objective of the 
investigation is to characterize the radiation loss from guided 
microstrip modes as the result of bending the microstrip into a 
circular arc in the plane of the substrate. In particular, the 
dependence of such radiation upon the radius of curvature R of 
the microstrip arc and the physical parameters of the die1ectt'ic 
sub'strate are of interest. An additional objective of this inves­
tigation is to specify the manner in which energy lost from the 
guided microstrip modes is divided between skywave radiation and 
surface wave modes in the dielectric substrate. The analytical 
approach consists of generating appropriate integral equations 
relating charge and current densities on the microstrip which, 
when solved in conjunction with an integral equation expressing 
the conservation of charge on the microstrip, yield analytical 
representations for the propagation constants of guided modes for 
the bent microstrip. The local formulation of the radiation con­
dition is employed to modify the integral equations consistent 
with the assumption that k R » l' (k is the free-space phase 
factor). 0 0 
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Perturbation Analysis of Radiation from Periodically Corrugated 
Dielectric Layers: Oblique Guidance Case 

S. T. Peng and M. J. Shiau 

Polytechnic Institute of New York 
Microwave Research Institute 

Brooklyn, New York 11201 

An exact analysis of the radiation from periodically corrugated dielectric 
layers has been previously reported by one of the authors for the general case 
of surface-wave incidence at an oblique angle. It was shown that in the general 
case of oblique incidence, three different types of couplings generally arise: 
(1) coupling an-lOng space harmonics due to the periodic variation of the dielec­
tric corrugation, (2) coupling of modes at the two planar surfaces of the cor­
rugated region, and (3) cross coupling between the fields of the two polariza­
tions (TE and TM) due to the oblique incidence. The exact analysis takes into 
account the effects of all the three types of coupling; a$ a result, it is rather 
involved mathematically and has to rely on a large capacity computer. 

We present here an alternative method, that of a perturbation analysis 
that yields simple closed-form solutions for the radiation characteristics of 
the periodic structures. More specifically, the radiation of the surface wave 
in the presence of the periodic corrugation is formulated in terms of the radia­
tion from an equivalent distributed dipole source. That source is due to the 
interaction of the surface wave with the periodic corrugation which is taken 
as a perturbation on a uniform (unperturbed) multi-layer dielectric structure. 

Such a method was originally developed for the special case of normal 
incidence, where the TE and TM polarized waves exist independently; many 
useful closed-form solutions were then obtained for the two polarizations 
separately. We have observed that the equivalent dipole source vector for the 
general case of oblique incidence may be decomposed into two orthogonal 
vectors, each responsible for the radiation of one polarized wave. Thus, the 
closed-form solutions previously obtained for the normal-incidence case can 
be simply employed for the oblique-incidence case, with only a slight modifica­
tion of the TE and TM source amplitudes that account for the important effect 
of cross coupling between the two polarizations. For illustration, typical 
structures of practical interest have been investigated by the method of pertur­
bation analysis and the results are found to agree very well with those obtained 
by the exact analysis. Therefore, the method of perturbation analysis is 
simple to use and powerful enough to account for all important physical effects, 
and the closed-form solutions are particularly useful for practical design 
considerations. 
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On the Analysis of Millimeter or Optical Dielectric 

Waveguide Integrated Circuits - The Finite Element Approach 

C. Yeh, T. Mazilu and S. Dong 

Electrical Engineering Department 
University of California, Los Angeles 

Los Angeles, CA 90024 

A new powerful technique to analyze problems dealing with mill i-

meter wave guiding structures (such as the dielectric integrate circuits 

or the strip-line circuits) as well as optical guiding structures (such 

as the arbitrarily shaped inhomogeneous fiber guide or the optical 

integrated circuits) has been perfected. Not only can we deal with 

si~gle guided wave structure but also with coupled structures. This 

technique is based on the finite element method. Representative examples 

on practical millimeter wave Ie structures as well as realistic opti-

cal fiber or Ie structures that are of current interest will be discus-

sed. 
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NON-ADDITIVITY OF WAVEGUIDE AND MATERIAL 

DISPERSION IN SINGLE-MODE STEP-INDEX 

OPTICAL FIBERS: 

Paulo S.M. Pires 
Department of Electrical 

Engineering 
Federal University of Rio Grande 

do Norte (UFRN) 
59.000-Natal, RN 
Braz il 

EXACT ANALYSIS 

David A. Rogers 
Department of Electrical and 

Electronics Engineering 
North Dakota State University 
Fargo, North Dakota 58105 

Pulse dispersion in step-index optical fibers has been 

analyzed by the assumption that the waveguide dispersion, Ow' and 

material dispersion, Om' combine by addition to give the total dis­

persion, DT. Such an approach is based on the weakly-guided con­

dition or on asymptotic formulas that are obtained from that con-

dition. Since dispersion limits the bandwidth of the optical fiber, 

an accurate study of its behaviour is very important. The bandwidth 

becomes maximum at the wavelength of zero dispersion. 

We have developed a method (Pires et al, 1981 IMS Digest, 

pp. 86-88) for analysis of pulse dispersion in step-index optical 

fibers that is based on solutions of the exact characteristic 

equation for the HEll mode. This method permits a greater precision 

in prediction of the ideal wavelength for use with a given single-

mode step-index optical fiber. 

In this work we extend the analysis performed previously and 

present some theoretical curves for waveguide dispersion and curves 

to demonstrate that the assumption of additivity is not correct. 

Our analysis predicts errors larger than those calculated using the 

weakly-guided condition (D. Marcuse, Applied Optics, 18:7, Sept. 1979, 

pp. 2930-2932). 
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SYNTHESIS OF SINGLE-mODE OPTICAL FIBERS AT 

mINImum TOTAL DISPERSION WAVELENGTH 

Paulo s.m. Pires 

Department of Electrical Engineering 

Federal University of Rio Grande do Norte 

59.000 Natal, RN, BRAZIL 

David~. Rogers 

Dept. of Elec. and Electronics Engineering 

North Dakota State University 

Fargo ND, 58.102, USA 

The core radius of single-mode step-index optical 

fibers is found at any desired wavelength assumed as 

the wavelength of minimum total dispersion, usin~ an 

asymptotic approximation for the eigenvalue U (m. miy~ 

gi and S. Nishida,JOSA,Vol.69,No.2,pp.29l-293, 1979). 

This calculation, which Was performed in a programable 

pocket calculator, permits the predetermination, with 

reasonable precision, of the ideal optical fiber that 

should be used with the optical source available. 
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CIRCULAR WAVEGUIDE BIFURCATION WITH INCIDENT 
TE 11 AND 'rMll MODES 

H. Schilling and R. E. Collin 
Electrical Engineering and Applied Physics Department 

Case Institute of Technology 
Cleveland, Ohio 44106 

The bifurcated circular waveguide with an incident +Ell mode 
is a basic structure for dual mode coaxial primary focus anEenna 
feeds. An exact solution to this bifurcation problem using the 
residue calculus method of solving a set of four infinite equa­
tions has been found. The problem differs from that for circu­
larly symmetric incident modes for which published results exist. 
The main difference is that four, instead of two, infinite equa­
tions must be solved simultaneously and that in ~wo of the 
equations an extra term that accounts for 'rE

ln 
and TM

lm 
mode 

coupling occurs. It is shown that this extra term can also be 
recovered as a contour integral residue contribution and thus 
enables the solution to the problem to be obtained using the 
residue calculus method. The theory as well ~s numerical results 
for the scattering matrix parameters of the junction will be 
presented. 
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MODE REFLECTIO~ AT THE TRl.:NCATION OF A CO~'.JlCAL FORN 

V.Daniele, H.Orefice, R.zich 
CESPA - Centro Studi Propagazione e Antenne del CNR, Istituto di 
Elettronica e Teleco~unicazioni, Politecnico di lorino, Italy 

Very little attention has been paid in the past to the problem of the 
reflection at the truncation of a conical horn of arbitrarily wide 
flare angle. Although some recent works allow the evaluation of the 
reflection coefficient from the knowledge of the radiated field from 
truncated waveguides, they cannot be easily extended to non-uniform 
structures as conical waveguides. 

In this work the proble~ is approached rigorously, by considering the 
canonical problem whose geometry is indicated in fig. 1, which can be 
reduced to a bi-dimensional problem because of the axial symmetry. 
There are some analogies with the bifurcated planar waveguide, with 
more complexity because here, in general, incident E(H) modes excite 
in the discontinuity also H(E) modes. 

The proble~ is solved via modal matching, by introducing the conical­
spherical ~odes in the three regions A,B and C, and obtaining a sys­
tem of infinite equations in infinite unknowns. Due to some proper­
ties of the associated Legendre functions, the elements of the matrix 
can be evaluated explicitly, although some numerical problems ~y ari 
se, in connection with the description of the conical modes. 

In analogy with the case of the bifurcated waveguide, problems of re­
lative convergence also arise, which are over cooed by the method pro­
posed in the literature; moreover, the spurious modes excited can be 
taken into account with the considerations already developed for the 
truncated circular waveguide, which has been solved exactly. 
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A 6-i.rU.-te eJ.emen.t me.thod 60lt .the ana£y-!>-u 06 Mb-i..tJtalty 

vo£ume 06 .tJtan-!>~on Un lUng waveg!.l.-i.du 

J. AUDET - G. VANDERBORCK 

THOMSON-CSF /DIS 

104, Rue CM.tagnMy 

75015 PARIS - FRANCE 

Today .the m-tCJLowave dev-i.c.u woltk w"-.th 6ltequenuu wh-tc.h 

-i.nc.JteMe nioJte and moJte, -60 .the -6-i.Ze5 bec.ome veJty -6maLi'.. fu.th 

.the .tec.hn"-c.a-i. eng.£neeJUng d.£66-i.c.uLUu and .the need .to 

Jtea£-i.ze Mph-UtiC. dev-i.c.u R.ead .to c.on-!>-i.deJt -6.tJtuc..tuJtu w"-.th 

c.omp£ex -6hape-6. Then we c.annot Me -6.£mpR.eana£ytic.a£ 

knoW£edge-6 on geome.VUu -6uc.h .that Wc.£u and ltec.tangR.e-6 60lt 
example. OWuwn M.tO ptuent a numeJt-i.c.a£ £:ec.hn.£que wh-tc.h 

enabR.e-6 U-6 .to c.haJtac.teJt-i.ze any' .tJtan-!>-i.tion:{' between me.ta£Uc. 

waveg!.l.-i.de-6 • 

The pltev'£oU-6 woJtk 06 C.H. CHEN and C.D. LIEN (IEEE .tJtan-!>.MTT, 

VoR. 28,N°6, Au.g. 1980) R.e.adoM .to appR.y a .thJtee d,£m~,£onna£ 

6,£rU-te eR.eme.n-t method .£n .the .tJtan-!>U-i.o n vofum e. A 6teJt a 

~za.tion pJt,£nupR.e app£,£ed .to .the v~ona£ 60ll.mu.R.at-i.on 

06 .the HeR.moUz equ.at-i.on, we 6.£nd a numeJt-i.c.a£ JtepJte-6en.ta..t,£on 

06 .the eR.ec..t.IUC'. 6.£eJ.d • 

. The C'.ompu..teJt pltogJtam hM been .tuted '£n a C'.Me wheJte 

ana£ytic.a.R. Jte-6u.U: ew.t-6. We ob.ta,£ne.d good agJteement w-i.th 

theOlty and now we Me abR.e to de.a£ w"-.th c.omp£ex geome.VUe-6. 
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FFT, GTD AND GAD 

s. W. Lee, R. Mittra and P. Ransom 
University of Illinois 

Urbana, Illinois 

It is well-known that the scheme for Fast Fourier transform 
(FFT) was first published by Cooley and Tukey in 1965. But few 
people are aware of the fact that a similar scheme was invented 
by Professor G. A. Deschamps in the early 1950's. In fact, a part 
of his scheme was published on pp. 1009-1011 of ITT's 'book, 
"Reference Data for Radio Engineers" (4th Edition, 1959). In this 
short talk, we will discuss this and other contributions of 
Professor Deschamps. 
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ON THE EQUIVALENCE BETWEEN RAYS AND MODES 

by 

L.B.Felsen 
Dept. of Electrical Engineering and Computer Science 

Polytechnic Institute of New York, Farmingdale, N.Y. 11735 

Source-excited high-frequency propagation in a ducting en­vironment can be represented alternatively in terms of ray fields or in terms of guided (normal and leaky) modes. Although rays and guided modes express, respectively, a local and global descrip­tion of the propagation process, there exists a quantitative re­lation between a group of modes and a corresponding group of rays. In essence, an angular spectrum interval of plane waves can be filled either with rays or with modal congruences whose trajecto­ries lie within the interval, with IIcollective" ray or mode remainders accounting for any voids near the spectrum boundaries. The equivalence is established either by alternative asymptotic treatments of the truncated plane wave spectral integral, or directly by Poisson summation of a group of modes and a group of rays. The equivalence can be applied to generate hybrid ray-mode formulations that improve the rapidity of convergence of either a ray series or a mode series, and avoid troublesome ray or mode intervals by filling these with modes and rays, respectively. Numerical examples are provided for large inhomogeneously filled waveguides wherein ray fields undergo transitions near caustics and near the trajectories· of critically reflected or glancing rays. Alternative treatment of the collective ray or mode remainders for these transition regions exhibits the utility of the various hybrid forms. 
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SLOPE DIFFRACTION FOR CONVEX SURFACES AND WEDGES 

T. Veruttipong, R.G. Kouyoumjian, and P.H. Pathak 
The Ohio State University, Department of Electrical Engineering 

2015 Neil Avenue, Columbus, Ohio 43210 

In this paper the uniform GTD (UTD) expressions for the fields diffracted by 
perfectly-conducting convex surfaces (P.H. Pathak et al, IEEE Trans., AP-28, 
631-642,1980) and wedges (R.G. Kouyoumjian and P.H. Pathak, Proc. IEEE, 62 
1448-1461,1974) are generalized to the case where the illuminating field at 
the point of incidence has a rapid spatial variation, so that the ordinary 
UTD must be augmented by slope-diffraction contributions. 

Express ions for the lJTD slope-diffracted fi e 1 ds for the convex cyl i nder case 
are obtained from the solutions to the two-dimensional (2-D) canonical problem 
of a circular cylinder illuminated by electric and magnetic line dipole 
sources. These 2-D solutions are then systematically extended to the 3-D 
problem of a circular cylinder illuminated by infinitesimal electric and mag­
netic dipoles. The generalization of the canonical circular cylinder results 
to treat the convex cylinder case has been achieved via the GTD procedure; a 
similar generalization to the arbitrary convex surface is currently being pur­
sued. 

Express ions for the sl ope-di ffracted fi e 1 d of a wedge have been gi ven by Hwang 
and Kouyoumjian (URSI 1974 Annual Meeting, Boulder, Colorado). The higher­
order terms are derived here by asymptotically evaluating a plane-wave 
spectral representation of the diffracted field. These terms are' also obtain­
ed by an alternative spectral method using ,<llj;,screte, inhomogenous plane waves. 
Both sol ut ions can be interpreted ray-opti ca 1'1y so that the sl ope-diffracti on 
coefficient and the higher-order slope diffraction coefficients are obtained. 

Numerical results are presented which demonstrate the importance of the slope 
diffraction contributions for cylinders and wedges; these are compared with 
numerical results obtained by other methods. 
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ON THE ACCURACY OF SOME EXTENSIONS OF THE UNIFORM GTD 

R.Tiberio and G.Pelosi 
Istituto di Elettronica 
University of Florence 

Florence, Italy 

In the last few years some extensions of the uniform 
GTD (UTD) have been proposed in order to improve the 
versatili ty of this ray method so that it can be ap­
plie~ t6 a wider ~lass of problems. 

Recently uniform, closed form expressiomfor the dif 
fraction by a wedge illuminated by a dipole close to 
its edge have been presented to significantly reduce 
the distance between the source and the edge. By in­
troducing a ray fixed coordinate system and taking 
into account transverse and radial components of the 
incident field, the diffraction coefficient for the 
far-zone field due to an arbitrary directed dipole 
is expressed in terms of a 2x3 matrix. Calculations 
of the diffracted field for various locations and o­
rientations of the dipole are now compared with num~ 
rical results based on an eigenfunction solution. It 
is found that the accuracy is excellent. In particu­
lar, for the radial,l.'omponent of the incident field 
the improvement is/still significant for a distance 
between the source and the edge as small as 0.1 A 

In analysing the diffraction by an impedence strip 
both in free space and in an impedence ground plane, 
an asymptotic approximation analogous to that implo­
yed in obtaininig the UTD, has been applied to the 
exact solution given by Maliuzhinets. A spectral, e~ 
tended ray method has been used to calculate higher 
order, but yet significant diffracted fields. This 
approach is similar to that used in analysing the 
diffraction at edges in a perfectly conducting surfa 
ce, illuminated by transition region fields. Calcula 
tions in several examples which involve perfectly -
conductingsurfaces have demostrated the effectiveness 
of this method. Numerical results for the configura­
tions mentioned above with arbitrary surface impeden­
ces, are shown and compared with those calculated 
from a moment method solution. Surface wave contribu­
tions are also included, and a very good agreement is 
found among the results obtained by the two different 
techniques. 
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ANOMALOUS ABSORPTION EFFECTS FOR BEAMS INCIDENT ON LOSSY IAYEBED STRUCTURES* 

V. Shah and T. Tamir 
Department of Electrical Engineering and Computer Science 
Polytechnic Institute of New York, Brooklyn, N.Y. 11201 

Recent studies have shown that an anomalous absorption phenomenon occurs 
when a plane wave is incident under critical conditions on planar multilayered 
structures (V. Shah and T. Tamir, Optics Commun. 37, 383, 1981). The anomaly 
manifests itself in that .very high and possibly total absorption of the inci­
dent energy occurs ?t structures whose intrinsic loss parameters are so small 
that only negligible absorption would be expected. This phenomenon has been 
verified experimentally (A. Amittay et aI, Appl. Phys. Lett. 38, 754, 1981) and 
the high absorption effect has been explained in terms of a strong interaction 
between the incident wave and a leaky wave that may be supported by the structure. 

The present work considers the anomalous absorption effect when the incident 
field is a realistic bounded beam rather than a plane wave of infinite extent. 
In addition to this effect, the reflected fields then exhibit a large lateral 
beam .shift and a considerable amount of profile distortion. As these aspects 
have already been studied in the context of loss less configurations (T. Tamir 
and H.L. Bertoni, J. Opt. Soc. Amer. 61, 1397, 1971), the lossy situation con­
sidered here represe~ts a generalization of those previous results. In partic­
ular, we find that an anomalous beam displacement can occur in the backward 
direction in contrast to the loss less case in which the displacement appears in 
the forward direction only. 

The analysis of the generalized beam-displacement effect is carried out by 
assuming a Gaussian beam incident on a multilayered structure, which is charac­
terized by a suitable plane-wave reflectance function p(~), where kx = k sin e 
denotes the (generally complex) wavenumber along the longitudinal direction of 
the layered configuration. Under the conditions that satisfy the anomalous 
absorption. effect, i.e., when strong coupling occurs between the incident beam 
and a leaky wave tha t could be supported by the s truc ture, p (kx) can be We 11 
approximated by p(kx ) = R(kx-ko)/(~-k ), where R is a constant, k is the com­
plex wavenumber of the pertinent leakyPwave and ko is a complex ze~o of p(kx); 
with this expression, the scattered fields can be found in a closed form involving 
complex error functions of k and k. When viewed as functions of a specific 
loss parameter 0, both ko anH k va~y with 6 and, in particular, the structure 
exhibits a total absorption beh~vior at some critical value 0c of o. It then 
turns out that the lateral shift of the reflected beam is forward or backward 
depending on whether 0 is smaller or greater than 0c' respectively. 

In addition to the systematic results that it yields, the above approach 
is convenient because it affords an analysis in terms of poles and zeros of the 
reflectance p(kx )' which is a well known function for certain canonical con­
figurations. me anomalously high absorption effect and its attendant lateral 
beam shift phenomenon is of interest to a number of applications; these include 
filters (in either- the angular or frequency domains), non-destructive testing of 
thin-layer configurations, selective couplers for integrated optics, and others. 

* This work has been supported by the National Science Foundation and by the 
Joint Services Electronics Program. 
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HIGH FREQUENCY PROPAGATION IN THE PRESENCE OF A 
CURVED DIELECTRIC INTERFACE 

E. Heyman and L.B. Felsen 
Department of Electrical Engineering Rnd Computer Scienl'e 
Polytechnic Institute of New York. Farmingdale, N.Y. 11735 

A high-frequency line source in a dielectric medium that is 
separated by a concave cylindrical boundary from an exterior 
medium with lower dielectric constant generates a variety of wave 
phenomena which have been explored extensively lB.Rulf, J.Math. 
Phys .. R,1785-1793, 1967, D.S.Jones, Proc.R.S.E.(A),8,l-21, 1978J. 
This problem is re-examined here with a view toward clarifying 
relevant refleetion and transmission characteristics within the 
framework of ray optics. Particular attentjon is given to the 
frequently employed "tunneling hypothesis". which assumes that 
the transmitted field due to a totally reflected incident ray is 
due to initial evanescent decay and subsequent radiation along a 
ray from a virtual caustic to the observer. The analysis proceeds 
from a rigorously formulated Green's function that is evaluated 
asymptotically in the high-frequency limit. The exterior domain 
is divided into illuminated and shadow regions separated by the 
transmitted tangent ray launched by a ray incident at the critical 
angle. Conventional ray optiCS is valid far from the tangent ray 
shadow boundary on the illuminated side. The shadow boundary is 
surrounded by transition regions wherein Fock type integrals, and 
Weber functions yielding local lateral waves~ provide alternative 
representations. On the shadmv side~ not too far from the shadow 
boundary, the field can indeed be interpreted also via the tunnel­
ing hypothesis. However, deeper inside the shadow, the tunneling 
hypothesis is inapplicable, and the field is expressed either in 
terms of the Fock integrals or a residue series. Thus, the tunnel­
ing ray furnishes a valid phenomenological description only in the 
weak shadow but fails in the dark shadow zone. These conclusions 
have basic consequences for predicting the field and energy flow 
when the excitation is from a well-collimated beam. 
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EXACT STATIC AND DYNAMIC SOLUTIONS FOR TRU;-;CATED ~lETALLIC CONES 

V.G. Daniele 
Politecnico di Torino, Italy 

and 

P.L.E. Uslenghi 
University of Illinois at Chicago 

A metallic circular cone of semi aperture angle 8; 80 truncated 
by a sphere at a radial distance r; a from the tip is considered. 
Initially we examine the static problem of an arbitrary distribution 
of electric charges located on the symmetry axis. Laplace's equa­
tion for the potential is subj ected to a change of variable for the 
radial coordinate, followed by a Fourier transform (the two steps 
are equivalent to using a Mellin transform). The solution in the 
transform domain is reduced to a modified Wiener-Hopf equation of 
the type: ACa) F+Ca) + BCa) F+C-a) ; F_Ca) + CCa), where A, Band 
C are known, meromorphic functions involving Legendre functions of 
complex order. 

The solution of the above equation is discussed, and particular 
cases are considered. When 8

0
; rr/2, the hemisphere is obtained. If 

the spherical truncation is absent, i.e., we have a thin conical 
shell of radial extent r; a, then B; 0 and .,e obtain previous 
results by Karp; in particular, 80 ; rr/2 corresponds to the circular 
disk. 

The extension of our exact results for the static case to the 
dynamic case is discussed; its possibility hinges on properties of 
the Kantorovich-Lebedev transform. 
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On the Eigenfunction ,Expansion of Electromagnetic 
Dyadic Green's Functions 

P.H. Pathak 
The Ohio State University ElectroScience Laboraotry 1320 Kinnear Rd., Columbus, Ohio 43212 

A relatively simple method is presented for obtaining the complete eigenfunction expansion of the electric and magnetic fields, E and H, respectively, which are produced by a time harmonic electric point current source that may radiate in the presence of boundaries. As a result of the point source excitation, this expansion of E and H automatically yields the complete eigenfunction expansion of the_corresgonding electric and magnetic dyadic Green's functions, G and G , respectively. As a first step in this method, the E field whi~h is valid everyplace outside the source point is constructed in terms of only the solenoidal eigenfunctions via well known techniques. This solenoidal expansion denoted by E' also directly yields the complete eigenfunction expansion of H, and hence of G. Next, it is shown in a general fashion that the delta funct~on cor­rection to E' which is necessary_for obtaining the complete eigenfunction expansion of E or G (that remains valid at the source point) is directl~ available from the relation govern­ing the discontinuity in H across the source point,without having to know H(and E')explicitly, if one employs an elementary result from distribution theory. 8pplications of this procedure are illustrated by finding G and G for some typical interior, (waveguide and cavity) and e~teriormelectromagnetic problems. 
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ON THE COMPUTATION OF DYADIC GREEN'S FUNCTIONS 
IN TERMS OF CYlINDRICAL VECTOR WAVE FUNCTIONS 

L. Wilson Pearson 
Department of Electrical Engineering 

University of Mississippi 
University, MS 38677 

The vector wave function wxpansion method provides an elegant 
formal approach to the construction of dyadic Greents functions in 
electromagnetics as Tai indicates in his pioneering work (Dyadic 
Green's Functions .•. , Intext, 1971). The resulting expansions are not 
directly amenable to efficient numerical computa~ion because they 
involve" three-dimensional spectral summations which often converge 
slowly. In the cylindrical coordinate expansion, treated here, a 
discrete sum in the azimuthal spectral index is involved along with 
integrations over radial and longitudinal wavenumbers. As Tai 
indicates, the radial wavenumber integration may be manipulated so 
that it admits to analytical integration by way o~ the calculus of 
residues. 

In this presentation we consider the computational implications 
of the longitudinal wavenumber integration which remains. The 
algebraic convergence of this integral is improved upon by first 
separating out the singular components of the sum in order to leave 
a remainder integrand which admits an application of Jordan's Lemma. 
This leads to the deformation of the original integration path into 
a new path along the branch cut intrinsic to the formulation. The 
integrand decays exponentially asymptotically along this path, 
thereby offering a computationally-appealing form. The boundedness 
of the integrand near the branch point is considered carefully ,and is 
shown to hinge on the inclusion of an electrostatic t~rm resulting 
from the radial wavenumber integral--a term which apparently has not 
been accounted for in earlier work. Collin recently pointed out a 
similar term in the spherical wavefunction expansion (XX URSI 
General Assembly, Washington, D.C., Aug. 1981). 
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OBSERVATIONS RESULTING FROM EIGENSOLUTIONS OF INTEGRAL EQUATIONS 

D. R. Wilton 
C. M. Butler 

Department of Electrical Engineering 
University of Mississippi 

University, MS 38677 

Electrostatic and electromagnetic boundary-value problems 
are generally solved by either one of two procedures: 1) If the 
geometry is separable, the fields are expanded in wavefunctions 
appropriate to the geometry and the solution is obtained by 
enforcing conditions at boundary surfaces, or 2) if the geometry 
is non-separable, an integral equation for the unknown boundary 
fields or equivalent sources is formulated and solved numerically. 
It is less well-known that separable problems often can be 
formulated as integral equations and solved analytically. All 
that is required is the existence of an addition theorem by 
means of which the kernel of the integral equation may be expanded 
in terms of wavefunctions appropriate to the separable geometry. 

We have found that the analytical solution of boundary-value 
problems by integral equation methods provides considerable 
insight into the properties of integral operators--and in one 
case yields an unexpectedly simple form of the solution to a 
classical electrostatics problem. Such properties investigated 
include the role of constraint conditions in integro-differential 
equations; the boundedness or unboundedness of several types of 
integral operators; the non-uniqueness problem, or equivalently, 
the internal resonance phenomenon associated with certain integral 
equations; the form and roles of various terms in singularity 
expansion representations of surface currents. In addition, a 
number of practical quasi-static problems have been solved analyt­
ically by integral equation methods. 

The procedure for analytically solving of an integral equation 
is illustrated for a number of examples. Some interesting features 
are pointed out for each example. 
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VARIATIONAL METHODS FOR NONSTANDARD EIGEN­

VALUE PROBLEMS IN ELECTROMAGNETICS 

I.V.Lindell 
Helsinki University of Technology 

Radio Laboratory, Otakaari 5A 

02150 Espoo, Finland 

The nonstandard eigenvalue problem is defined by the general ope­

rator equations L(~)f=O, B(\)f=O, where Land B are linear opera­

tors (e.g., differential operator and boundary condition operator) 

and may possess any functional relation on the parameter A. In 

standard eigenvalue problems L"is a linear function on A and B 

does not depend on "' at all. It is shown that many important 

problems in electromagnetics can only be formulated in nonstandard 
form and that there exist problems which can be formulated both 

in standard and in nonstandard form, of which the nonstandard 

formulation may lead to a simpler solution of the problem. 

A unified variational principle is presented, from which a func­

tional equation for the nonstandard eigenvalue can be obtained 
for self-adjoint operators L,B (e.g., lossless or reciprocal prob­

lems). From this, a stationary functional for the interesting pa­

rameter can be found in some cases in explicit form. If the prob-

1 em has many pa rameters, the problem may be sol vab 1 e through one 

of the parameters, for which an explicit variational functional 

exists. 

Several examples are considered and the principle is tested. The 
nonstandard eigenvalue may be any physical parameter involved in 

the problem. In the examples we consider the surface reactance of 

a waveguide in cutoff, the propagation factor of a'azimuthally 

magnetized ferrite-filled waveguide, the magnetization in the same 

problem, the depth of corrugations in a corrugated waveguide at 
cutoff, the dielectric constant of an insert in a resonator and 

the geometrical measure of the dielectric insert. 
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RADIATION PROPERTIES OF A TEII-TM
ll 

DUAL MODE COAXIAL WAVEGUIDE 

R. E. Collin and H. Schilling 
Electrical Engineering and Applied Physics Department 

Case Ins ti tute of rrechnology 
Cleveland, Ohio 44106 

An exact solution for the field radiated from the coaxial 
circular waveguide shown in Figure 1 has been found. The TEll 
and TM mode amplitudes of the incident waves at the aperture are fouha using exact solutions for the scattering matrix para­
meters of the two junctions. The radiated field was found using 
the Weiner-Hopf method. 

The optimum dimensions of the radiator have been determined 
so as to produce a circularly symmetric radiation pattern with a 
minimum of cross-polarization. Cross-polarization 50 dB. or more 
below the co-polarized field is predicted. The sensitivity of 
the cross-polarization level with parameter variations and change in frequency has also been determined. It was found that the 
cross-polarization will remain below -30 dB. over a 4 to 5% band­
width. 

Both theoretical and experimental results for co- and cross­
polarized radiation patterns will be presented as well as typical solutions for optimum dimensions and cross-polarization levels. 

TEll~ 

Figure 1 - Circular Coaxial Waveguide Radiator 
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APPROXIMATION OF FACTORIZED WIENER-HOPF KERNELS 

Lawrence W. Rispin 
Electromagnetics Laboratory 

Department of Electrical Engineering 
University of Colorado 

Boulder, Colorado 80309 

The Wiener-Hopf technique finds a great deal of use in open region 
electromagnetic field theory problems having semi-infinite geometries, 
Common to such analyses is the factorization of an even (F(-a) ; F(+a)) 
l~iener-Hopf kernel into two symmetrical factors (F(a) ; F+(a) F_(a) 
where F+(-a) ; F_(+a)) which are analytic and free of zeroes in over­
lapping half-planes in the transform domain. Althuugh compact formal 
expressi.ons can be written for the factors, F+(a) and F_(a), more useful 
practical expressions (Bates and Mittra, IEEE Trans. Ant. Prop., AP-17) 
usually require a substantial amount of numerical processing. However, 
approximate analytical formulas for these factors can be constructed 
for values of the transform variable a within the visible portion of 
the real axis, i.e., -k -"- a -"- +k, where k ; 2rr/A and A is the 
operating wavelength. These approximate formulas are based upon a 
Taylor seri es expans i on of an appropri a te form of the des ired "pl us" 
(or "minus") factor about the point a; O. By removing any identifiable 
behaviors of the "plus" factor prior to expansion, the resulting Taylor's 
series can be truncated after a few important terms. The coefficients 
of these terms are dependent only upon electrical parameters and may be 
numerically evaluated or approximated. The approximation of a "plus" 
factor, F (a), via a truncated Taylor series in this manner, does not 
introduce a significant amount of error but does greatly reduce the 
computa ti ona 1 effort. . 

Specific examples are given for the "plus" factors of the Wiener-Hopf 
'kernels, 

irrJ (a~) H(l) (a~) and 
m m 

irrJ~ (a /ko----=---a» H~l)' (a ~ 

where Jm and H~l) are the Bessel and Hankel functions, respectively, 
of the first kind and '"'' indicates differentiation with respect to the 
argument. These Wiener-Hopf kernels occur in cylindrical antenna theory 
as well as acoustic or open-cylindrical waveguide radiation problems~ 
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A STUDY OF THE REDISTRIBUTION OF THE CURRENT AT THE 

END OF A HOLLOW TUBULAR CYLINDER 

David C. Chang and Lawrence W. Rispin 
Electromagnetics Laboratory 

Department of Electrical Engineering 
University of Colorado 

Boulder, Colorado 80309 

Although not very well known, the solutions for the (azimuthally­
directed as well as axially-directed) current densities on a semi­
infinite tubular cylinder illuminated by a uniform plane wave are 
available from a general Wiener-Hopf analysis (J.D. Pearson, Proc. Camb. 
Phil. Soc., 49, 659-667 and J.J. Bowman, Internal Memorandums, 
Conductron Corp., Ann Arbor, Mich.). However, due to their complexity, 
little has been done with regard to using these solutions to explain 
the redistribution of the currents at a cylinder end. The general 
Wiener-Hopf solution is re-examined and "primary" and "reflected" 
current densities are designated in a "cause and effect" type of formu­
lation, which also makes use of the association of these current 
densities with either Transverse Electric (TE to the cylinder axis) or 
Transverse Magnetic (T14 to the cylinder axis) field distributions. In 
this manner, the coupling between the azimuthally-directed and axially­
directed current densities is understood in terms of the interdependen­
cies of the TE and TM field distributions at the cylinder end which are 
brought about by the physical behaviors (the so-called "edge conditions") 
demanded of the total field near this cylindrical edge. The different 
attenuation rates of each mth order azimuthal variation of the reflected 
current densities explains the so-called "shadowing" of the backside of 
the cyl i nder. 

Numerically evaluated data for the current densities on an electrically­
thick (ka = 1) semi"-infinite tubular cylinder is given to demonstrate 
and substantiate the concepts presented. For a cylinder of finite 
length, the use of travelling wave concepts yields an analytical expres­
sion for the current standing-wave pattern on a cylindrical dipole antenna 
even when the radius of the antenna is electrically thick. The advantage 
of this formulation over a totally numerically-oriented scheme (say, 
the moment method) is that we can isolate a problem which is a function 
of three physical parameters (incident angle, length, radius) to one 
involving only two, i.e., incident angle and radius, while keeping the 
length dependence explicitly determined. This allows us the opportunity 
to develop analytical approximation and/or universal curves for antennas 
of arbitrary length. 

40 



INTEGRAL EQUATIOn FOR SCATTEIUNG BY A llIELSC'tRIC 130DY 

E[~on Marx 
National Bureau of Standards 

Washington, DC 20234 

We consider the scattering of a transient electromagnetic 
wave in free space by a uniform dielectric body. We show how the 
scattered and transmitted fields can be obtained from a single 
tangential vector field on the surface of the dielectric, as is 
the case for scattering by a perfect conductor. 

We first express the electric and magnetic fields in a 
region in terms of the sources, the initial values of the fielns 
in the region, and the fields in the surface. We then express 
the incident fields in terms of the initial values and relate the 
normal components of the field on the surface to the tangential 
components. We define two pairs of auxiliary fields that obey a 
single set of Maxwell eQuations in both regions. The first fields 
are eQual to the scattered fields in free space and obey the free­
space Maxwell eQuations in the body, the tangential component of 
the electric field is continuous, and the jump of the tangential 
component of the magnetic field across the surface is our one 
unknown field. The second fields are eQual to the transmitted 
fields in the body and they vanish outside. The boundary 
conditions on the physical fields allow us to determine the jumps 
of the second pair of auxiliary fields in terms of the unknown 
tangential field. The fields on the surface are defined in terms 
of the so-called principal value integrals over the surface, and 
they are eQual to the average of the limits of the fields inside 
and outside the body. We derive a singular integral eQuation of 
the first kind for the unknown field. 

We finally show why the fields so obtained are the solution 
of the initial problem. A rigorous proof can be formulated in 
terms of distributions. 

This approach is similar to the one developed originally 
for the scattering of monochromatic plane waves by an infinite 
periodic grating (D. Maystre, in Electromagnetic Theory of 
Gratings, edited by R. Petit, Springer, Berlin, 19BO, pp 63-Bl). 
We have also applied this formulation to the three-dimensional 
scattering of monochromatic waves. 

This derivation parallels the rigorous theory based on the 
theory of distributions. In numerical calculations, we can expect 
a reduction of the storage reQuirements to one-half that needed 
for the usual formulation in terms of two tangential fields. 
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SUBHARMONIC AND SUPERHARMONIC BRAGG RESONANCES 
IN AL110ST PERIODIC l1EDIA 

D.L. Jaggardt and J.U. Abel* 
tUoore School of Electrical Engineering 

University of Pennsylvania 
Philadelphia, Penna. 19104 

*Department of Uechanical Engineering and Applied Uechanics 
University of Pennsylvania 
Philadelphia, Penna. 19104 

Although the theory of almost periodic functions has been known since the work of early twentieth century mathematicians, many of the applications of this theory to problems in applied physics and engineering have been more recent [see e.g., A.R. Mickelson and D.L. Jaggard, IEEE Trans. Ant. Prop. AP-27, 34-40 (1979); D.L. Jaggard and A.R. Mickelson, ~. Phys. 19, 405-412 (1979); or D.L. Jaggard and G.T. Warhola, Radio Sci. 16, 467-473 and 475-479 (1981)]. Here we investigate subharmonic and superharmonic effects in media with multiple periodicities. These effects are the analogues of combination resonances observed in the initial value context IJ .M. Abel, Quart. ~. Math. 28, 205-217 (1970)]. The resonances are of interest in distributed feedback structures or couplers for use in optical and microwave integrated circuits and in naturally occurring phenomena where several periodicities are present and contribute to the scattering or reflection of waves. 
To exemplify these phenomena, we consider the reflection of waves from unbounded structures with almost periodic permittivities. The presence of these subharmonic and superharmonic Bragg resonances can be seen ~ediately from momentum conservation or phase matching diagrams [D.L. Jaggard and J.M. Abel, Proc. IEEE 69, 1510-1511 (1981)] while the details of these effects can~shown bY-use of coupled mode equations. The results indicate that large reflections can occur not only at the fundamental Bragg frequencies, but also at the sum and difference Bragg frequencies. These subharmonic and super­harmonic Bragg reflections can be completely characterized by the theory developed here. An example of subharmonic reflection is shown in the reflection coefficient plot below. Note that the re­flection coefficient approaches unity. 
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The absolute value of reflection 
is shown as a function of normali­
zed frequency in the vicinity of 
subharmonic resonance for a struc­
ture characterized by a permitti­
vity with two wavenumbers. 
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PULSE PROPAGATION THROUGH RANDOM 
OCEAN BOTTOM SEDIMENTS: 
1. M. Besieris and W. E. Kohler 
Virginia Polytechnic Institute and State University 
Blacksburg, Virginia 24061 

A study has been initiated of bottom-scattered pulsed 
acoustic signals, with the ultimate objective of providing 
a realistic theoretical model for available Hatteras abyssal 
plain data. This study is being carried out using a general­
i zed two-frequency rad iati ve transfer equati on [1. M. Besi eri s 
and W. E. Kohler, "Two-Frequency Radiative Transfer Equation 
for a Statistically Inhomogeneous and Anisotropic Absorptive 
Medium," in Multiple Scattering and Waves in Random Media, 
edited by P. L. Chow, W. E. Kohler, and G. C. Papanicolaou 
(North-Holland Publishing Co., New York, N. Y. 1981)J. 

The two-frequency radiative transfer equation has been 
examined in detail in the special case of lossy ocean bottom 
sediments exhibiting highly anisotropic "pancake-like" stat­
istical fluctuations, in addition to refracting density and 
sound speed profiles. Under these conditions, and for plane 
pulsed wave incidence, the transport equation for the in­
coherent mean intensity can be reduced to a "local" Schuster 
equation description which can be examined via a WKB ana­
lysis, albeit in a nontrivial manner. 

The sediment density and sound speed random fluctuations 
define a renormalized (or effective) medium in which the rays 
associated with the mean field penetrate more deeply than 
those in the absence of randomness. Moreover, the effect of 
the random "pancake" medium becomes most pronounced as the 
rays near the turning points, i.e., as the rays tend to 
flatten out and run parallel to the random "pancakes". 

It is our intent in this exposition to present a WKB 
analysis of the transport equation and compare the results 
of our theoretical model with existing data. We shall 
also discuss the relevance of our approach to physically 
important problems arising in the area of electromagnetic 
random wave propagation. 
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GENERATION OF WIDE BANDWIDTH SIGNALS AFTER PROPAGATION 
THROUGH RANDOM MEDIA 

Dennis L. Knepp 
Fred W. Guigliano 

MISSION RESEARCH CORPORATION 
735 State Street, P.O. Drawer 719 

Santa Barbara, CA 93102 

An analytical/numerical technique is described to generate realiza­tions of the received signal after propagation of a wide bandwidth waveform through a layer of strongly turbulent media. These signal realizations are generated to have Rayleigh amplitude statistics (Fante, IEEE Trans. Antenna Propaga., AP-23, pp. 382-385, May 1975) and to have spatial and frequency correlation properties which obey the parabolic wave equation in the strong scatter limit. 
This technique is based upon the solution for the two-frequency mutual coherence function, r, for spherical wave propagation with transmitter and receiver located on opposite sides of a finite layer of ionized electron density irregularities. An analytic solution may be obtained for r in the strong scatter regime by use of the quadratic approximation for the phase structure function. The thin phase-screen approximation to the thick layer is then utilized and great simplification to the analytic expression for r is obtained. The relationship between the impulse response function of the propagation channel and the two-frequency mutual coherence function and its Fourier transform is then used to directly obtain statistical realizations of wide bandwidth signals. 

The accuracy of the thin phase-screen approximation is discussed and several comparisons of statistical signals with signals obtained directly from a multiple phase-screen propagation calcu­lation (Bogusch, et al., Proc. IEEE, 69, pp. 787-796, July 1981) are considered. --

These statistical realizations may be used as direct input to digital receiver modems to represent the effect of propagation through an ionospheric environment disturbed by barium releases or other sources of enhanced ionization. Although these statis­tical signal realizations apply only to the case of strong scat­tering, their generation requires only a fraction of the computer resources required for signal generation by wide bandwidth multiple phase-screen calculations. 

44 



TRANSMISSION, BACKSCATTERING, AND DEPOLARIZATION OF 
i/AVES IN RANDOMLY DISTRIBUTED SPHERICAL PARTICLES 
Akira Ishimaru 
Rudolf Lap-Tung Cheung 
Department of Electrical Engineering 
University of ilashington, Seattle, \~A 98195 

This paper starts with the general formulation of the 
radiative transfer equation for a plane-parallel medium of 
spherical particles when an arbitrarily polarized plane wave 
is incident. General equation of transfer in terms of the 
Stokes' parameters is decomposed in Fourier components and 
the equation of transfer for each component is obtained. It 
is shown that when the incident wave is linearly polarized and 
is normally incident on the medium, only two Fourier compo­
nents result. The copolarized and cross-polarized components 
of the diffuse specific intensity are calculated and they show 
sinusoidal variations with the azimuthal angle. The degree of 
polarization is also calculated for various directions and 
optical thickness. \,hen the incident wave is circularly 
polarized, the coupling bet~leen (11,1 2) and (U,V) disappears. 
The equation of transfer is solved by the discrete-ordinates 
method with the eigenvalue-eigenvector technique. The size 
distribution of particles can be taken into account and the 
transmission and backscattering received power for various 
field-of-view is calculated. The calculations are made for 
optical waves at 0.5, 1, 5, 10, and 15 ~m in fog and micro­
waves at 20, 30, and 60 GHz in rain. Some discussions are 
also given for non-spherical particles. 
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RACKSCATTERING FROM ANISOTROPIC RANDOM MEDIA 

Staaford P. Yukon 
Electromagnetic Sciences Division 

Rome Air Development Center 
Hanscom AFB, MA 01731 

The cross section for backscattering from an anisotropic ran­dom dielectric medium is computed for the case where the waveleagth is much smaller than the outer scale length of the medium and where the path leflgth through the medium can be many times the mean free path for small angle forward scattering. The cross section a as a function of 8i and 8f, the initial and final scattering angle with respect to the major axis of an assumed distribution function, is obtained by an extension of the cumulative forward scatter - ~ingle backscatter calculation of DelVolf (IEEE AP19, 254, 1971). The cross section for the general case is computeq.'bYexpanding the summed Born series as a functional Taylor series of convolved correlation functions. The dependence of the computed cross sect~on on 0i and Of is exhibited in curves showing the de~iation from specular re­flectioa for various fixed 6i and the dependence of a(Oi=8f) oa8i. The dependence of a on different choices of major and minor axis scale lengths is also preseated. Application of the theory to bac~­scattering from striations along magnetic field lines in the iono­sphere is discussed. 

A more general formulation of the backscattering problem out­lined above using the Taylor series convolution expansion in conjunc­tion with a cumulant expansion of a expressed as a functional inte­gral is also presented. 
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BACKSCATTER FROM A RANDOM MEDIUM 

P. Jedrzejewski and C-M Chu 
Radiation laboratory 

Rl 714 

Department of Electrical and Computer Engineering 
The University of Michigan 
Ann Arbor, MI 48109 

In the conventional parabol ic approximation for wave 
propagation in a random medium only forward scattering is taken 
into account. In this work the effect of backscattering is 
considered. By resolving the field into a. forward and a 
backward component using a Bremmer series representation a set 
of coupled parabolic equations result. Using the Furutsu-Novikov 
formulation assuming a Markov approximation extended to include 
backscatter, coupl ed equations for the first and second moments 
of the forward and backward propagating· components are obtained. 
Solutions for the case of a plane wave normally incident to a 
parallel plane random slab are obtained. Results for the 
average fields are obtaine.d analytically, while numerical 
schemes are employed to. solve the second moment equations 
assuming Gaussian.and exponential correlations for the 
dielectric constant. Some typical results illustrating the 
behavior of the average fields and coherence functions for 
varying permittivity fluctuations and slab thicknesses are 
presented. 
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A THEORETICAL COMPARISON BETWEEN TWO RAIN 
ATTENUATION PREDICTION METHODS FOR TERRESTRIAL PATHS 

Emanoel Costa and Manoel G.S. Dias* 
CETUC-PUC/RJ - Rua Marqu@s de S.Vicente 225 

22453 Rio de Janeiro, BRASIL 

Most of the papers compartng different rain attenuation prediction methods for 
terrestrial paths have approached this problem through the analysis of the 
results yielded by each method, assuming a common input. The most important 
limitation of this approach is located in its inability in providing an insight 
into the causes for the agreement (or disagreement) between the methods. Since 
it may not be feasible to run an exhaustive comparative test, it may be danger­
ous to extrapolate the results to untested situations. 

Following a different approach, it is shown in this paper that the integral 
proposed by Misme and Fimbel 1 for the prediction of the rain attenuation dis­
tribution for a terrestrial path from the knowledge of the rain rate distribu­
tion in its neighborhood can, under some simplifying assumptions, be analytically 
evaluated. Although the final expression is relatively involved, it is shown 
that its leading term agrees exactly with the expression proposed by Assis and 
Einloft2 to perform the same prediction. That is, the method proposed by the 
latter authors is, as they claimed in their paper, an approximate solution for 
the Misme and Fimbel integral and there is an intrinsic relationship between 
the two methods. 

Finally, rain attenuation values have been calculated by each prediction method 
for the same percentage of time, assuming a large number of combinations of 
input parameters (frequencies, path lengths, and rain rate distributions), in 
order to quantitatively estimate the relative difference between the results 
yielded by them. A very good agreement between the methods has been found, 
especially considering the great simplicity of the one proposed by Assis and 
Einloft. 

* On leave from Universidade Federal do Para. 

1. Misme, P., and J. Fimbel, Theoretical and Experimental Determination of 
Attenuation Due to Rain on a Radio Path, Ann. T~ldcom., 30(5-6), pgs. 149-
158, (1975). ---

2. Assis, M.S., and C. M. Einloft, A Simple Method for Estimating Rain 
Attenuation Distribution, Ann. Telecom., 32(11-12), pgs. 478-480, (1977). 
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ELEVATION ANGLE DERIVATIVES OF 
IONOSPHERIC PATH LENGTHS 

Saul Silven 
GTE Products Corporation 

SYlvania Systems Group-Western Division 
Mountain View, California 94042 

Integral expressions are derived for the derivatives of group path, 
phase path, and ground range with respect to ground elevation angle 
for propagation via a radially symmetric ionosphere. The integration 
singularity at the ray apogee point is circumvented by the careful 
selection of a change in the variable of integration. The resulting 
expressions imply two curious phenomena. First, when evaluated at 
zero elevation angle, all three derivatives are not only identical, 
but also independent of the ionospheric profile. This value is the 
negative of twice the earth radius. Second, as a corollary, the 
skip distance and Pedersen rays must always have an elevation angle 
greater than zero for a radially symmetric ionosphere. 
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ELECTROMAGNETIC SCATTERING FROM A CYLINDER 
COATED WITH A DIELECTRIC LAYER ** 

NAN WANG 
THE OHIO STATE UNIVERSITY ELECTROSCIENCE LAB 

DEPARTMENT OF ELECTRICAL ENGINEERING 
COLUMBUS,OHIO 43212 

An infinitely long, perfectly conduct.ing, circular cylinder 
is coated with a dielectric material of uniform thickness. The 
high frequen~y scattering of incident plane. electromagnetic waves 
from it is resolved into a geometrical optics ray and two surface 
waves similar to the.fields scattered by a bare cylinder, except 
the former is modified by a reflection coefficient and the 
diffractio~· coefficients and the eigenvalues ( the Regge poles ) 
associated with the latter are alteared. For thick enough 
coatings the surface waves moving around the cylinder resemble 
those trapped in a planar, grounded, dieletric slab. It is found 
that the dominant surface waves have a small attenuation rate so 
that all the multiply-encircled waves must be taken into 
consideration in a self-consistent fashion. As a consequence, 
resonances appear in the scattering cross section. The surface 
wave interpretation of the resonance phenomenon and the condition 
for predicting the resonance frequencies are discussed. The 
normalized radar cross section of the coated cylinder obtained 
from the high frequency ray solution compares well with the 
eigenfunction result ( see Figure below ). 

_EIGENFUNCTION SOLUTION 
__ ._~H. F. RAY SOLUTION· 

':: ;: ~ . 
b~ ~e4l,I>ItOOM»*i\i'" 
e
g

- 2 

3-4 

0°' - 0' 

(oJ Till CASE (E~ INCIDENCEl (b) TE CASE (H', INCIDENCE] 

NORMAlIZED RADAR CROSS SECTION OF AN HIFINITElY.LOtll,. COATED, 
CIRCULAR CYlINOER (cr '" 2.56. t z 0.41:\0) 

•• Work supported in part by Department of Navy, Joint Service 
Electronics Program, Contract NOOOl4-78-C-0049 with the Ohio State 
University Research Foundation. 
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DIFFRACTION BY A PERFECTLY-CONDUCTING 
HALF-PLANE ON A DIELECTRIC INTERFACE 

R. Dawson Coblin 
L. Wilson Pearson 

Department of Electrical Engineering 
University of Mississippi 

Universiti, MS 38677· 

The problem of elec.tromagnetic diffraction by a perfectly­
conducting half-plane residing" on the interface between two semi­
infinite media as shown in the figure below· may be formulated as 
a Wiener-Hopf integral equation (P.C. Clemmow, The plane Wave 
Speatrum .•. , Pergamon, 1966). While the problem has been formulated 
for some time", the factorization of the transform of the kernel 
of the integral.equation has been an obstacle to its solut'ion. A 
recent paper by Sunahara and Sekiguchi treats a related· problem 
where the half plane stands a fixed distnace away from the interface 
(Radio Sai., v. 16, no. 1, pp. 141-155) and another closely-related 
problem is treated in a paper by Heitman and van den Berg (Can. 
Jour. Phys., v. 53, pp. 1305-1317). 

This presentation reports the results of a study in which 
numerical techniques were used to carry out the factorization in the 
Wiener-Hopf formulation for the structure shown under TM plane-
wave excitation. The form of the factorization integral is similar 
to that of Heitman and van den Berg, however the present approach 
alters the integral so as to form an efficient integral for numerical 
evaluation. Through analytical techniques the doubly infinite 
integral is altered to a rapidly-convergent finite definite integral 
valid for any medium parameters. Certain questions about the existence 
of the solution are examined. The asymptotic far field results 
of the Wiener-Hopf procedure are discussed and contributions of 
different components displayed. 
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ANALYTICAL SAMPLING AVOIDS 
AXIAL CAUSTICS IN GTD 

E. H. Villaseca and ~. W. Berchtold 
Hughes Aircraft Company 

Ground Systems Group 
Fullerton, California 

Geometrical Theory of Diffraction has proved to be a rapid and accurate technique for paraboloidal reflector antennas in calcula­ting the total scattered field for all areas of the radiation pattern except at caustics. I n order to circumvent these difficulties, the region around the axial caustic is sampled at the Nyquist rate. This rate is determined by the Wittaker-Shannon theorem which establishes. a sampling rate from the dimension of the equivalent planar aperture enlarged so that it is coincident, within a pre­scribed approximation, with the field scattered by the reflector. 

The GTD samples around the axial caustic are used to reproduce the radiation pattern through the caustic. Thus, the necessity of using non-GTD methods at the caustic is eliminated. 
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l' ACDONALD' S VS '?",1"SR' S '"YE8RY n:'." DIF?RACTIOlI' 

A.),'ohsen 
~ng.Pacul ty ,~nb.rat~ .. 8:!'hY3. ,Ca'tro Universi ty ,~gypt 

In comparing the Kacdonald ann Keller theories of 
diffractiol1,D.S.Jones ste.ted in his book:The Theory of 
~lectromagnetism (Perga.mon Press ,Oxford ,19 64 ,po 651): 
' .•. the method advocated by Keller can be regarded as a 
ryhysical version of Macdonald's theory .•• '. In view of 
the continued interest in Keller's Geometrical Theory 
of Diffraction, j.t may be appro:priate to find the rela­
tion between the two theories. 

~he ~roblem considered is the approximate high 
frequency evaluation of the far field scattering of 
electromagnetic waves by a smooth perfectly conducting 
body. Since Macdonald's work was written about 1917, 
the presentation intends to give the theory in a mo~e 
compact form. ~e analysis is based on the asymptot;l.c 
evaluation of ' '';,he current surface integral. The use 
elf the sta.tion8.:!'Y phase method, approximates the far 
field in both the lit and shadow regions in terms of 
the local fields at certain diffraction points. This is 
compared with Keller's GTD. The concept of multiple 
diffraction as given by Macdonald is also investigated. 
The evaluation of the field at the caustics is also 
present3d. Some possible extensions of -i;he theory 'are 
discussed. 
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WAVE DIFFRACTION OVER SEVERAL OBSTRUCTIONS 

J.H. Whitteker, Communications Research Centre, Department of Communications, Box 11490, Station "H", Ottawa, CANADA K2H 8S2 

This paper describes a GTD calculation of the amplitude of a wave diffracted over a series of obstructions, assumed to be knife edges. The calculation is done to first order in A/D, where 0 is the path length. In the'case of two obstructions, it is possible to test the results against the complete Fresnel­theory calculation worked out by Millington et al.(Proc. Inst. Elect. Eng., C-109, 419-429, 1962). By this test, the first­order theory is much more accurate than the semi-empirical methods that are used in calculations done by hand. It should be possibl eto deal with many obstructions in series before an accumulation of small errors becomes serious. (Thetaskof working out the complete Fresnel theory for more than two obstructions would be very 1 aborious.) 

Application of Huygens' principle to the diffraction problem invol ves integrating over the wave front above each obstruction. In theGn) method, one point on the wave front is chosen to'represent the whole wave front, which is then assumed to have the same wave intensity and curvature everywhere. The point chosen is one that would dominate the integral if it were done exactly. . " . 

In order to visualize the calculation, it is useful to project the wave front backward to a virtual transmitter. This virtual transmitter turns out to be close to the crest of the preceding obstruction, if that obstruction is well above the line of sight. If the preceding obstruction is not well above the 1 ine of sight, the virtual transmitter 1 ies above its crest, and closer to the real transmitter (see diagram). When the crest of an obstruction is below the line of sight, the wave front becomes corrugated, and a local value of the direction and curvature no longer represents the whole wave front very well. In this C!lse, it is necessary to smooth out the wave front to arrive at a more representative shape. 

Virtual Tx ........ 

T, 0----- .---- - --- -r' <~ '" 
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DIFFRACTION BY ARBITRARY-ANGLED DIELECTRIC WEDGE: 

Se-Yun Kim, Jung-Woong Ra, and Sang-Yung Shin 
Korea Advanced Institute of Science and Technology 
Seoul, Korea 

A generalized asymptotic scheme for the' calculation of fields 
scattered by a dielectric wedge of arbitrary angle is obtained 
when the incident plane wave is polarized parallel to the edge of 
the wedge. Scattered fields are obtained in terms of geometric 
optical contributions and the diffracted c~rlindrical wave emanat­
ing from the edge. An asymptotic correction to the physical op­
tics approximation is derived to satisfy a dual series equation 
amenable to simple calculation, as in the case of. the right angle 
dielectric wedge. 

Joo, Ra, and Shin (Electronics Letters, Vol. 16, No. 24, pp. 
934-935,1980) showed for the right angle dielectric wedge that the 
scattered field may be obtained by a sum of the physical optics ap­
proximation and its edge correction field. It will be shown that 
the same method can be applied to obtain fields scattered by the 
arbitary angle dielectric wedge as follows: Physical optics solu­
tion which may 'be easily obtained yield geometric optical terms, 
such as reflected and refracted waves, and the edge diffracted 
field. The unknown correction f.ield plus the physical optics 
solution is substituted into the dual integral equation in' the 
spectral domain and a new dual integral equation for the equation 
for the correction field is derived. By representing the unknown 
correction field in multipale expansion, a dual series, equation for 
the correction field is obtained and solved by a simple numerical 
method. 

The simple numerical calculation provides the edge diffraced 
cylindrical wave pattern valid asymptotically, which exhibits 
vanishing behavior on the dielectric int'erfaces and approaches to 
that of the perfectly conducting wedge in the limit 'of large' di­
electric constnat. Reflected and refracted field terms accounting 
the effect of total reflect,ions, ate explicitly' shown, and th~ cor­
rected edge diffracted wave term is singled out and numerically 
calculated. 
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S?£C·.niAL-Il'i:jLi',CIVL: ;cl.JjALiSI3 Or" 
Dlr.;L~CTl1IC JOD lL:T:':':l;..IAS 

s. JG.J J.nd H. ~·.itL,PG. 

DepartlJed~ or' Llclctrlccil ~il;";~1J~Gri;'l"; <....llJ 
The Coor<.'.ihdced 3cience L&bor-ator-y 

Dr' L;a~1.:.t, I:" 61 301 

rae spectral-it.erative l,eUlllLLqUG (SIT) ,laS r>3,,:;oil,,ly oeDu 

devE::loped to anaiyze s(!atct,;;rin.~ i'r-mJ ariJitrC<.ry l.JodiE::~ (I~Ci3tilGl'" a.:i.u 
lIittra, AP-S IncernCl.tional SYiJposiu.LJ Di6CSG, Juac 1981). For" 
scatterint:; applications tn..;: 8I1' i:3 a lli.,Llef'J.ually ei:'i'icienl:. 
alternar.ive to wow.ent l.1e1.:11003 X'or bod.ies Idr,;er LL1ci..ll a wavBJ.,zl1 l.;,til. 
In this paper vie extend thE':: SIT l,O t.i16 anal.Yclis of a dielOi..! Gl"'ic 
rod (t\vO uirJ.ensional) antanL1a. Tilt; Tt.: CdSG L:. t.rcuted here. 

In t.nis .J.ethod the field on tlle .;uicie is l"e~arJeG as DGij]~ 

Generated by a sour'ce insidt:: t118 wuv8~uici~. This sourc(;;!, 
proportional ~o t.ne polarization P, is algebruici:..ll.y relat~J t.o 
the E-field via a constitutive relut.ior13hip. Uho£::lJ. tUG field anu 
source art: Fourier trG,l1SfOrlJleu. in the transversa st-'at.ial 
coordinate we obta~ll· a secolld relat.ionship 0€tween thOIJ. The 
tranSfOf'Lled E-rield is a oonvolution in til€:: lOli0 ituuiLlal spatia.l 
variable of the spectral dOl:lain SOUrce and ti1e OLIB JiuenDioilal 
free-space Greenfs function. By salJp1ins tile field and SQur'uC at 
clo~ely spaced transverse planes, o.n alc;eoraic apprOXil,Ki,'ciou to 
the convolution intee;ral is obtained. Tha result.il1~ €:Apression is 
numerically efficient due to its recursive Dature and is V€t'Y 
accurate. \Je construct an iterative solut.ion by first L;uessia,;; c.. 
field distribution. Alternately computinf; the spatial doclain 
constitutive relation and the spect.ral uOLIain expressiotl generates 
an updated field distribution. The FFT al"oritblu provides a 
convenient means of relatin6 these two expressions. This 
procedure systematically improves the accuracy or the solution and 
is repeated until convergence is obtained. 

A modification of the above proceQure is required as the 
terminated rod is a semi-infinite structure. To avoid a numerical 
convolution over a semi-infinite range, part of the integral is 
treated analytically. This portion of the convolution contains n, 
the reflection coefficient on the guide, as an unknown constant. 
A procedure for updating the initial guess for R is incorporat0d 
in the iterative scheme. 

Computed values for the reflection coefficients, aperture 
distributions, and far-field patterns are presented. Convergence 
properties are discussed. Important features of the SIr are its 
simple formulation and the inherent check of constitutive and 
boundary conditions. The method is readily generalized to more 
complex geometries. 
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THE SELF-TERM CONTRIBUTION FOR TIME-DOMAIN INTEGRAL EQUATIONS 

N.J. Damaskos, R.T. Brown, J.R. Jameson 
NJDI, Box 469, Concordville, PA 19331 

and 

P.L.E. Uslenghi 
University of Illinois at Chicago 

The electric field integral equation in the time domain requires 
special care in evaluating the initial value of the surface current 
density !.(!., t) at the time t = to when the incident pulse first 
reaches an observation point r on the surface of the scatterer; 
later values of K ar~ easily obtained by stepping in time. Initially, 
the incident field £ll!.,to+) must be cancelled by that portion of the 
integral over!. for \.hich t "" to+' In the literature (see, e. g. , 
R. Mittra, chapter in Transient Electromagnetic Fields, ed. L.B. 
Felsen, Springer, 1976, and references therein), a small surface area 
is chosen around r, and the contribution of this self-cell to the 
integral is evaluated analytically, to yield the initial value of 
aK/at as a function of the initial value of El. Although this 
approach is numerically successful, it is physically unsatisfactory 
because the initial value of o!.jat depends on the cell size. 

In this paper, we give an alternate approac~ which does elimi­
nate the above inconsistency. We develop both £1 and!. in Taylor 
series for t > to and substitute them into the EFIE. A careful limit 
process for t + to+ yields an initial value of a!.jat which depends on 
the initial value of aEl/at and on the angle a of incidence of the 
primary wave at !.' but is independent of cell size. 

Numerical results based on the above initial estimate are given, 
and the problem of cancellation of the initial field on the shadowed 
portion of the scattering surface is discussed. 
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NUMERICAL INVESTIGATIONS OF AN EXACT 
SOLUTION TO THE DIRECT SCATTERING PROBLEM IN 

SPATIAL/FREQUENCY TIME SPACE 

W. Ross Stone 
IR T Corpora tion 

1446 VistaClaridad 
La Jolla, CA 92037 

Recently, N. N. Bojarski has developed an exact,c1osed form (non~iterative) 
solution for the direct scattering problem. This solution reduces the problem 
to the solution of a set of two simultaneous linear algebraic equations, ohe in 
real space and the other' in spatial frequency space; These equations are 
solved using a discrete stepping in time process. A' major ·advantage of this 
solution is its computationaleIficiency. Let· L be the number of time steps, 
and N the total number of ·spatial samples (e.g;,N = N If N If N for a three 
dimensional problem). Then it is shown that the iwnber zof complex 
multiply/add operations is of the order of LN log2 N, and of the order of LN 
storage locations are required. This paper verifies this efficiency. with 
several one and two dimensional examples, and derives several results 
concerning the effect of error propagation on the solution. 

Numerical examples of the computation of scattering in lossless, nondis­
persive inhomogeneous media are presented. As one example of the 
magnitude of problem which the computational efficiency of the solution 
makes practical on even small machines, a one dimensional problem with 
N = 256 required ~ 2 minutes of cpu time, and the same problem with 
N = L = 1024 required ~ 36 minutes. These problems were run on a V AX 
11/780 virtual storage system with floating point accelerator in interactive 
mode on a system supporting 12 users, and the times given include all 
problem overhead and all time required to generate plotted output (estimated 
to represent ~ 30% of the cpu time for the N " 256 case, and ~ 25% of the 
time for the N = 1024 case). Furthermore, no attempt was made to optimize 
the FFT routine employed for operation in a paged virtual memory envi­
ronment. Lack of such optimization can increase running time by as 'Duch as 
a factor of 10 for problems of size N = 1024. No special purpose array 
processing hardware was employed. Results and timings for larger, two 
dimensional problems are presented, along with data to permit extrapolation 
of performance to larger computers. 

It is shown that the solution is stable with respect to the propagation of 
computational errors. The relationships among the time and spatial sampling 
sizes, and the resolution of the solution, are presented. 
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K-SPACE fUI{,\IULATlvN or HIE SCATTEKING PKUllLEM 
IIJ HIE TIME LlGMAli, fUR VEKY LAKGE PKUBLEMS 

Norbert N. Uojarski 
10 Pine Valley Lane 

New~o,r t J;e~ch, Ca lifo rn i a 92660 
Telel'hone,: (714) 640 7YOO 

The 'irbi't'r~ry iii rect $Cqttering proulan' i$' 50,I~ed nurerically in closed 
form"in the' tilTe Jcmain and spatial Fourier transform space •.. This 
solution consists of casting the general basic global laws (i.e.', 
the secor~~ qrc..ier parti,al differen~ial. wave ~~u?-tion or its i.ntegral 
r~pr~sel.ltati~n) (IS a local, dlgelJraic, ,equation 'j,n the spatial Four,ier 
transfonn s,pac~, and.lea~in6 the .. spec,ific -19cal .c.onstitutive equa.t,iops 
(i;¢_,' '~~e 'algenraic; iiounua,ry ~onditions', lAhic~,.specify a"given 'structure, 
'~'fchare con\eflt"ionally ilT\OOsed on ,the differential 'or ,integral representat ion 
ot the Jen",al basic ~Ioual v.av~ equation) as a local algebraic,equ'ation 
in real.slJ~C::~, .ther.eby re(iucin~ the scatt~r i n,g probl en, to a s,tat~f1t 
ot ~\'\Q ~il\1ul~d;l1eous ,lqca,1 a.l~e~raj'c equ~tions in' ~wo unkn.o~s {t)le 
fields and tti~ induceqsources) in't"" spaces connected'by ,the spat ial 
Fourfer' tfal1SrO(ln~, I.~y vi,rt.ue of c.ausality, a numerically .ef,ficient 
closed form solu'tion to this set of equations is obtained that uti i'izes 
the fdst Fourier transform al~aritlm as the tra'nsformaiions bet'Aeen 
the tv.o sIJaces. Jly vi rtu~ of ,the numerically efficient fast Fourier 
t r, ~n ~.t'u.rm ? 1,00 r i t tl~ ar:'lJ the I oca I" a i gel} ra,i c, .~epresen,tat f,~ns.,. ,~~e 
mrrberot required CmlJlex,lllJltif,>ly-add operations and storage allocation 
is tif tile oroer of Nlog2N ano N per tanporal ·descr~ti.~a~ion res~'ct,iyely 
(",here N is the nLlruer of spatial cells into which the scattering 
"roul"" is descretizeu). It. is ,sho,,,, that the solution i,s pnly of 
th~ onlet, oflo);ZN 'slower thd'n an ideal sol'ut ion. 'The, solution.i s 
thus jHact ical far very laq;e one, t\'\O, and three qirrensional scattering 
iJroblens. ~~ull..,rico-experimental results for very la;ge tv.o dimensional 
proDlens dre pres~ntetJ cinffnatl)~raphically. 
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ELECTROMAGNETIC WAVE SCATTERING BY THIN HELICAL WIRES 

A. Sezginer and J. A. Kong 
Department of Electrical Engineering and 
Computer Science and Research Laboratory 

of Electronics 
Massachusetts Institute of Technology 

Cambridge, Massachusetts 02139 

Electromagnetic'wave scattering by thin wire helicies has been scarcely studied in the literature although guidance and radiation problems involving helical structures have been exten­sively treated in relation to traveling wave tubes and helical antennaso 

We apply the physical optics approach to obtain an integral representation of the scattered field which asymptotically ap­proaches to the geometrical optics result in the hlgh fr'equency limit. The physical optics approximation to the induced current needs to be supplemented by the guided wave terms so that the boundary conditions of vanishing current at the two ends of the helix are satisfipd. However, when the helical wire length is an integral multiple of half of the incident wavelength, super­position of the guided waves no longer satisfies the boundary conditions. We resort to Galerkin's method with full domain ba" sis functions in this case. . 

Validity of the physical optics approach is checked against Galerkin's method and experimental data for the case of a finite helix, and the modal approach (Sensiper, S., 1951, RLE Tech. Rep. 194, MIT) for helicies of infinite extent. 

We conclude that the physical optics approach provides lucid phYSical interpretation, and very efficient and reasonably accu­rate means of computation. 
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NUMERICAL ANALYSES OF NONCANONICAL MICROSTRIP ANTENNAS 

J. J. H. Wang 
Engineering Experiment Station 

Georgia Institute of Technology 
Atlanta, Georgia 30332 

Numerical analyses of noncanonical micros trip antennas were 
conducted to seek a better understanding and hence performance 
improvements for these antennas. The equivalent electric and 
magnetic currents on the peripheral edge of the arbitrarily­
shaped micros trip is solved by enforcing a boundary condition on 
the surface of the micros trip antenna. The fields due to these 
equivalent currents are computed by known integral expressions to 
yield the elements of the matrix, which is numerically solved for 
the unknown currents. 

The efficiency in computing the fields due to Sources in a 
dielectric layer backed by a perfectly conducting ground plane is 
essential to this numerical approach. Several special features 
and advantages of this approach are discussed in comparison with 
other numerical methods such as the Green1s function (both scalar 
and dyadic) approaches, the finite element method, the 
segmentation and desegmentation method, and the wire-grid 
modeling techniques. 
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COMPUTATION OF FIELDS INSIDE LOSSY, INHOMOGENEOUS, DIELECTRIC BODIES 

D.H. Schaubert*, D.R. Wilton~ and A.N. Glisson t 

*Division of Electronic Products, Bureau of 
Radiological Health, Rockvill!. MD 20857 

tDepartment of Electrical Engineering, 
University of Mississippi, University, MS 38677 

Several numer.ical methods have been developed for treating the problem of scatteri ng and absorpt.i on by lossy, inhomogeneous, di el ectri c bbdi'es·> Among the methods that are based on integral equation formulations, the recently developed tetrahedra I cell techn.i que offers the greatest fl exi-bil ity in modell in9 arbitrarily shaped bodies. The special; basi s functions defined on tetrahedral domains ensure continuity of conduction-pIus-displace­ment current normal to interfaces between tetrahedral cells containing dif­ferent media and they have constant divergence (charge· density) in each cell. 
This paper describes recent computational results obtained by using the tetrahedral ce·l1 method. The computed electric fields inside layered, di-e I ectri c spheres (ka" 1.) agree qui te we 11 with the results obta i ned from the moda I so I uti on. Several exampl es wi 11 ·be presented and the· accuracy of the method for these will be discussed. Sorne of the results will 'be compared to those obta i ned by us i ng other numeri ca I methods. Some of the mode 11 i ng considerations for tetrahedral cells also will be discussed. 
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ANALYSIS AND DESIGN OF MULTI-LAYERED, 
LOSSY, DIELECTRIC RADOME 

TE-KAO WU AND DARRELL L. HELMS 
ECI!E-SYSTEMS 

P.O. BOX 12248, ST. PETERSBURG, FL 

Analytical formulas for evaluating the transmission and reflection 
coefficients of plane waves through a 3-layered, lossless dielec­
tric radome can be found in (Jasik, Antenna Engineering Handbook, 
Chap. 32, 1961). It should be noted that the above mentioned 
formulas are not useful for lossy dielectric materials. In this 
paper, a simple iteration method employing the invarient -imbedd~ng 
concept is presented to analyze the multi-layered, lossy dielec~ 
tric radome. The invarient imbedding concept has been used pre­
viously (Pogorzelski and Wu, Proc. URSI Syrnp. EM Wave Theory, 323-
32~, 1,977) to treat as-layered, lQssy dielectric elliptical 
cylinder. For a multi-layered, lossy dielectric planar radome, 
the complicated moment matrices reduce to a simple -2 X 2 matrix. 
The transmission ,or reflection coefficients rnaYlnext be calcu~ 
lated by simple matrix multiplications. Numerical-results are 
obtained for an A-sandwich radome and agree excellently with 
the results shown in Jasik's book. (It is interesting to note 
that -Jasik's book did present results fot lossy dielectric 
materials, however, the formulas were only valid for lossless 
dielectric materials.) Extensive results are also obtained-using 
this iteration method which yields valuable radome electrical de­
sign ~nformation. 

t 

N 
dielectric slab 

air 

Figure 1. Plane wave illuminated,rnulti-layered dielectric slab. 
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MODAL INVESTIGATION OF MICROGUIDE 

David C. Chang and Bing-Hope Liu 
Electromagnetics Laboratory 

Department of Electrical Engineering 
University of Colorado 

Boulder, Colorado 80309 

Closely .related both 'to some famil iar microwave transmission 1 ines 
like coplanar waveguide, coplanar strips, and suspended microstrip, 
and to the dielectric slab used in the optical frequency range, the 
single conductor strip on a dielectric substrate (UmicroguideU) is 
suggested now and again as a guiding and/or structure for the 
radiating millimeter-wave integrated antenna system application. 

In this report, the rigorous hybrid-mode solution to the Maxwell's 
equations will be given in the Fourier transform domain, leading to 
a system of spectral domain equations, which is then solved by the 
Galerkin's,method. The basis functions carefully constructed fol' 
the surface current components on· the conductor strip have the 
quasi-eigenfunction properties and therefore result in very fast 
convergence. The range of existence of the discrete non-radIating 
waveguide modes will be given in terms of a suitable interval for 
the propagation constant S. The frequency-dependent lower limit 
of this interval is determined by the surface wave factors which 
occur in the spectral domain equations mentioned above and repre­
sent TM or TE type of surface waves associated with the substrate. 
The dependence of the cutoff of waveguide mode, defined by the 
requirement of exponential decay of fields in the transversal 
directions, on the microguide geometry will be discussed. Compar­
ison to some related guiding and radiating structures will be made. 
Practical appl ication considerations ~Iill be given. 
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LOW FREQUENCY SCATTERING BY METALLIC PLATES: 
A CRITIQUE 

Thomas B.A. Seni or 
Electrical and Computer Engineering Department 
University of Michigan 
Ann Arbor, MI 48109 

. When a finite, infinitesimally thin, perfectly conducting 
flat plate is illuminated by a low frequency electromagnetic wave, 
the leading (Rayleigh) term in the far field expansion is attribu­
table to induced electric and magnetic dipoles. The electric 
dipole moment Can be expressed in terms of an electrostatic 
potential which is given by an integral equation whose solution is 
relatively easy to obtain numerically. Similarly, the magnetic 
dipole moment is a weighted integral of a magnetostatic potential, 
but the usual equation for this is an integro-differential 
equation involving a surface Laplacian. 

To avoid the complications associated with this, Mittra and 
his co-workers have proposed integrating out the operator by 
introducing an appropriate (unknown) function on the right-hand 
side of the equation. In the particular case of the zeroth-order 
magnetic field, the result is two integral equations for the 
tangential components of the current with simple first-order 
polynomials in the surface coordinates x and y on the right-hand 
sides(Y. Rahmat-Samii and R. Mittra, IEEE Trans. Antenna and 
Propagat. 25, 180-187, 1977). The consequences of this approach 
are explored. It is shown to imply a connection between the 
electric and magnetic dipole moments which is valid for elliptical 
plates (of which the disk is a special case), but is in violation 
of the known numerical results for other plates including 
rectangular ones. Thus the specific approach used by Rahmat­
Samii and Mittra is not, in general, valid. 
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RADAR CROSS-SECTIONS OF OPEN- ENDED 
CIRCULAR M ITALLIC CYLINDERS 

Captain Thomas W. Johnson 
Department of El ectri ca 1 Engi neeri ng 

U.S. Air Force Institute of Technology 
Wri ght-Patterson AFB, OH 45433 

Scattering from open-ended circular metallic cylinders is approached 
via the Wiener-Hopf Technique. A prior report (Johnson & Moffatt, 
National Radio Science Meeting, 16-19 June 1981) dealt with numeri­
cal methods to calculate the Wi.ener-Hopf "actorizatibn functions 
in various frequency regimes and with various val ues of the fac­
torization variable~. In this paper, these methods are used to 
obtain numerical results. The monostatic radar cross-section for 
open-ended circular cylinders, both empty and terminated in a flat 
conducting plate, are calculated for a variety of frequencies and 
ori entati ons, and compared to empi ri ca 1 resul ts. 
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FORMULATION OF THE ELECTROMAGNETIC SCATTERING 
BY A RESISTIVE WEDGE USING THE KONTOROVICH-LEBEDEV TRANSFORM 

Ivan. J.' LaHaie 
R~dar and Optics Division 

Environmental Research Institute of Michigan 
P.O. Box 8618 

Ann Arbor, Michigan 48107 

The electromagnetic scattering of an E- and H-polarized plane 
wave normally incident upon a resistive wedge is formulated using 
the Kontorovich-Lebedev (K-L) transform. By decomposing the 
fields into components which are sYmmetric and' antisymmetric about 
the bisector of the ~Iedge, the transformed resistive boundary 
conditions lead to four uncoupled functional equations for the 
four transformed unknowns (two for each polarization). By re­
stricting the included angle of the wedg~, the functional eq~a­
tions can be expressed .in two forms: as linear, second.order 
difference. equations with variable coefficients, or, by applying 
a technique developed by the author, as Fredholm integral equa- . 
tions of the secorid kind over the Banach Space of bounded, con­
tinuous functions ona semi-infinite line. The former are not 
amenable to solution using standard techniques, but the latter 
admit a uniformly convergent Newman series expansion in powers of 
lin for E-polariz!ltion, and in powers of n for H-polarization 
where n is 'the normalized reSistivity. Bounds for the radii of 
convergence of th~ series are developed which are functions of 
the included angle of the wedge. The uniform convergence of the 
series allows the inverse K-L transform to be applied on a term­
by-term basis, thus generating a similar series for the scattered 
fields. Within the bounds developed, there are no values of n 
for which the series converge simultaneously for both polariza­
tions, and hence the results, cannot be justifiably appl ied to an 
arbitrarily polarized incident plane wave .. 
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Analytic Considerations for Calculating 
the Complex Reflection Characteristics 
of Conducting Mesh Antenna Surfaces 

J.C. Brand, J.F. Kauffman 
North Carolina State University 

Raleigh, NC 27650 

Mesh antenna surfaces formed from thin conducting fibers must exhibit very good complex reflection characteristics for the antenna system to perform well. The determination of these characteristics have been reported [M. Kontorovich, Radio Engineering and Electronic Physics, Vol. 8, No. 9J for square gratings in terms of averaged boundary conditions and measured data [M. Astrakhan, Telecommunications and Radio Engineering, Vol. 9, No. 8J. However, actual knitted mesh surfaces have a different physical configuration than those examined in the above references and as such exhibit somewhat different reflection characteristics. 

The complex reflectivity of a mesh surface can be tested by placing mesh samples in a waveguide balanced bridge test unit and comparing the results with a standard. The data from these samples is found to differ from that determined analytically, especially as the frequency is increased. Reasons for this discrepancy are explored and explanations are offered to account for the observed differences~ A formulation to increase the accuracy of the approximate analytical expressions for complex reflectivity of mesh surfaces is introduced and the method of applying this technique is outlined. 
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RADAR TARGET BACKSCATTERING MATRICES 
FOR TIME VARYING POLARIZATIONS 

John D. Nordgard 
School of Electrical Engineering 
Georgia Institute of Technology 

Atlanta, Georgia 30332 

The characteristics of the electromagnetic waves backscattered from the 
conducting surfaces of a radar target are determined theoretical1y and 
confirmed experimentally by a method which al10ws for arbitrary time 
varying states of polarization of the incident wave. Sets of time varying 
polarization basis vectors are introduced to characterize the changing states 
of polarization of the incident and scattered waves. These sets of basis 
vectors are used with the stationary backscattering matrix of the target to 
characterize the scattering properties of the target as a function of the 
time varying parameters of the incident electromagnetic wave. The final 
form of the backscattering matrix is referred to several conveniently chosen 
rotating coordinate syste'lls. 

This method is applied to the problem of radar target identification. 
Examples are cited for incident monocromatic uniform TEM waves with 
several special states of polarization, viz. linear, rotating linear, circular, 
elliptical, and rotating el1iptical. 13ackscatter from flat plates, right 
dihedral and trihedral corner reflectors, and thin wires is considered. Only 
target polarization characteristics are of interest; target area and range 
effects are not considered. The theoretical predictions are confirmed by 
experimental measurements. 
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,fI'ERAL SlG!':IFlCANT FACTORS AFFECTING MODELS FOR SCATTERING 
FRO~l ROUGH SURFACES 

Robert J. Papa, John F • Lennon, Richard 1. Taylor 
·Electromar-netic S'ciences Division 

Rome Air Development Center 
Hanscom AFB, HA OJ 7 31 

This paper discusses how three different factors affect the description of EM wave scattering from rough surfaces. These are the precise definftion of the glistening surface, the'var"iation of the scattered power for different height distrib~tions and the' 
moiature level in the terrain. For each of these factors, the effect is hiphly sensitive to surface roughness. 

Ttl~ respective influences are calcdlated using.~ mod~l for'the specular a:1d diffuse scatte'ring from rough terrain which incor-" porates statistical parameter estimation applied ~o digiti~~d terrain data bases.. The terra-in is divided into homogeneous, 
isotropic, rectangular cells, that are each characterized by a mean height, variance, degree of correlation, statistical height distribution, and an appropriate dielectric constant. The model includes spatial inhomogeneities from cell to cell; "multiple spec­ular reflection poin,ts, and "lobal and local, shadowing with' 
explicit shadowini' funet'ions for Gaussian and exponentialydistri-' buted surface heights. The antenna 'power patterns' of both the transmitter and monopulse receiver are included in the model, and signal processing losses can be considered. 

The first roughness dependent effect discussed here is that of the glistening surface. For some parameter ranges, the classical definition of the glistening surface as given by Beckmann and Spizzichino is not adequate. Their definition does not account for the angular dependence of the scattering matrix in 'the expres­sion for 00 (the normalized cross section of the rough surface). In addition, it may suppress contributions from areas close to the antennas. In.the second instance, the usual form of the cross section formulation is based on physical optics and the asymptotic evaluation of integrals representing 00 in the limit of very 
rough surfaces for bivariate Gaussian and exponential surface height distributions. In the exponential case, the uncorrelated variates are not independent and, for intermediate levels of roughness, this leads to a fonn for 00 different from the usual result. Finally, the dielectric constant of the surface, for a range of conditions, is chosen to correspond to arid, no~mal, and very wet soil. The effect is again sensitive to the degree of roughness level. 
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SCATTERING CHRACTERISTICS OF SAND PARTICLES 

A. Kumar 
Department of Electrical Engineering 

Lanchester Polytechnic 
Coventry CV1 5FB 

England ' 

The aim of this research work is to measure the 
extinction cross-section of individual falling wet 
and dry sand particles at 35 GHz to find out the 
veracity of Mie theory values. It has been also 
determined the effect of the shape of the wet and 
dry sand partcles and canting angle on scattering 
and depolarization. 

We have used the open-resonator for this experiment. 
The reaons.tor consL,ts two spherical mirrors of 
radius of curvature of r, separa.ted by a distance d. 
The resonator has very high Q-factor, with a 
Gaussian r8dial field distribution as described in 
ref. 1. A family of TEMpol mode can exist, pql giving 
the number of radial , orrcumferential and axial 
field variations respectively. The resona.nt frequency 
of the system is given by 

fpl q = ~ [(q + 1) + (~ cos-
1

t1 - rd ))(2p + 1 + 1U 

where c is the velocity of light. 

The measurement of extinction cross-section depenp.s 
upon measuring the effect of scattering particle on 
the Q-factor of the resonator. The extinction cross­
pection is given by 

G· = ~ (d (2r _ d))t ~_1_ + _1 _ __ 2_( 
~ {Q1 Q2 Qo \ 

where Qo is the Q-factor of the empty resonator, Q1 
and Q2 are the Q-factors for each of the two positions 
tquarter wavelength apart} of the sand particle. 

The experimental system, measurements, results, 
applications and experimental errors have been 
discussed in detail. 

References 
A.L Cullen and A. Kumar, Proc. Roy. Soc., A-315, 
217-230, 1970. 
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ANALYSIS OF INTERNALLY REFLECTED WAVES CREATING A DOUBLE HALO IN ELECTROMAGNETIC 
SCATTERING BY DIELECTRIC SPHEROIDS ~ 

Sujeet K. Chaudhuri 
Department of Electrical Engineering 
University of Waterloo 
l~aterl 00, Ontari 0, Canada N,2L 3Gl 

Fredrick B. Sleator 
Cancer Centre, Medical Sciences Campus 
University of Puerto Rico 
San Juan, Puerto Rico 

Wolfgang-M. Boerner 
Communications Laboratory 
Information Engineering Department 
University of Illinois at Chicago Circle 
P. O. Box 4348 
Chicago, Illinois 60680 

In case of a spherical structure, due to the symmetry, the conditions for 
existence of glory rays and internal surface rays are straight forward. It 
will be shown that for the prolate spheroid, with arbitrary direction of 
incidence, one has to resort to a numerical method. of ray tracing. The 
solution of this numerical method, along with some geometrical arguments, 
show that for most of the cases of arbitrary scatterers, the single bounce 
glory ray will not exist and, therefore, will not contribute to the back­
scattering energy. Similarly, the conditions for the existence of internal 
surface waves will be presented. Various other internally reflected rays. 
which contri bute to the backscatter energy and were~ not reported by earl ier 
investigators (probably because they do not exist for spherical scatters) 
will also be presented. Specific emphasis will be placed on that family of 
internally reflected waves creatin~a double halo. 
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Diffraction of a Line Sink Field 

Lars Fa 1 k 
National Defence Research Institute, 
Linkopinq, Sweden 

Abstract 

The problem of a iinesink field scattered by a halfplane 

is solved by ri~orously performin~ a transformation of the 

corresponding solution for a line source. The result is 

useful as an approximation· for edge diffraction of converging 

rays. It also provides a very simnle illustration -of the field 

geometry. at a real caustic. 
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ANTENM SITING STUDIES 

James H. Coffey 
Robert J. Papa 

Electromagnetic Sciences Division 
Rome Air Development Center 

Hanscom ArB, MA 01731 

This paper is concerned with two subjects: (a) the effect of specular 
scatterers on the sidelobe level of an antenna and (b) the response of a 
missile to the main beam scattered power and sidelobe radiation of an 
antenna in the presence of one or several specular scatterers. 

A technique for predicting the effects of specular reflectors on 
antenna performance has been developed. Laboratory testing of a low 
sidelobe antenna indicated an.acceptable low sidelobe level. However, 
when the antenna was field tested, it exhibited average radiated power 
levels off the main beam which were significantly greater than those 
anticipated. In an effort to determine the cause of this increase, a 
computer model of an antenna in a field site was developed. This sim­
ulation model includes the calculation of the total scattered power of 
the antenna main beam and sidelobes from specular reflectors distributed 
over both the near and far fields of the antenna. The specular reflectors 
are metallic right circular cylinders. Most of the parametric studies 
assume random location of the cylinders in the far field of the antenna. 
Preliminary results have verified observations made during field testing. 
The effect of evanescent waves on the scattering mechanism when a single 
right circular cylinder is located in the near field of the antenna is 
studied CR. Rante, Private Communication). This model is the basis for 
a study of a missile homing into the point at which the net maximum 
radiated power of an antenna is located. The presence of large specular 
scatterers is considered. For different configurations of cylinder 
locations, the trajectory of a missile is studied as the antenna rotates. 
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On Bandlimited Proximates in Antenna Theory 

S. Chaiken, G. Franceschetti and N.G. Alexopoulos 
Department of Electrical Sciences and Engineering 
University of California, Los Angeles, CA 90024 

A new iterative algorithm (Youla, D., IEEE trans. CAS-25 , #9, 
1978) for .the numerical analytic continuation of bandlimited functions 
is discussed in connection with two problems in antenna design and syn­
thesis. The first concerns the general problem of pattern synthesis. 
New techniques for total or partial pattern design subject to constraint 
(e.g. superdirectivity) are presented. The specific problem of finding 
constrained bandlimited proximates to a given visible pattern is used 
as example in a computationally facile setting. Comparison with other 
methods (e.g. Rhodes, D., IEEE trans. AP-ll, #7, 1963) follow. Next, 
the theory of mutual. coupling between canonical minimum scattering an­
tennae (W~sylkiwskyj, W., and Kahn, W., IEEE trans., AP-18, 112, 1970) 
yields IS order estimates of coupling from knowledge of the total antenna 
pattern function. The forced restriction of pattern measurement to the 
visible begs the question of total pattern reconstruction from its vis­
ible segment. On constraining the pattern function as bandlimited, we 
can provide a direct computation of its continuation. Numerical results 
and bounds are discussed. 

Research Supported by U.S. Army Contract DAAG29-79-C-00SO 
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THEORY AND APPLICATIONS OP AN IN'fIlRAC'rIVE COMPUTER-GAAPHIC 

APPROACH TO ANTENNA PATTERN SYNTHESIS 

Francis J. Zucker 
Electromagnetic Sciences Division 

RADC/EEA 
Hanscom APB, MA 01731 

Antenna power pattern synthesis methods aimed at equal-decibel ripple approximations have been known for some time. In the present approach, which continues a development initiated by K.G. Ramsey (Westinghouse), the lowest­order Chebyshev polynomial (or associated Taylor distribution) compatible with both the steepest roll-off and the lowest sidelobe level in the prescribed pattern is first selected. The nulls of this polynomial are then relocated, using an iterative, interactive computer-graphic procedure, until the approxi­mation is satisfactory. Results are critically dependent on optimizing the sequence of relocations. . 

As an example, the synthesis of a satellite link antenna in a prolifer­ated environment is show~, and comparison made in _terms of bandwidth artd ease of physical realizability with an antenna design based .on conventional amplitude pattern synthesis. 

To improve physical understanding of the procedure, the extremely low sidelobe "filler patterns" produced by the null relocations are exhibited. Also, a comparison-in-principle is made between our quasi-sampling procedure and normal sampling with Chebyshev functions. 
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BANDWIDTH LIMITATIONS' ON THE YAGI HYBRID ANTENNA 

Abstract 

J. M. Tranquilla 

and 

M. J. LeBlanc 

University of New Brunswick 
Department of Electrical Engineering 

~redericton, New Brunswick, Canada 
. (506) - 453-4561 

The Yagi hybrid antenna has been suggested 

(1'7. K. Kahn, IEEE Trans. Ant. Prop., AP-29, 3, pp. 530-

?32, 1981) as a design which could incorporate the broad­

band .feature« of the log-periodic dipole array with the 

beamwidth and gain advantages of the Yagi resulting in 

an antenna which would have lower sidelobe levels than 

the yagi. Both theoretical and experimental analysis 

of this antenna indicates that increasing the number 

of equal length parasitic elements results in an increase 

in endfire directivity, and increase in the passband 

front-to-back ratio, a decrease in the bandwidth, and 

the occ'urrence of .resonance phenomena characteristic 

of a parasitic array approaching cutoff. Techniques 

which have proven successful in suppressing resonant 

behaviour on Yagi arrays are shown to be directly ap­

plicable to the Yagi hybrid design. 
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ON THE NUMERICAL COMPUTATION OF THE WIDE ANGLE SCAN 
CHARACTERISTICS OF A CASSEGRAIN REFLECTOR ANTENNA 

Ronald J. Pogorzelski 
TRW Defense and Space Systems Group 

One Space Pa rk 
Redondo Beach, CA. 90278 

Recently, a numerical technique was presented designed to 
efficiently evaluate the two dimensional aperture integral which 
arises in the physical optics formulation of the scattering from a 
hyperboloidal subreflector. (R. J. Pogorzelski, 1981 IEEE AP-S 
Symposium, Los Angeles, CA.) The technique involves use of Fourier 
expansion in the angular variable around the symmetry axis of the 
feed reflector system. Because of this the procedure presented 
loses much of its utility if the feed is scanned far from the sym­
metry axis of the reflector. This can be ascribed to the intro­
duction of a rapid linear phase variation across the aperture which 
cannot be removed by straightforward application of the procedure. 

In this paper a generalization of the previously described 
technique is presented. This generalization permits application to 
the case involving a feed far removed from the symmetry axis. 
Basically the rapid linear phase variation across the aperture is 
removed by multiplication by an appropriate complex exponential. 
As a consequence of this multiplication, the resulting Fourier series 
representation of the reflected field contains coefficients which 
depend on the angular variable of the expansions; a situation similar 
to that encountered previous ly by Wong (AP-21, 335-339, 1973). Were 
this representation merely summed and re-expanded into a Fourier 
series of the usual form, an inordinate number of harmonics would 
be requi red. However, if the center of expans i on is di sp 1 aced 
appropriately, the number of terms required is considerably reduced. 
(W. C. Wong, private communication). 
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SCATTERING BY TWO THIN PARALLEL CONDUCTING 

PROLATE SPHEROIDS EXCITED BY A RING MAGNETIC 

CURRENT AROUND ONE OF THE SPHEROIDS 

B.P. Sinha and R.H. MacPhie 
Department of Electrical Engineering 

University of Waterloo 
Waterloo, Ontario, Canada N2L 3Gl 

When a thin prolate spheroidal antenna is fed by a voltage source applied 

across a small centrally located gap on the antenna, the system can be re-

placed by the prolate spheroid without gap and a flat ring of magnetic 

current of appropriate magnitude situated at spheroidal coordinates(~=sa,n=O) 

surrounding the spheroid which we call spheroid A. 

The problem investigated is the electromagnetic scattering from the en­

semble of the thin prolate spheroid A and a second thin prolate spheroid B 

situated outside the magnetic current ring and in parallel configuration 

with respect to A, the source of excitation being the magnetic current. 

The EM fields are expanded as series of appropriate prolate spheroidal 

basis functions using the translational addition theorem for spheroidal 

functions [B.P. Sinha and R.H. MacPhie, Quart. Appl. Math, Vol. 38, pp. 143" 

158, 1980]. The combination of the azimuthal symmetry of the source and 

the thinness of the spheroids results in a negligible ~-component (cross­

polarized) of the electric fields. Accordingly only the n- components of 

the total electric field is required to vanish on both spheroids (perfectly 

conducting). 

Numerical computations for scattering patterns in the far field are 

given for the cases when the centre to centre displacements of A and Bare 

along mutually axial and broadside directions and the spheroids are each 

of resonant length (Approx. A/2). 
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THE GOOS-HANCHEN SHIFT AS AN AVERAGE PHASE-CENTER SHIFT 
FOR AN ANTENNA EMBEDDED IN A DIELECTRIC HALF-SPACE 

Arthur D. Yaghjian 
Electromagnetic Fields Division 
National Bureau of Standards 

Boulder, Colorado 80303 

An arbitrary transmitting antenna, characterized by its plane-wave 
spectrum, is embedded in a dielectric half-space. If multiple reflec­
tions between the antenna and the dielectric interface are neglected, 
the' reflected and transmitted fields are found from a straightforward 
plane-wave representation of the tangential fields equated across the 
interface. Specifically, the reflected and transmitted spectra equal 
the original antenna spectrum weighted respectively by the proper 
reflected and transmitted Fresnel coefficients. From these reflected 
and transmitted spectra we trace the trajectory of the reflected and 
transmitted far-fi el d phase centers for the image 'antennas as the far­
field angle e ranges from 0 to ~/2. 

For the reflected fields the shift in far-field phase center 
becomes infinite both for e equal to the critical angle ec and for e 
equal to ~/2. However, when an average phase center for the mainbeam 
of directive antennas is defined, the shift in this average phase center 
remains finite for all angles of incidence including 8 = ec and ~/2. 
Moreover, the shift in average phase center yields an extremely simple 
estimate of the Goos-Hanchen shift that remains valid for all angles of 
incidence, unlike previous formulas which fail either near the critical 
angle (e c) or at grazing incidence (~/2). Good agreement is found 
throughout the critical angle region with the lateral beam shift for 
Gaussian beams predicted by Horowitz and Tamir (J. Opt. Soc. Am., 61, 
586-594, May 1971). -

\>Image antenna after 
phase-center shift 

\ 

Lateral 
shift 

\ 
\ 

\ 
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LOOP ANTENNAS FOR DIRECTIVE 
TRANSMISSION INTO A MATERIAL HALF SPACE 

Glenn S. Smith and Lam Nhat An* 
School of Electrical Engineering 
::ieorgia Institute of Technology 

,\t1anta, Ge')riga .30,32 

Abstract 

The horizontal circular-loop and the two-clement coaxial array of loops 
above a ;naterial half SDace are studied as antennas for directive trans'nis­
sian into the half space: In a practic'~l situation, the loops might be locat~d 
i" air with the directive transmission into the earth. 

Numerical calculations based on d rigorous theory (i\n and Smith, Ra-iio 
Science, 1982) show that a resonant loop (circu'11ference/wavelength =1) 
produces a directive bea·n into the half space with the width )f the beam 
decreasing as the dielectric constant of the half space is increased. To 
determine the opti;num geometry for the single loop arod the array, the far­
zone field patterns and directivities of these antennas when placed over 
lossless dielectrics are considered first. The, directive properties for the 
loss less dielectric are found to be indicative of those for the sa',ne ante"na 
over the dielectric with moderate loss when proper account is taken of the 
exponential attenuation experienced in the lossy medium. 

Parametric studies are used to obtain the ,'Tlaximum' directivities f,Jr' these 
antennas. For the single loop the optimum height over the interface is 
determined, and for the two element array, consisting of a driven loop with 
a single parasite, the optimum size and spacing of the parasitic reflector are 
found. 

Measured electric field patterns of 'TIodel antennas above an interface 
between air and fresh water are in good agreement with the theoretical 
results. 

*Now with Bell Telephone Laboratories, Holmdel, New Jersey 07733. 
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ELEVATION STEERING OF THE PATTERN OF A VERTICAL ARRAY 
OVER AN INHOMOGENEOUS GROUND SYSTEM 

N. C. Mathur, Ro J. King and C. J. Teng* 
Department of Electrical and Computer Engineering 

University of Wisconsin, Madison, WI 53706 
*Mo I. T. Lincoln Laboratory, Lexignton, MA 02173 

Because of the importance of elevation angles-at-arrival in 
HF over-the-horizon radar and other propagation studies, the 
behavior of the radiation pattern of a vertical array erected on 
an inhomogeneous ground system is very irnportanto The ground has 
a significant effect on the radiation pattern. In this paper, the 
radiation pattern of a vertical array of short vertical dipoles 
bas been studied. The ground system consists of a number of 
radial wires spread on the ground in an azimuthally symmetric 
manner. The radiation pattern Of a single short vertical dipole 
over such a ground system is evaluated numerically using a recent 
formulation of Teng and King (Electromagnetics, 1, 101-116, 19B1). 
1n this formulation the compensation theorem is used to derive 
expressions for the radiation field in the presence of an 
azimuthally symmetric ground of known surface impedance. The 
surface impedance of the earth with a radial wire ground system 
is found by using the shunt impedance method of wait (IRE Trans. 
Ant. Prop., AP-10, 530-542, 1962). 

The behavior of a 2l-element array of height 2A over well­
conducting earth (0 = 10-2 slm, £ = 15£0) having 120 radial wires 
of length 2A is studied. Because of the complex nature of the 
fields of a dipole over such a ground system, the illumination 
function for the array aperture which will produce an optimum 
pattern is not known. Following Waldman (IEEE Trans. Ant. Prop., 
AP-1B, 105-107, 1970), we have used for the illumination function 
the complex conjugate of the field of the dipoles in the direction 
of steering. It is found that the beam cannot be steered to an 
elevation angle less than go. The illumination function has 
little influence on the shape and position of the main beam. It 
does ihfluence the sidelobe structure. The inhomogeneous earth 
results in a broadening of the beam by about 30% over that of the 
same array over a perfectly conducting earth. Other aspects of 
the influence of the ground system and illumination function on 
the array pattern and steerability are discussed. 
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CONCERNING THE SCIENTIFIC BASIS FOR 
NOISE AND INTERFERENCE CONTROL 

Carl E. Baum 
Air Force Weapons Laboratory 

Kirtland AFB NM 87117 

Complex electronic systems can be vulnerable to various kinds 

of electromagnetic environments. It is a very challenging task to 

have a detailed understanding of all the resulting signals at all 

places of importance in the system. In order to control these 

signals and bring them all below some particular levels with a 

high confidence, it is necessary to have some general techniques 

to control the electromagnetic interaction with the system as a 

whole and reduce the number of critical variables which govern the 

system response. To begin this discussion of the scientific basis 

for noise and interference control one can consider three basic 

ideas which are not totally independent: electromagnetic topology, 

symmetry, and orthogonality. 

Electromagnetic topology has both qualitative and quanti­

tative aspects. The qualitative side includes the hierarchical 

volume/surface topology and the equivalent dual graph or inter­

action sequence diagram. This aspect leads to design gUidelines 

for shielding penetratons and discrete shielding concepts which 

involve combinatoric considerations. On the quantitative side 

one begins with the BLT equation for signal transport through the 

system and partitions the terms according to the hierarchical 

topology to form supermatrices and supervectors with special 

properties. Assuming effective shields and subshields one 

obtains the good-shielding approximation as an approximate solution 

to the BLT equation. Combining this with norm concepts gives bounds 

on signals in the various system layers. This gives a format for 

specifying the performance of the important elements. controlling 

the electromagnetic penetration. 

Geometrical symmetries, such as a symmetry plane, can be used 

to decompose the system response into terms which respond in 

different ways to the electromagnetic excitation. By imposing 

corresponding symmetry conditions on the exciting field certain 

undesired response terms can be suppressed. A simple example of 

this concept is cross polarization. 

One can think of orthogonality in a simple form as two vec­

tors at right angles to each other as in cross polarization. How­

ever, one can more generally think of orthogonality by extending 

the concept of dot product to symmetric product involving integra­

tion of dot products of vector functions over various domains. 

Since such symmetric products appear in modal coefficients (both 

eigenmodes and natural modes) then orthogonality is interpretable 

as zero modal coefficients which provides an alternate interpreta­

tion of the use of symmetry to cancel certain responses. Further­

more shielding as used in electromagnetic topology can be inter­

preted as making coupling coeeficients to internal modes small 

giving a concept of "approximately orthogonal l1
• 
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APPLICATION OF SHIELD TOPOLOGY TO SYSTEM PROTECTION 

Edward F. Vance and Werner Graf 
SRI International 

333 Ravenswood Avenue 
Menlo Park, CA 94025 

The protection of electronic systems from strong external sources of electromagnetic stress such as lightning and the EMF, requires a systematic application of closed electromagnetic 
barriers between the source and the protected circuits. Because systems are often constructed by integrating packaged electronic 
equipment and subsystems into airframes, ships, or ground based 
facilities, the protection is usually allocated between a system level barrier and an equipment level barrier. In this paper we discuss Some implications of the choice of circuit threshold, of 
the ability to test or evaluate the protection, and of the ability to specify thresholds on the procedures for allocating barrier effectiveness. 

The system barrier must at least reduce the stress applied to the protected circuit to below the damage level, but there is no benefit from barrier improvement that reduces the threat stress to much below the stress that the system itself generates during the normal operation. The use of damage as the threshold ,for unsatisfactory performance is contingent upon the damaged condition being accurately defined. However, only the functional (and not the damage) characteristics of devices are usually carefullY controlled. Hence the damage threshold often cannot be accurately defined, and·sometimes may vary over several orders of mag~itude among different lots or different manufacturers of functionally interchangeable parts. Furthermore, the damage threshold can rarely be determined without destroying the unit being tested. 

The ability to specify and test a barrier is affected by the shape, size, and complexity of the barrier, as well as by the threshold. More accurate. source simulation or more thorough analysis are required to evaluate barriers having many arms, branches, or extensions than to evaluate barriers of simple shapes such as cubes or spheroids. In addition, since for every n penetrating conductors there are n2 modes of excitation, the choice of a barrier surface that minimizes the number of required pen'etrating conductors will also make specifications and evalua­tions of the barrier (or equipment inununity) easier. Since damage in general implies nonlinear behavior, the specification and evaluation of the equipment level barrier is further exacerbated if the damage threshold is chosen, because then either the non­linear behavior of the equipment must be well understood, or the details of the threat and its interaction with the system level structure must be thoroughly understood, if confidence in the evaluation of the nonlinear events is to be gained. 
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USE OF TOPOLOGICAL DECOMPOSITION CONCEPTS 

FOR DETERMINING EMP HARDNESS ALLOCATIONS FOR 

HULTI-SHIELDED SYSTEMS 

Frederick M. Tesche 
LuTech, Inc. 
P.O. Box 1263 

Berkeley, CA 94701 

ABSTRACT 

Topological shielding concepts may be applied to the design of 

an EMP hardened system in order to insure that the shielding design 

is consistent and that the chances of a shield failure are minimized. 

A topologically consistent design requires that all electromagnetic 

shields within the system be closed, and that all penetrations into 

a shielded region be provided with some form of EMP protection .. 

In carrying out a design for B particular system, it is desired 

to use a balanced hardening approach. This implies that the levels 

of DiP protection at each penetration point within the topological 

layers are chosen in such a way so that the responses w,ithin the system 

are comprised of roughly equal contributions from each POE. 

The topological decomposition of a system pennits the determination 

of the appropriate amounts of required hardness at each POE. This 

is known as developing hardness allocations for the system. Often~ 

this process is carried out by considering only ODe class of penetrations, 

and neglects the effects of the others. For example, a shielded enclosure 

is frequently described 1n te.rms of a II s hielding effectiveness" for 

incident electromagnetic fields, neglecting the effects of conJucting 

penetrations which usually contribute substantially to the internal 

response. 

This paper will review the topological concepts of shielding, 

and illustrate how they may be applied to a ground base system. Special 

attention will be paid to the methodology of developing a rational 

sc.heme of EHP hardening al]ocation at the vartous POEs in the shielding 

topology. 
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SOME ASPECTS OF EMP SPECIFICATIONS 

W.S. Kehrer 

Air Force Weapons Laboratory 
~irtland AFB, N.M. 

L. Marin 

The Dikewood Corporation 
Santa Monica, California 90405 

Specifications form one tool in the overall process of establishing/ 
achieving/validating that a system is hard to EMP. Requirements that 
specifications must satisfy in order to serve different purposes in the 
overall hardening process will be discussed. Issues to be covered include 

Quantities to be used in specifications 

Locations in a system where to apply specifications 

Subsystem versus system-level specifications 

Specifications and hardness validation schemes 
The use of eXisting system-level EMP test data in defining specifications 
is also discussed. 
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AN EXACT, COMPULATIONALLY EFFICIENT SOLUTION 
TO THE INVERSE SOURCE/INVERSE SCA TIERING 
PROBLEM IN SPATIAL FREQUENCY/TIME SPACE 

W. Ross Stone 
IRT Corporation 

1111;6 Vista Claridad 
La Jolla, CA 92037 

Recently, N. N. Bojarski has discovered a new, exact, computationally 
efficient solution to the direct scattering problem. The author has dis­
covered a closed form solution to the inverse scattering problem which has 
similar properties. The basic wave equation is obtained as an algebraic 
equation is the spatial frequency domain (but with the temporal variable left 
untransformed). The constituative relations, Which include the unknown 
medium properties as a function of the spatial variables, are written as 
algebraic equations in real space. The result is a set of two simultaneous 
algebraic equations in two spaces connected by the spatial Fourier transform'. 
These equations are local in the spatial varible, but global in the time 
variable. A temporally local form of these equations is obtained. By the' 
proper application of causality and other real world constraints, a numer­
ically efficient, exact closed form (non-iterative) solution to the. inverse 
problem is obtained. In their present form, the solutions for the direct and 
inverse problems are exaCt for media with arbitrary spatial inhomogeneities 
but with no loss or dispersion. A method for extending both of these solutions 
to more general media is presented. 

The emphasis of this paper is on the properties of this solution, rather than on 
the details of its derivation. The computational efficiency of the new 
solution is Significant. It is shown that if L is the number of time steps and N 
is the total. number of spatial resolution cells (e.g. N = N N N for a 
problem with. three spatial dimensions), the number of compi'ex ri;ultfply/add 
operations required to solve the inverse problem is of the order of LN log2 N. 
The number of storage locations required is of the order of LN. This should 
be 5!0ntrasted with operation counts and storage requirements of the order of 
LN or higher ~ iteration for other available techniques. The consequences 
of this property of the solution are to make it quite feasible to process large 
amounts of data for real world, two and three dimensional problems in 
quasi-real time on realitively small computers. 

The behavior of the solution in the presence of noisy, sampled data is 
discussed. It is shown that the solution is stable in the presence of noise. 
The relationship among signal-to-noise ratio, spatial sampling interval, and 
spatial resolution of the solution is presented. It is shown that resolution 
beyond the classical Rayleigh criterion may be achieved in practical cases. 
The uniqueness of the solution is discussed. 

Numerical experiments demonstrating this solution and its properties, for 
both one and two dimensional examples, are presented. Timing and storage 
requirements are discussed. 
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Constrsiined Solutions to nll1verse Source 
and Scat~erilllg Probiems 

A. J. Devaney 
Schlumberger-Doll Research 

P. O. Box 307, Ridgefield, CT 06877 

The inverse source problem consists of deducing a source term p([) to 
the inhomogeneous Helmholtz equation (\72 + k2 )I/I(r) = -p([) from 
measurements of the field 1/1 (r) performed outside a volume 'T known to 
contain the source. The source may either be self-luminous or, as is the 
case in inverse scattering, p can be an induced source, equal to the pro­
duct of a scattering potential V (r) with the field 1/1. In this paper it is 
shown that the various commonly employed integral equation formula­
tions of the inverse source problem are all mathematically equivalent a..'ld 
that the class of so-called nonradiati'ng sources occur as solutions to the 
associated homogeneous forms of these integral equations. The ill-posed 
nature of the inverse source problem caused by nonradiating sources is 
shown to be correctable by imposing certain auxiliary constraints on the 
sought after solution. Specific constraints considered in the paper include 
minimum source "energy" [min. fd3rl p (r) /2 1 and minimum source­
field "interactiori· energy' [min. d3r (p' 1/1 + pl/l') J. The constrained 
solutions to the problem are shown to be readily obtainable from either 
the radiation pattern of the field 1/1, (scattering amplitude in the case of 
inverse scattering), or in terms of the boundary value of the field and its 
normal derivative over any closed completely surrounding the source 
volume'T. 
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A SCHEME FOR THE NUMERIC RECONSTRUCTION OF DIELECTRIC PROFILES 

D.L. Jaggard, H.N. Kritikos and D.B. Ge 

Moore School of Electrical Engineering 
University of Pennsylvania 
Philadelphia, Penna. 19104 

Because of its diverse applications, the problem of profile recon­

struction by inverse scattering has attracted great interest since 

the pioneering work of Gel'fand and Levitan, circa 1950. Closed 

form solutions have appeared for this problem [see e.g., I. Kay, 

New York Univ. Res. Rpt. No. EM-74 (1955) and A. K. Jordan and S. 

Ahn, Proc. lEE 126, 945-950 (1979)) but are typically applicable to 

a limited class--QI dielectric profiles. 

In this report we present a simple numeric scheme for the accurate 

reconstruction of arbitrary dielectric profiles. The scheme is 

based on a solution to the Gel'fand Levitan integral equation which 

is transformed by a change of variables. The resulting equation is 

discretized and solved by leapfrogging in space and time. In this 

form the method provides accurate reconstructions for slowly vary­

ing monotonic profiles. By a slight alteration involving several 

iterations, the method can be extended to non-monotonic profiles 

as demonstrated in the plot below. 

Several other cases will also be considered which will exemplify 

the simplicity and economy of the technique. Of particular note 

is the fact that this scheme avoids the complexities of matrix 

inversion. 
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~ 
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z ..... 
Potential profile reconstructions V(z) as a 

function of distance z into the dielectric. 

The solid lines represent the exact and iter­

ative solution while the dashed lines represent 

the leapfrogging solution. 
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ONE DIMENSIONAL HIGH FREQUENCY PROFILE INVERSION 

D.L. Jaggard, D.B. Ge and H.N. Kritikos 
Moore School of Electrical Engineering 

University of Pennsylvania 
Philadelphia, Penna. 19104 

The presence of a dielectric and confirmation of its profile shape constitute problems of current interest in remote sensing and in­verse scattering. A well known technique for extracting one dimen­sional profiles from reflection data is based on the solution of an integral equation [I.M. Gel'fand and B.M. Levitan, Izv. Akad. Nauk. SSRser. Math •. 15, 309-360 (1951)]. However, closedform solutions ~stricted~by tedious algebra and fundamental mathematical limitations, to limited classes of reflection coefficients [see e.g., A.K. Jordan and S. Ahn, Proc. lEE 126, 945-950 (1979) and K.R. Pechenick and J.M. Cohen, Phy. Lett. 82A, 156-160 (1981)J. 

Here we invoke the physical condition that at high frequencies the reflection coefficient is moderate or small. This allows the linear­ization of the Riccati equation for the reflection coefficient and a simple expression then approximates the profile from the reflection data. 

Results for meromorphic reflection coefficients include the follow-ing: 
(i) 

(ii) 

a rule of thumb is found for determining the region of 
validity for this method; 
an accurate description of the profile shape near the 
illuminated region of the dielectric is known; 

(iii) closed form expressions can be written for profiles chara­cterized by reflection coefficients with an arbitrary 
number of poles. 

The figure below illustrates the method for a profile described by an eight-pole reflection coefficient. 

The virtues of this method include the facts that the complexity of this reconstruction scheme is relatively independent Qf the number of poles and that this scheme can be used for several dispersion re­lations, not only the one assumed in the Gel'fand Levitan formulation. 
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INVERSION OF SCATTERING DATA FROH UNIFORM DIEL,~C'rRIC SPHERF.R 

Egon l~arx and George W. Mulholland 
National Bureau of Standards 

\lashington, DC 20234 

We determine the radius r and the refract i ve index n of 
polystyrene spheres by measuring scattered light from a He-Cd 

'laser as a function .of angle and fitting the data to curves 
obtained from Mie theory. The radius varies from about 150 to 
1000 nm, compared to·a wavelength of 442 nm. We use a Differential 
II light scattering photometer, where a single sphere is levitated 
in an electric field. We assume that we have a monochromatic 
plane wave that scatters off a homogeneous dielectric sphere. 

We minimize the ~uality of fit Q of the data to a theOretical 
curve to determine the best values of nand r. The nature of the 
surface showing ~ as·a function of nand r provides a visuali7.ation 
of the accuracy of the fitting.process. For the smaller radii, 
Mie curves have no peaks and the Q surface is rather flat with a 
shallow minimum. For larger radii, a surface may have a trough 
at an angle to the axes, with a nearly level bottom and steep 
sides. Thus, errors in the data can change significantly the 
best values of nand r with little change in Q. For a given n, r 
can be determined very precisely. Measurements with light polar­
ized either parallel or perpendicular to the scattering plane 
resolve some of the uncertainties; we use the harmonic mean of 
the two values of Q as an overall ~uality of fit. 

Actual data analysis shows that the values of the index of 
refraction fall mainly between 1.61 and 1.66 (the value for bulk 
polystyrene at this laser fre~uency is 1.615). Repeated measure­
ments on the same particle show good agreement, although a change 
in polarization can give rise to larger differences in the results. 
Sources of noise include the motion of the particle within the 
laser beam, saturation of the photomultiplier or the voltmeter, 
and stray light in the instrument. We found that small changes 
in the angle calibration lead to sizable changes in the best values 
of nand r. Computer lIexperiments" in which values obtained from 
Mie's formulas are changed in a prescribed or "random" manner show 
the importance of this effect, as well as the smaller effect of 
the added noise. Impurities deposited on the spheres and inhomoge­
neities of the polystyrene also affect the scattered intensities. 

Noise and measurement errors cause difficulties, and a consid­
erable amount of judgement has to be exercised to select the defi­
nition of Q and to resolve discrepancies between different results. 
Definitions of Q include least s~uares fits of the data, of the 
logarithm of the data, and of the data multiplied by a factor of 
sin2(e/2). The first tends to emphasize errors in the large 
intensities at small angles, the second has difficulties with very 
small values, and the third emphasizes measurements in backward 
scattering, but gives comparable sizes to different peaks. 
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AN INVERSE SCATTERING STUDY OF THE DYSON EQUATION 
FOR RANDOM OCEAN BOTTOM SEDIMENTS: 
I. M. Besieris and W. E. Kohler 
Virginia Polytechnic Institute and State University Blacksburg, Virginia 24061 

The deterministic inverse scattering results of D. C. Stickler and P. A. De'ift ["An Inverse Problem for a Stratified Ocean and Bottom," J. Acoust. Soc. Am. (to appear)] have been adapted to the ordinary differential equation emerging from-the Dyson equation for the mean pressure field under the assumption of lossy ocean sediments exhibiting highly ariisotropic "pancake-like" statistical fluctuations, in addition to refracting and sound speed profiles. 
Motivation for this work has stemmed from the idea that many measurements will probably have to be averaged prior to any application of an inverse scattering algorithm to recover the sediment structure. Thus, if one processes the mean or averaged pressure in the context of a random model, the relevant equation whose properties are being deduced is the equation satisfied by the mean field, i.e., the Dyson equa ti on. 
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A QUASI REAL TUlE MICROHAVE INVERSE 
SCATTERING TECHNIQu~ 

APPLICABLE TO BIOMEDICAl TOMOGRAPHY t 

J. Ch. BOLOMEY, L. JOFRE, G. PERO~~!, Ch. PICHO! 
A. IZADNEGAHDAR, H. BERKANE, H. SOLAUIANI,:: 
G. COLLIGNON, Y. HICHEL, J. SAINT, C. SZELES.:::: 
M. GAUTHERIE, J.L. GUERQUIN-KERN.:::::: 

" Laboratoire des Signaux et Systemes 
Groupe d'Electromagnetisme 

C.N.R.S. - E.S.E. 
Plateau du Moulon 

91190 GIF-SUR-YVETTE - FRANCE 

"" Societe d'Etude du Radant 
Avenue de l'Atlantique 

91942 - LES ULIS CEDEX - FRANCE 

Laboratoire de Thermologie Biomedicale 
Faculte de Medecine 

Universite Louis Pasteur 
67085 - STRASBOURG - FRANCE 

A new technique for biomedical microwave imaging is 
presented : its salient advantages are rapidity, low level 
of radiated power and low cost. 

A 15 dBm source applicator is used to illuminate the 
organ to be tested. Probation of the field scattered by the 
organ on a surface is achieved through a modulated scatte­
ring technique : this allows a very low acquisition time 
(about 1 ms per point). rJ.Ch. BOLOMEY, Invited Communication, 
Comite espagnol de l'URSI, Barcelone, 1-2 Oct. 1981, p. Xl]. 

The r.econstruction algorithm is based upon an angular spec­
trum method ; only FFT algorithms are needed. Hith the help 
of an array processo~ time like 1 second per image can be 
reached. 

The surrounding medium is water in which the wavelength 
at 3 GHz is 1.16 cm. In this configuration slices of the 
organ in all directions are obtained with a resolution of one 
half of a wavelength. 

These techniques have been applied successfully to 
homogeneous bodies like plexiglass rods and inhomogeneous 
ones like cylind dcal shell and a pig kidney. 

t (Contract DGRST n° 81.M.909) 
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IMPROVED RESPONSE WAVEFORMS FOR THE CIRCULAR DISK 

E.M. Kennaugh 
Il.l. Moffatt 

ElectroScience laboratory 
Department of Electrical Engineering 

The Ohio State University, Columbus, Ohio 43212 

While approximations using the geometrical theory of diffrac­
tion generally yield good results at high frequencies, for backscat­
tering by a circular disk these yie"ld non-casual time responses. A 
time-domain method for correcting this inconsistency and improving 
the estimation of scattered or induced fields at lower frequencies 
is described. It is shown that estimation of complex resonance 
frequencies and the associated kill-pulse for the disk are also 
improved by this method. 

Transient scattered waveforms computed for the circular disk 
under several illuminating waveforms will be presented to illustrate 
the use of signal waveform to control the duration and polarization 
of scattered waves. 
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FAR FIELD IN TRANSIENT RADIATION AND SCATTERING 

N.J. Damaskos, R.T. Brown 
NJDI, Box 469, Concordville, PA 19331 

and 

P.L.E. Uslenghi 
U~iversity of Illinois at Chicago 

A definition of far field for time-domain scattering (or radia­
tion) is given heuristically, by introducing the dimensions of the 
scatterer and the length of the scattered pulse (w~ich in turn 
depends on scatterer, incident pulse and direction of observation) 
as characteristic dimensions. This heuristic def.inition allows us 
to simplify considerably the formula which gives the scattered far 
field as an integral over the sources. 

A more precise meaning of the simplifications thus obtained is 
achieved by Fourier transforming our approximate time-domain results. 
For example, in the frequency domain in two dimensions with E­
polarization, we obtain the far field in terms of an error function; 
this can be asymptotically evaluated to yield the well known CW far 
field formula, provided that the length of the scattered pulse is 
chosen much larger than one quarter of the longest wavelength asso­
ciated with the bandlimited incident pulse. 
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TIME-DOMAIN TECHNIQUES IN THE SINGULARITY 
EXPANSION METHOD 

w. A. Davis and D. J. Riley 
Department of Electrical Engineering 
Virginia Polytechnic I.nstitute and 
State University 
Blacksburg, VA 24061 

Cordaro and Davis have suggested a method which transforms 
the pole searching problem into an algebraic "eigenvalue problem. 
However, this transition riecessitates the eigensolution of very 
large, sparse matrices. The use of simultaneous iteration for 
the eigensolution of these matri~ces has made this method feasible 
for finding the first few layers of poles {or one- and two:"'dimen­
sional problems. 

In this contribution, the two-dimensional rectangular plate 
problem is considered in the time-domain using both triangular 
and rectangular griciing techniques with finite differences. The 
relative merits of each are discussed, and "the first few" layers 
of poles for this pro~lem are also examined. 
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THE EFFECT OF PERTURBATIONS OF A SURFACE ON ITS NATURAL FREQUENCIES 

R.K.Ritt, Illinois State University, Normal, 11. 

Let H(x,s) be the Laplace Transform, for s in the right half plane, of 
the magnetic field exterior to a bounded pi~cewise smooth perfect con­
ductor, S,that is produced"·by an impulsive' point source, located at xO' 
with polarization p. Let 'h(k,s) be the Fourier Transform of that 
function which is H(x,s) exterior to S and zero for x interior to S. 

It is shown that 

(s2/c2 + k·k)·h(k,s) + ik/4,,2 x 'J: i N(k - k') 'x liCk' ,s) d3k' 
L.\ . 

where 

N(u) = 1/4;. )} n(x) e- iu ' x dS(x), 
S 

n(x) being the unit normal on S. 

h(k,s) is analytic in the right half plane; the integral equation per­
sists for the analytic continuation of h(k,s) into the left half plane. 
and the Singularities of this continuation are the natural frequencies 
of S. 

The effect,of perturbing S by a matrix close to the identity, on the 
function N(u) is calculated; using this, perturbation formulas for the 
natural frequencies are derived. 
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ROOT LOCUS PLOTS OF THE 

SINGULARITIES OF THE HELICAL ANTENNA 

Thomas H. Shumpert 
Thomas A. Blalock 

Electrical Engineering 
Auburn University, Alabama 

Equations for the natural response of a thin-wire antenna in 
the form of.a helix are evaluated. The method of moments is em­
ployed in the complex frequency domain to determine the loci of 
the critical singularities as a function of the pertinenJ/e1ec­
trica1/geometrica1 parameters - axial length of he1 ix, diameter of 
helix, diameter of helix conductor, and pitch angle. prots of these 
loci are presented, and the relationship between the singularities 
and the known radiation modes (normal and axial) of the helix are 
discussed. The subsequent transient response characteristics of 
the helical antenna are addressed also. 
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S-PLANE SURFACE FEATURES 

FOR SIt1PLE THIN-WIRE SCATTERERS 

Thomas H. Shumpert 
Thomas A. Blalock 

Electrical Engineering 
Auburn University, Alabama 

In recent studies much attention has been devoted to the loca­
tion and movement of the s-plane singularities of simple thin-wire 
scattering systems. Root locus plots for isolated bent wires, 
crossed wires, and parallel and colinear two-wire systems have prov-
en valuable as an aid to understanding the mutual coupling in these 
systems. Even crude contour plots of the s-plane have been included 
by some investigators to provide additional insight into these cou­
pling mechanisms. This investigation represents an attempt to uti­
lize three-dimensional plots of the impulse response function for 
simple scattering systems to effect a qualitative sensitivity anal­
ysis as a function of pertinent geometrical parameters. Analytical 
and numerical schemes for accentuating desired s-plane features and 
suppressing unwanted features are discussed and examples are presented. 
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TRANSIENT RESPONSE OF THE PROLATE SPllEROIDAL IMPEDANCE ANTENNA 

Joseph D. Kotulski 
University of Illinois at Chicago 

and 
Naval Research Laboratory, Washington, D.C. 

A prolate spheroidal impedance antenna is excited at the 
equatorial gap by a ~-independent step voltage. The medium is 
assumed to be homogeneous and isotropic and the far field is 
expanded in terms of the spheroidal wavefunctions. The boundary 
condition at the spheroid is either inductive or capacitive; this 
excludes the case of active loading of the antenna. The spheroi­
dal wavefunctions are in turn expanded in terms of Legendre poly­
nomials of the first and second kinds. This yields a representa­
tion valid in the low frequency region that encompasses the first 
two resonances of the perfectly conducting spheroid. From the s 
plane representation, the time response is determined by Laplace 
inversion. 
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CYLINlJRICAL STRUCTURES RESPONSES 'fO E. M. PULSES ILLUMINATION." 

_B.JECKO & B. PECQUEUX - UER des Sciences -
Laboratoire d'Ele9tronique des Microondes 123 rue A. Thomas 
87060 LIMOGES Cedex - France -

Transient Scattering by perfectly conducting cylinders 
illuminated by E.M. pulses is solved, directly in time domain, 
using a new integral equation approach (B. Jecko and A. Papiernik 
Int. URSl Symp. on E.M. Waves - Munich, 1980). Magnetic Field 
(~1FlE) and Electric Field (EFIE) integral equations are establi­
!:hed and compared for incident waves with TE and TM polarisation. 
For cylinders with circular cross-section a comparison with thin 
.wire solutions gives a time-domain criterion fo "thin .wire appro­
ximation" vai.idity. 

Firsty, an application to the EMP response of a very 
long antenna (length L = 3bOm) above a perfectly conducting ground 
is presented. The antenna model consists of two parallel cylind.ers 
with 2L length and two different radii. For protective elements 
acfinHioll the time evolution (0 < t < LIe) of the induced center 
current is evaluated. 

An integral equatioll for infini.tely long straight wires 
is deducf'd. From EFTE because of his ~;imple form, this equation 
can be casely applied to determine the Ef'.o1P response of many paral­
lel wire~. Applieation to EMP penetration into a circlllar bulding 
is pre:..;enteJ.. 

* 'I'liis work is ""JlPorted by : Etabli:>sement Technique Central de 
l'Al'mernent E.-r.C.A. (C.A.D.) 9 1!114 ARCUEIL (FRANCE). 

101 

iltl 



ELECTROMAGNETIC PULSE RESPONSE OF A SINGLE APERTURE 

SPHERICAL CAVITY WITH LOSSY WALL 

Ptobir K. Bondyopadhyay 

Department of Elect.Engg.Tech & Comp:Sc. 
New York Institute of Technology 

Old Westbury, New York 

ABSTRACT 

A novel efficient method for analyzing the Electromagnetic 
Pulse response of a single aperture conducting spheri.cal cavity, 
containing, in general, a lossy wall is presented. The analysis 
is based on the spherical transmission line mode representation 
of the electromagnetic fields both in and outside of the cavity. 
An integral equation in unknown aperture electric field is solved 
by the Galerkln's method numeri6ally and very efficiently to 
obtain the penetrated field at frequencies centered around the 
resonant frequencies of the cBvity. The integral equation is 
given as (IEEE EMC Digest 1981 pp. 517): 

2 

H = ~ T ~ If R E e* dn(ylnt_ yext)h 
p=l n=l m=O apert -t _pmn pn pn -prnn 

where, the loss in the uniform thin dieler:-.tric coating of the wall 
is incorporated in the internal modal admittances through spherical 
transmission line impedance re18tions. 

Inverse Fast Fourier Transform techniques are employed. to 
recover the transient response from the computed frequency <:Iom3.in 
response around the resonant frequencies for various lossy wall 
conditions. Shifted comple~ resonance frequencies of the lossy 
cavity are also obtained from thts analysis. 
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NUMERICALLY RIGOROUS INVERSE SCATTERING USING 
STACKED 2-D SPECTRAL-ITERATIVE APPROACH 

R. Kastner and R. Mittra 
University of Illinois 

Urbana, Illinois 

In this paper, we present a new approach based on the spectral­
iterative technique (Kastner and Mittra, 1981 IEEE International 
Symposium Digest, June 16-19, 1981, pp. 312-314) for solving the 
inverse scattering problem for a general shaped body. The approach 
is based on slicing the scatterer by a number of parallel planes 
over which the current distribution is sampled, and applying an 
iterative procedure to recover the profile of the body. The 
process starts with an assumed initial shape and a corresponding 
initial guess for the current distribution. This assumption is 
subsequentlt !mproved one plane at a time by applying the boundary 
condition E 0 =0 inside the assumed body, and by augmenting the 
i¥ifial profile of the body with regions where the condition 
E 0 =0 is satisfied within a given tolerance. Upon completion of 
one scan of the scatterer, its spectral field due to the currents 
on the iterated scatterer is modified by replacing its values 
within the visible range by the known far-field quantities while 
leaving the values in the unknown, invisible range unchanged. The 
entire process is then repeated, as needed, until convergence is 
achieved. Each single scan of the body produces a modified shape 
and a modified current distribution, and is defined as One cycle 
of the iteration. The process of progressing between the planes 
is done efficiently in the spectral domain, where the current­
field relationships are of simple algebraic form. Preliminary 
results obtained for a strip and a rectangular cylinder with 
E-mode incidence are very promising (see Figure). The only appr~,. 
imation involved is the discretization of the geometry by a ' 
rectangular grid. Since the satisfaction of the boundary condi­
tion and the agreement of the far-field data are verified in the 
process of generating the solution, the procedure may be regarded 
as numerically rigorous. 
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INVERSE SCATTERING PROBLEMS IN ALMOST PERIODIC MEDIA 

D.L. Jaggardt and A.K. Jordan* 

tMoore School of Electrical Engineering 
University of Pennsylvania 
Philadelphia, Penna. 19104 

*Naval Research Laboratory 
Washington, D.C. 20375 

In this presentation, we investigate the relation of two areas of 
mathematical physics, namely, inverse scattering and the theory of 
almost periodic functions. The discipline of inverse scattering 
theory has attracted the attention of many researchers since the 
pioneering work of Gel'fand, Levitan and Marchenko, circa 1950. 
Their work concerned one-dimensional profile reconstructions from 
reflection coefficient data. Increased understanding of the prob­
lem was gained from the closed-form solutions of profiles corres­
ponding to rational-function reflection coefficients [I. Kay, Comm. 
Pure Appl. Math. 13, 371 (1960); A.K. Jordan and H.N. Kririkos-~­
IEEE Trans. Ant. Propagat. AP-21, 909. 1973; and A.K. Jordan and 
S. Ahn, Proc-:-lEE 126, 945 (1979)]. The theory of almost.-periodic 
function~(i.e-.-,-functions with discrete or line spectra) has its 
origin in the work of mathematicians such as Bohr and Besicovitch 
during the 1920's and 1930's. The theory has more recently been 
applied to wave propagation problems [D.L. Jaggard and A.R. Michel­
son, ~. Phy. l~, 405 (1979); and D.L. Jaggard and G.T. Warho1a, 
Radio Sci. ~, 467 (1981)]. 

Here we will investigate the use of rational function reflection 
coefficients, described by several poles, to model the reflection 
coefficients of almost-periodic potential functions or refractive 
indices (see figure below). For purposes of illustration we examine 
almost-periodic media containing a few tones or spatial frequencies. 

T~e connection between inverse scattering theory and almost-periodic 
potentials is useful since media with arbitrary spatial variation 
can be represented by a series of almost-periodic functions. 

LS:J 
02461012 

NORMAUZED FREQUENCY 
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IDENTIFICATION OF SHIPS USING H.F. PADAR 

E. K. Walton and C. H. Yang * 
The Ohio State University 
ElectroScience Laboratory 

Electrical Engineering Department 
Columbus, Ohio 

An experiment will be discussed in which 
radar backscatter measurements were made on scale. 
models of ships and the results used to test the 
performance of the nearest neighbor techni~ue for 
target classification. 

The measurement system used a phasor radar 
system in which magnitude and phase measurements 
were made on scale models of the ship targets. 
The radar system measured the absolute radar 
backscatter cross section of the target, as well 
as the phase of the signal with reference to a 
predefined position in space located near the 
center of the scale model. Scans in frequency 
were made over octive bands from 1 to 12 GHZ. 
This measurement system will be briefly descr.ibed. 

The models consisted of 1:1000, 1:1200 and 
1:2400 scale modelS ranging from simple 
(canonical) models to fairly detailed modelS of 
specific modern naval ships. 

The nearest neighbor technique was applied to 
groups of 3 or 4 of the model measurements, and 
the performance of this technique for target 
classification was studied. InflUences such as 
noise, available frequency coverage, inclusion of 
the phase data, and small structural changes in 
the target ship will be discussed. 

* C. H. Yang is on leave from: 
Shanghai JiaO-Tong University 
Shanghai 
The People's Republic of China 
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A Pattern Recognition Approach 
For Recognizing Aircraft 

fran Radar Returns 

Sheldon S. Sandler 
Department of Electrical Engineering 

Northeastern university 
Boston, Massachusetts 02115 

The problem of identifying or classifying aircraft fran radar 
returns, forms the basis for the present work. The unique approach 
of this work is in the direction of solving the problem in toto by 
rreans of pictorial pattern recognition techniques. A simple state­
rrent of the problem is this: given a limited arrount of radar back­
scatter data fran a moving aircraft, what can be said about the 
geanetry of the target? Data consists of microwave backscatter 
returns fran a metallic aircraft. Variables in the radar system 
are frequency, polarization, differential phase shift, and viewing 
angle. Since the electromagnetic scattering is only sarrpled in 
one direction (for a limited range of angles) and the other 
system variables are also known over a restricted range, determin­
istic recognition approaches do not seem applicable. The approach 
considered here is to use what infonnation is available in the best 
possible way. 

Fran simple models for an aircraft, data is gathered for pre­
senting the radar backscatter as a function of the variables in the 
system. Two dimensional gray scale pictures are then constructed 
based on this data set. As an example, one presentation would have 
viewing angle as the absissa, frequency as the ordinate, and a 
black to white intensity for each point proportional to the back­
scattered signal. This presentation of picture contains patterns 
which change as a function of the georretry of the aircraft. Based 
on these characteristic patterns, Catlputer algorithms are devised 
which identify or classify the aircraft. 

Basic to the problem is to say what geanetrical pararreters 
are being classified. OUr approach is to characterize the aircraft 
by giving the rretrics of the structure. These rretrics would be, 
for example, the length and width of the fusalage and the length 
and width of the wings. Model studies used for this rretric deter­
mination would be a finite length cylinder for the fusalage and a 
flat or elliptically shaped wing. Based on this simple model, pic­
tures were produced for a range of the geanetric pararreters (Le. 
airplane types). Work on pattern recognition and classification 
algoritlnn was also begun. Simple autanatic pattern recognition 
algorithms were developed which were able to classify an aircraft. 
These algorithms c:::atplted the rretrics of the aircraft from a limit­
ed range of the radar pictures and then caTq?ared them to a look up 
table for the actual aircraft. 
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ANALYSIS OF OPTIMAL POLARIZATION PROPERTIES OF SPHEROIDAL TARGETS AS FUNCTIONS 
OF ASPECT AND FREQUENCY 

Wolfgang-M. Boerner, Sasan S. Saatchi, 
Marat Davidovitz, and Gerald Nespor 
Communications laboratory 
Information Engineering Department 
University of Illinois at Chicago Circle 
P. O. Box 4348 
Chicago, Illinois 60680 

Basic theories of optimal polarization null properties for simple tar~ets 
are reviewed for the purpose of analyzing the polarimetric behavior of 
prolate and oblate spheroidal, perfectly conducting scatterers as functions 
of aspect and frequency. 

The moduli of the power scattering matrix elements (oHH' 0VV' and 0HV)' the 
relative phases of the scattering matrix elements (aHH - aHV ' aVV - aHV ' 
aHH - aVV )' the loci of the COPOl and XPOl null locations on the Huynen 
polarization map, and the spherical angle between the two COPOl nulls are 
plotted. A succinct interpretation of the graphical results is presented 
showing that polarization control applied to radar target classification 
represents an indispensable tool. 
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A HF INVERSE SCATTERING MODEL FOR RECOVERING THE SPECULAR POINT CURVATURE OF A SMOOTH CONVEX, PERFECTLY CONDUCTING CLOSED SHAPE USING POLARIMETRIC SCATTERING MATRIX DATA 

Sujeet K. Chaudhuri 
Department of Electrical Engineering 
University of Waterloo 
Waterloo, Ontario. Canada N2L 3Gl 

Bing-Yuen Foo and Wolfgang-M. Boerner 
Communications Laboratory 
Information Engineering Department 
University of Illinois at Chicago Circle 
P. O. Box 4348 
Chicago, Illinois 60680 

The information content of the complete scattering matrix at relatively (compared to scatterer dimension) small wavelengths has been analyzed. In particular, based on the time-domain first order correction to the physical optics currents a relationship between the phase factors of the scattering matrix elements and the principal curvature at the specular ,point is established. 
The above phase-curvature relationship is tested by applying it to theoretical as well as experimental backscattering data, obtained from a prolate spheroidal scatterer. The res,ults of these tests not only determine the acceptabil ity of the phase-curvature relationship. it also points out the range of frequency over which the first order correction to the physical optics current is valid. 
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A lID, ELECTRO-IAGNETIC INVERSION TEQlNIQUE 

A. Q. Howard, Jr. 
University of Arizona, Tucson, AZ 85721 

We describe a volume eddy current technique of reconstruc­
tion (VECI'OR). The concept of the trethod is quite straight forward 
and accounts for the physical process by which energy is first 
coupled to anomalies in the earth and in tum re-radiated. Measure­
ments of this process are taken along a set of borehole-locations. 
The IIOdeling is two dimensional. Inversion of field data is sirrula­
ted with a forward problem which is taken to the lossy, right 
circular cylinder is a hOllDgeneous lossy infinite treditnn. The 
source of excitation is a time ~ic array of uniform electric 
line sources which are assumed to be non-insulated. They too are 
assumed to be in a vertical "transmit" borehole. The reconstructed 
data is displayed as contour plots in the seCtion of the vertlcal 
plane between the transmit and receive boreholes. The simlltaneous 
linear equations for the discretized tmknown eddy currents are 
obtained from a volume-current integral equation. The system is 
inverted using ridge regression. 

We have tested VECI'OR using simulated field data supplied by 
computer generated scattering from a right circul.ar cylinder in a 
lossy treditnn. A contour phase plot from VECI'OR is given in· Figure 1 
is a reconstructed image of an anomaly having a radius of 10m and 
located midway between the u-ro boreholes located 100m apart" The 
frequency is 1 Mhz_fld the contrast between the ~ly and the 
background is 100m . The reconstruction used 5 transmitters. and 60 
receivers. Figure 1 corresponds to a one-dimensional projection 
(onto the receiver borehole) of the transmitter power. If surface 
data are included, vertical contour lines should improve the 
circular nature of· the reconstructed image. 

, , , 
I 
I + , , 

I 

" 

~ 
~+-.s-S----~~.7~1~--.~6~.~=-~~~~--~~--~ 

X RXI5(m) 

109 

,I), 



CON FORNAL ARRAY DEVELOPMENT ON KCl3S AIRCRAFT INCLUDING EFFECTS OF FUSELAGE, 
WING, AND TAIL DIFFRACTION 

E. K. Walton 
The Ohio State University 
ElectroScience Laboratory 

Electrical Engineeririg Department 
, Columbus, Ohio 

The design of a conformal antenna array on the surface of an aircraft fuselage requires consideration of the effects of scatter.ing and diffraction from the curvature of the fuselage and the wings and tail structures. The beam forming algorithims which can be used for the array in free space will not give the proper distribution of phase (or ampli tude) over the ar ray when it is attached to the airframe. 

The geometrical theory of diffraction can be used to predict the effects of these scattering and diffraction terms. The far field amplitude and phase from elements located on the fuselage can be computed as a function of element position on the airframe. These data can be used to derive the required array phase distribution for the formation of a particular desired beam. 

An example for the KCl35 aircraft is given. The phase (and possibly the amplitude) distribution required to generate a beam in a set of given directions will be shown. The beam formed using this proceedure will be compared to the beam formed if a free space algorithm is used. 
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IWMERICAL ANALYSIS OF 1\ CONFORMl\L l\RRl\Y 

TIMOTHY R. HOLZHEIMER AND 
EeI/E-SYSTEMS 
P.O. I)OX 12248 
ST. PETERSBURG, FL 

EVERETT 1\. NELSON 
GEORGII\ INSTITUTE OF TECHNOLOGY 
EES/AAIJ;, 
I\TLANTI\, GI\ 

1\ numerical analysis has been developed that will calculate the 
far-field pattern of a conformal array. The method used is simi­
lar to (Hsiao and Cha, IEEE l\P-22, 81-84, 1974), however, this 
approach provides greater flexibility. This method is not limited 
to a conformal array lying on a pure cylind~ical su~face. It can 
be used to approximate a cylindrical ~urface with many planar 
arrays and each planar ·array is not dependent on the radius of 
curvature. It can alsO be used to generate the far-field pattern 
of a planar array which.can be very useful when the polarization 
of the elements in the planar array are not all identical. In 
addition to the relative pattern shape, the absolute gain of the 
conformal array is calculated. 1\11 element positions are calculated 
in such a way that the element phase calculations are simplified 
nor any array plane tilt angle allowing easy beam scanning 
calculations. Also, the element pattern is in the form of a 
complex vector which allows any element polarization to b~ in­
cluded in the far-field pattern calculation. Extensive results 
have been obtained to illustrate the versatility of this numeri-
cal code. 
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MICROSTRIP DIPOLES ON THICK CURVED SUBSTRATES 

N.G. Alexopoulos 
University of California at Los Angeles 

P.L.E. Uslenghi 
University of Illinois at Chicago 

N.K. 'Uzunoglu 
National Technical University of Athens 

Arrays of electric dipoles which are tangent to the outer sur­
face of a dielectric layer backed by a curved metallic surfa.ce 
(modeled by a circular cylinder) are cons.idered. The exact solutions 
for th"field, both inside the coating layer .and in th.e surrounding 
free space, 'are expanded asymptotically for .a cylinder with diameter 
large compared to the wavelength and for a thick dielectric layer. 

The effects of layer thickness on the self-impedance of each 
dipole, on th.e mutual coupling between dipoles and on the radiation 
pattern of the array ·are discussed.· For small thickness, the results 
previously obtained for thin substrates. by the same authors [National 
Radio Science Meeting"Los Angeles, June 1981; 5th Antenna Applica­
tions Symposium, Monticello, Illinois, September 1981) follow as par­
ticular cases. 
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A THEORETICAL AND EXPERIMENTAL. STUDY OF THE 
"FEED INDU~TANCE" OF .A MICROSTRIP ANTENNA 

W. F. Richards, J. R. Zinecker, R. D. Clark 
Department of Electrical Engineering 

UniversitY'of Houston 
Houston; TX 77004 

Y. T. Lo 
Department of Electrical Engineering 

. University of III inois. 
Urbana, IL 61801 

It has been found, both on, .. the bas i s of experiment and theory, 
that (excepting the case of degenerate or nearly degenerate modes) 
the' driving point 'impedance of a thin, micrcistrip antenna is accu· 
rately modeled by a parallel ,R~L-C .circuit in series with an iliduc­
tarice~ ·Often, this series 'inductance (wh'ich is attributa.ble to the 
feed and.is denoted here as the "feed· inductanc'e")is not a'particu­
larlYintere'sting or imRortanf parameter. However, there are appli~. 
cations .inwhicha correct computation of the inductan,c,e ·associated 
with the feed, or more importantly'with a loadeaport cif the 'aritenn,a; 
is crucial. An example of such an application is ·in the "freouency 
agile antenna" (D. H. Schaubert, F. G. Farrar, A. R. Sindoris, and 
S. T. Hayes, 1980 APS Symposium Digest, p60l-604), the resonant 
freouency of which can be adjusted by varying the locations of one 
or more shorting pins on the patch. These shorting pins can be 
diodes, biased open or shorted as required. Other applications 
utilizing such loaded ports, requiring a knowledge of feed induc­
tances, include the electronic selection of patch antenna polari­
zation and the variation of phase between input and output ports of 
a series fed array for beam steering. 

This paper addresses the probl em of accurately computing these 
feed inductances. The variation of inductance with respect to feed 
location is Quite dramatic, while the simple, position-independent 
model for the feed inductance (K. R. Carver, 1980 APS Symposium 
Digest, p6l7-620) is inadequate for these applications. The phy­
sical mechanisms for this variation are presented as well as theo­
retical computations and measurements. In this paper we will dis­
cuss various models for coaxial feeds and their limitations. 
Numerically efficient methods for these computations will be pre­
sented. 
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AN ANALYSIS OF ANNULAR, ANNULAR SECTOR, AND 
CIRCULAR SECTOR MICROSTRIP ANTENNAS 

J. D. Ou, W. F. Richards 
Department of Electrical Engineering 

University of Houston 
Houston, TX 77004 

Y. T. Lo 
Department of Electical Engineering 

University of Illinois 
Urbana, IL 61801 

The results of the analysis of an annular (circular ring) antenna, 
an annular sector, and a circular sector microstrip antenna are presented. 
These antennas have a number of interesting applications. The latter two 
approximate triangular and trapazoidal patch antennas and seem naturally 
suited for mounting on the conical heads of missiles and ogives. The 
method employed for their analysis was an adaptation of the ,cavity model 
(Richards, Lo, Harri son, IEEE Transactions on Antennas and Propagation, 
January 1981) to these geometries. Several of these antennas were built 
and tested. The computed input impedances agreed well with these measure­
ments. 
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ELLIPTICAL MICROSTRIP PATCH ANTENNAS 

Sembiam R. Rengarajan 
Department of Electrical and Computer Engineering 

California State University, Northridge 
Northridge, CA 91330 

Elliptical microstrip patch antennas of small eccentricities have 
been studied theoretically and experimentally (Shen, IEEE Trans. 
AP-29, 68-76, 1981; Long et al., IEEE Trans. AP-29, 95-99, 1981) 
for circular polarization characteristics. Circular polarization 
results due to the, excitation of nearly degenerate e™11 and 
oTM11 modes which are orthogonally polarized. Shen's approximate 
analysis is applicable to small eccentricity elliptical patches. 
In this work, elliptical microstrip patch antennas are analyzed 
using Mathieu and modified Mathieu functions. Patches of differ­
ent eccentricities are studied experimentally and their charac­
teristics compared to circular and rectangular geometrieS. 
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AN EXPERIMENTAL AND THEORETICAL INVESTIGATION OF THE 
RESONANT CYLINDRICAL DIELECTRIC CAVITY ANTENNA 

Stuart A. Long and Mark W, McAllister 
Department of Electrical Erig,ineering 

University.of.Houston 
Houston, Texas 77004 

In recent years the frequency range of interest for radiating systems has gradually progressed upward. For several applications today frequencies beyond the usual microwave band and in the milli­meter and near millimeter region (100-300 GHz) are required. Many of the antennas. that are in current use at microwave frequencies can not be simply scaled up in frequency. Conductor losses become too great for some and for others the excessive reduction in size prohibits economical fabrication. For these reasons new.tec.hniques must be developed to radiate energy efficiently at these higher frequencies. In addition new problems arise from the need to inte.­grade ·the 'radiators with the desired wa1(eguidingsystem. 

A novel structure which seemingly has the possibility of radi­ating efficiently and allowing integration with dielectric waveguides is the resonant cylindrical dielectric cavity antenna. Previous dielectric cylinders of very high permittivity (relative dielectric constants of the order of 100-300) have been used as resonant cavi­ties. In each case the emphasis of these investigations has been on the structure as an energy storage device, but since the cavity is not enclosed by metallic walls, electromagnetic fields do exist beyond the geometrical boundary of the cavity. Little or no work has been devoted to this structure as a radiator, nor has a complete investigation of the external fields been made. With the use of lower dielectric constant materials (5<E r <50) and proper choices of the dimensions of the cylinder these radiation fields can be enhanced. A first order theory for these external fields has been developed and preliminary measurements have been made on several different dielec­tric cylinders. This work indicates that such an antenna can be designed to provide reasonably efficient radiation in the direction normal to the ground plane of the antenna. For materials with a dielectric constant greater than about 10, a simple theory utiliz­ing magnetic wall boundary conditions has been developed. Using this theory the resonant frequencies and radiation fields can be calculated. Experimental input impedance data and radiation pat­terns were then measured and compared with the theory. 
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THE SIGNIFICANCE OF CROSS-POLARIZATION REFLECTION FROM TRANSMISSION POLARIZERS 

David G. Burks 
Antenna ·Laboratory 

Texas Instruments Incorporated 
Dallas, Texas 75266 

Transmission polarizers are two-port devices that are placed between an 
antenna and the space intowhich .it operates. They are intended to make the 
polarization of the transmitted field different from the incident field. In 
addition to'being sensitiv,e to the inci,dent polarization, the electrical pro­
perties of suchpolarizers are dependent on the incident angle, so the polar­
izer is most .useful for incident ,waves confined to a small range of incident 
angles, such as with electrically large antennas. 

Transmission polartzers .are typically realized with periodic metal cir­
cuits that are etched on thin circuit boards that are separated by low di­
electric spacers. '.Common configurations iriclude ribbon grid, meandering line, 
Lerner. The thin etched .1 ayers. are a'nalyzed as lumped elements that shunt a 
transmission line. ' 

A polarizer for converting linear to circular polarization is obtained by 
a devi ce having 90° of di fferenti ali nserti on phase between the pri ncipa 1 pol­
arizer axes. The polarizer is then exicted with the linear incident field at 
45° to the principal axes. . . 

Reflection from the polarizer contains components in the direction of 
the incident field and crossed to it. If the antenna does not absorb the 
cross-polarized reflection from the polarizer, this component is returned to 
the polarizer where it is partially transmitted with opposite-sense polari­
zation with respect to the initially transmitted component. This can in­
crease the axial ratio of the total transmitted field. 

The present paper presents an analysis of the effects of this polarizer -
antenna interaction on axial ratio and VSWR. The design technique includes 
compensation for these effects by proper spacing and rotation of the polari­
zer. The method has been verified with a three-layer meandering-line polari­
zer that has ultralow axial ratio over a 10% bandwidth. 
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ABSTRACT 

TAPERED FED MICROSTRIP ANTENNA 

C. Kaloi, D. Hatfield 
Pacific Missile Test Center 

Point Mugu, CA 93042 

A theoretical ilnd expflrimental study has been made on a "Tapered 
Fed MicrOstrip Antenna" for obtaining improved bandwidth in singl~ 
microstrip antenna elements. Past investigators have used multi­
mode and arraying techniques (including stacking elements) for 
obtaining improved bandwidth. These techniques have provided 
limited bandwidth improvements or unstable radiation patter~s 
over the bandwidt~. 

Improved bandwidth in this antenna system is obtained by using a 
tapered feed system to provide proper match over a wider band of 
frequencies. This new feeding technique can provide approximately 
two times the bandwidth over a normally fed single microstrip 
element, and maintains a stable radiation pattern over the ' 
bandwidth. 

This paper reports the experimental portion of the study, and a 
more comprehensive analytical paper is in preparation for pre­
sentation at a later date. 
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SCALE MODEL AND FULL SCALE MISSLE 
LIGHTNING TESTING 

Dr. Ganshor 
Martin Marietta 

An extensive lightning test program has recently been completed on a 
major missile program. The testing was performed in two segments. The 
first segment consisted of testing a one-tenth scale model of a missile 
to determine probable lightning attach points. The second segment 
consisted of injecting simulated lightning strikes on a full scale 
portion of the missile. During testing, several missile response 
parameters were measured. The distribution of lightning current over the 
external surface was measured along with coupled voltages to externally 
mounted antennas. Measurements internal to the vehicle consisted of 
lightning induced cable shield curre~t~ ~nd magnetic field distribution. 

Two test waveforms were utilized for the second segment testing. The 
first was a damped oscillatory waveform with a fa.it ri."" time 
(approximately 300 nanoseconds) to simulate the high rate of change of 
current in the initial phase of a lightning return stroke. The second 
was a slower rise time (approximately 3 microseconds) unipolar waveform 
to sim'll .• te the high current long duration portion of a lightning return 
stroke first peak phase. 

Instrumentation consisted of various derivitive sensors for measuring 
skin current, magnetic fields, cable currents and voltages. A fiber 
optics data transmission system provided instrumentation isolation from 
the hostile electromagnetic environment during test. Data waveforms were 
recorded an~t 11l'O;)cessed using transient digitizers and computer processing 
and storage. Several methods of analysis for the computerized data were 
evaluated, and are discus~ed. 

This lightning test program is believed to be one of the most unique and 
e~ten8ive ever performed on any vehicle. 
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"AEHP For Advanced Aircraft" 
AH/AL (FIEA/FIESL) 

The Atmospheric Electricity Hazards Protection (AEHP) program of the Flqght Dynamics Laboratory (AFWAL/FI) is being conducted through the Atmospheric Electricity Hazards Group (FIESL) for base-line investigations and the Advanced Development Branch (FLEA) to develop and demonstrate AEHP for advanced A/C electrical and electronic subsystems/equipments. Lightning characterization has been conducted using a NOAA C-130 during the 1.979-81 "thunderstorm seasons." Airborne records have been made of 3-40 km distant lightning, as well as several direct strokes. Ground based records are also available for many events. These experiences indicate that portions .of the return stroke current waveform associated with a cloud-ground lightning may have sub-micro­second rise-time high current peak pulses. It is planned to establish a simulation capability for 100 KA 200 nsec rise-time pulses through a fighter A/C. Initial efforts have demonstrated a 1.5 KA 200 nsec ris'e-time pulse through an F-16 A/C. 

Currents/voltages induced in A/C information and power circuits during the A/C 1 ightning/P-static interactions may cause upset/damage to advanced sub­systems/equipment. Fiber-optics data links are being investiqated as a counter to this threat. TheAEHP Advanced Development Program (ADP) will continue development of this and other protection concepts. After specifying design criteria and establishinq the design of AEHP for mission critical/flight-safety elements of A/C the hardness achieved will be demonstrated using appropriate atmospheric electricity threat simulation. 
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AIRCRAFT LIGHTNING STRIKE CHARACTERISTICS 

D. W. Clifford 
McDonnell Aircraft Company 

McDonnell Douglas Corporation 
St. Louis, Missouri 63166 

ABSTRACT 

Because of the weight, cost and performance penalties which can result from 

overdesigned lightning protection, it is important that the atmospheric electricity 

threat be accurately characterized so that protection for aircraft can be optimized 

without compromising flight safety. Lightning design and test specifications for 

aircraft are based upon lightning discharge parameters measured on the ground during 

cloud-to-ground discharges. For conservatism, the. most severe cloud-to-ground 

parameters are used in the specifications. Recent measurements imply that the 

specifications should include very fast risetime values, making then even more 

severe. An examination of aircraft operational statistics indicates that the 

involvement of aircraft in low altitude cloud-to-ground flashes may be very rare. 

Most strikes are reported to occur while aircraft are flying at the freezing level 

in or around precipitating clouds. Reports of strikes to aircraft flying below a 

few thousand feet are very rare in the U.S. 

The probable ~haracteristics of lightning discharges experienced at the air­

craft are discussed and are argued to be quite different from those which would be 

measured at the ground for natural cloud-to-ground lightning. The projected 

characterization draws upon intracloud discharge parameters, theroreticl con­

siderations, the parameters of triggered lightning discharges to wire-trailing 

rockets, limited in-flight measurements of strikes to aircraft, and, finally, 

examinations of lightning damage markings on aircraft. 

The importance of the altitude issue to the discussion of lightning discharge 

characteristics is threefold. First, the presence of the aircraft in the cloud ih 

close proximity to charge centers enhances the probability of triggered lightning. 

Triggered lightning can be argued to have discharge parameters different from those 

of natural cloud-to-ground strokes. Second, at cloud altitudes, the probability of 

a strike to the aircraft being a cloud-to-ground flash is reduced since intracloud 

discharges are more numerous. Intracloud discharges are known to be less energetic 

than cloud-to-ground discharges. Third, at flight altitudes, the parameters of a 

cloud-to-ground flash are expected to be much reduced from their values near the 

ground. High peak current discrete pulses involve the transfer of charge stored 

on the ionized channel which generally extends from around the freezing level in 

the cloud to the ground. If the aircraft is at the upper end of the channel, then 

the charge on the channel will be almost entirely below the aircraft, resulting in 

reduced return stroke parameters. 

. It is predicted that the aircraft will always experience a continuing current 

dlscharge due to the leader currents feeding through the aircraft. In some cases, 

l~w to.mode~ate level discrete pulses (average 2 to 5 kA, worst case 50 to 100 kA) 

wlth.rl~e tlmes from a few to several microseconds will be experienced. These 

pre~lctlons.compare favorably with.the available measurements of direct lightning 

s~r1kes by lnstrumented research alrcraft and with damage reports to operational 
alrcraft. 
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SHOCK EXCITATION LIGHTNING TESTS 
OF FULL SCALE AIRCRAFT 

K. Zeisel 
McDonnell Aircraft Co. 
McDonnell Douglas Corp. 
St. Louis, MO 63166 

The pulsed current and shock-excitation lightning simulation techniques were used to analytically and experimentally evaluate the response of high impedance differential wire pairs in a controlled geometry laboratory test and in a full­scale fighter aircraft. The program consisted of three major tasks. 
1) Conduct both tests under similar conditions on a long aluminum cylinder in the McDonnell Aircraft Company's high-voltage laboratory. 
2) Analyze each test condition theoretically and correlate the results with the experimental data. 

3) Move the same test equipment to Wright-Patterson Air Force Base (WPAFB), and repeat the tests on the YF-16 fighter aircraft. 
The shock-excitation test configuration differs from the pulsed current test configuration by insulating the aircraft from ground and by incorporating an output spark gap between the test article and the ground return system. The spart gap isolates the test article from ground potential so that the structure is first raised to high voltage and then quickly discharged when the spark gap breaks down. 

The cylinder tests and analyses demonstrated that capacitive (C dV/dt) coupling is the principal coupling mechanisms for the high impedance interior circuits. Transmission line effects were found to be very important for both test tech­niques with the induced voltages being approximately an order of magnitude higher for the shock-excitation case. The fast discharge of the shock-excitation technique quickly changes the output impedance of the cylinder/return conductor transmission line from a high impedance to a near short circuit. This transi­tion strongly excites the cylinder transmission line resonances. As the generator charge voltage and output gap length were changed, the induced voltage excited on the interior wires varied as the time rate of change of the cylinder voltage during gap breakdown (~ dV/dt). 

The analysis of the cylinder test configuration demonstrated that both the pulsed current and shock-excitation test techniques can be modeled as two coupled transmission line circuits with either distributed or lumped components. The analytically predicted transients agreed well with the experimental data. 
Limited aircraft tests on the flight control circuits of the YF-16 produced. waveforms and scaling relations similar to those of the cylinder. The fast discharge of the shock-excitation technique produced near threat level values of lOll A/s and 10 12 Vis. Differential induced voltages on the flight control circuits were only a few volts. 
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FULL-LEVEL LIGHTnNG AIRCF.!,FT SYSTlW I :."l!F~:Trr IrLLHH) 
E'" .\C'";ANCE1J C(!!'!POST,TE PIX'TtJRHS 

.:.P- l;!.l'.Er R. F. Hallenberr, 
Naval Air Sy~U,~I:"':::: ('("r.Ti~PTd 

Washington, D.C. 
:';.T. Auckland 

Syrn.cuse Research Corpor.ation 
Syracuse, NCN' York 

The (1965) design of the F-14 fighter initjated major deployment of 
advanced composjte materinJs for a total aircraft section. The F-18 (1975) 
design sa" 17. .1% by weight and 38;; by surface area construction fro", 
composites combined with dIgital fly-by-wire centrol. The Lear FAN 210G jct 
is 100% composite. Future aircraft, missile:: and he] iccpters will c9ntain 
approximate.ly ?.L lrf.\st 80% composites as evidenced by r.he Arn:yf ~ ;\1 : .. 

Composi.te Airfr.s.TIJE Pr0f.;"af"! 1.:!h.i..:h is developin"g an alreost a.ll-canlt- ('F:i t i.' 

graphite/epoxy and an almost all-composite kevlar. helicopter. The 
significant reduction in electrom<=lgnetic protection in fed:-" to non-cor.ducting 
composite structur.al materials cOll'bined lvith flight safety depp',ndE.~nce on 
computer control has sparked significant ~.nterest il~ establish1T!.g the 
electromagnetic hardness of composite platforms in lightning and the nuclear 
EHP. The hardness of frozen composite aircraft desi~f'r; "'ill be measured and 
future designs 't\Till consider these c:.,,·.~("ern!? :i.n thE' 'iery early dE:~::j gn phage. 
The N2SY'.c: Electromagnetic Desip;n and Synth€.£::.r: (r:HPl\S) ~rograt'n is 
implementing early design hardening trade-offs in the HHX, VSTOL and V'::.'XTS 
procurement program while the Full-Level Lightning Aircrc:[t System Hf.lrdening 
Program (FLLASH) is measuring lightning hardness on the F-14, F-18 aircraft, 
AIM-9L missile, and a to-be-determined helicopter. These results will then 
refine EMDAS as well as evaluate the hardness variation of the full-scale 
aircraft with sections of different non-metallic material~. By considering 
the protrct.ion needs iIilposed by disciplines ('t~\er th;;r: fHF c-r li.ghtning 
(i.e., heat, life cycle, structural integrity! find Jf':.sc-;e: Fyotection), designs 
satisfying more than one area are being: evolved that truly opti.mize 
protection/weight penalties. 

During FY-82 and FY-S3, the Navy F-14 and F-18 aircraft will 
undergo full level EMP, lightning, SCIT and CH current ;njection tests. To 
date both the TIIREDE,[l] and the triangular surface patch modeling[2] have 
been applied to the F-14 and are currently being applied to the F-18. This 
paper discusses available results from these efforts with particular emphasis 
on the significa~ce 0f: 

Threat rise time variation 
Material type and distributicT' 
variation 
Naterial joint bonding variation 
Comparison with measured results 

[1] R.Holland, "Threde: A Free Field EMP Coupling and Scattering Code", 
IEEE Trans. Nuclear Science, Vol. NS-24, pp 2416-1421, December 1977 

[2] S.M. Rao, "Electromagnetic Scattering and Radiation of Arbitrarily­
Shaped Surfaces by Triangular Patch Modeling", PH.D. Dissertation, The 
Unviversity of Mississippi, August 1980 
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SUPPRESSION OF 
INTERFERENCE THROUGH GTD DETERMINATION 

OF OPTIMUM SHIELDING 

E. H. Villaseca and R. W. Berchtold 
Hughes Aircraft Company 

Ground Systems Group 
Fullerton. California 

The paper describes how the Geometrical Theory of Diffraction technique may be used to study sidelobe radiation suppression by metallic screens. It is demonstrated that there exist a screen height as well as a distance between the screen and the antenna where the ratio of the far field sidelobe radiation with and with­out the screen is minimized. 

An interesting example of shielding optimization is found in the use of metallic fences to shield high gain microwave reflector antennas in satellite communication. The height of the fence and its distance from the antenna can be optimized to provide the maximum shielding. 

Effective and inexpensive interference suppression can thus be derived by the strictly analytical method of GTD. 
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INTERFERENCE COUPLING THROUGH SMALL APERTURES 

John M. Harnm and Werner Graf 
SRI International 

333 Ravenswood Avenue 
Menlo Park, CA 94025 

This paper discusses the results of an experimental and 
analytical investigation of electromagnetic coupling through holes 
which are small compared to the wavelength of the interfering 
signals. The goal of the work reported is to develop the 
necessary analytical and experimental tools to enable the system 
designer to decide which apertures require treatment, and to 
quantify or bound the effects of the treatments which are 
required. 

The aperture coupling problem will be discussed first from a 
theoretical viewpoint. A simple model useful in bounding the 
effects of coupling through small apertures will be presented. 
Most of the earlier work on aperture coupling has only limited 
application because it is usually stipulated that the aperture 
is located in an infinite conducting plane. In such a case the 
aperture may be replaced by equivalent electrical and magnetic 
dipoles which radiate into an infinite halfspace. However, in 
most realistic applications the aperture is part of a finite 
size enclosure or cavity, which is often partially filled with 
circuits or subsystems. The radiation produced by the equivalent 
dipoles in a partially filled cavity is not predictable as Was 
the case for the infinite (and empty) halfspace. 

We have modeled the aperture in an enclosure by an equivalent 
circuit consisting of lumped impedances. The model has been 
applied to untreated circular apertures of various sizes, as well 
as circular apertures treated with wire meshes and apertures of 
other shapes. The analysis predicts the voltage across the 
aperture as well as the current induced in a dipole which fills 
the aperture. Experiments in the laboratory agree well with 
the simple theory. 

To bound the interference coupled through an aperture to 
circuits inside the enclosure we used the largest loop which 
could be fitted inside the enclosure. We found that the maximum 
voltage which could be induced in such a loop is twice the 
voltage measured across the aperture. Since no actual circuit 
installed in the same enclosure could have a larger area than 
the test loop we postulate that twice the aperture voltage is an 
upper bound of what may be induced in any circuit or subsystem 
in that enclosure. Similar considerations apply to the case of 
electric field coupling, which will also be discussed. 
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ELECTROi'-lAGNETIC COUPLING DUE TO SHIELD 

DISCONTINUITIES NEAR CONNECTORS 

B.DEMOULIN, P. DUVINAGE ANC P. DEGAUQUE 

Lille University, Electronics Dept., 
59655 Villeneuve d'Ascq Cedex 

France 

The bundles of cables used in commur.ication systems are 
usually made with coaxial or bifilar shielded lines with a 
surrounding outer shield. In terminating each shielded line 
at a connector, the interior wire is exposed to disturbing 
fields since the braid is often terminated by a single \'iire 
which is connected either to a connector pin or to the outer 
shield of the cable bundle. This coupling known as "pigtail 
effect" has been described b'l C.R. Paul to determine for exam­
ple the crosstalk between adjacent cables. In this paper we 
consider the disturbing voltage which can be induced between 
the wire and the ground reference if a disturbing current flows 
on the outer shield. 

In order to simplify the calculation and the experimentation, 
a single model has first been chosen. f coaxial cable is situ­
ated inside a concentric metal tube. The shield of this cahle 
presents a discontinuity along a given distance and thus the 
t\vO parts of the shield are connected either directly with one 
or many "pigtai 1 wires" or with various impedances between the 
shield and the outer tube. The different types of coupling are 
exhibited by using disturbing pulses of current whirh arp in­

jected between the shield and the concentric tube. 

From the r€sponse in time-domain and by chan~in9 the rlslng 
time of the pulse, the behavior of the connection in the 
frequency domain is calculated with F.F.T. subroutines for 
frequencies ranging from few kHz to 30 MHz. It is thus possible 
to deduce the current and voltage generators equivalent to the 
pigtail section. A comparison with theoretical results obtained 
with low-frequency models is given. . 

C.R. PAUL "Effect of pigtails on crosstalk to braided-shield 
cables", IEEE EMC Aug. 80. 

This work is supported by the Societe Nationale des Industries 
Aerospatiales (SNIAS) under contract 09364-4448. 
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TERMINATION OF CABLE SHIELDS 

Werner Graf and Edward F. Vance 
SRI International 

333 Ravenswood Avenue 
Menlo Park, CA 94025 

Much has been written in the EMC literature on the problem 
of "grounding" the shields on shielded twisted pair or shielded 
single-wire circuits to reduce interference coupled into the 
internal circuits if a ground loop is formed by the cable shield. 
This concern arises most often in low frequency applications. 
On the other hand, in high frequency applications it is usually 
desirable to ground the shield as often as possible, and in 
particular at the ends of a shielded cable, to apply a circum­
ferential bond between the cable shield and the equipment case to 
which the cable is connected. An incompatibility exists if a 
circuit operating at low frequency is subjected to interference 
at a high frequency, such as the effects of lightning or nuclear 
electromagnetic pulse (EMF). 

We have developed a topological approach to interference 
control. The topological model demonstrates that the proper 
shield termination at any frequency is to close the shield rather 
than to ground it (or not to ground it). It will be shown that 
the application of topological shields to low frequency shielding 
problems will provide more effective protection against ae power 
frequency interference than the best grounding techniques. The 
topological approach has the further advantage that the rules for 
its application are simpler and the same shield system is effec­
tive for high frequencies and transients as well as low frequen­
cies. In addition, great improvements in the performance of 
circuits using shielded twisted pair could be realized if the 
common-mode rejection capability of shielded twisted pair were 
more widely utilized. The cornman practice of grounding one wire 
of the twisted pair allows all of the common-mode interference 
to be conver,ted into differential-mode interference. 

We have performed a number of simple experiments in the 
laboratory to illustrate these concepts for single-wire shielded 
(coaxial) cable, and for shielded twisted pair in both balanced 
and unbalanced configuration. The results of these experiments 
will be presented. A clear demonstration can be made that 
although a low frequency cable shield termination, for example 
pigtails, may be quite satisfactory at the low frequencies, if 
this circuit is subjected to high frequency interference as low 
as 1 MHz, the interference coupled into the circuit will be 
significantly higher than with a topologicallY correct shield 
termination. 
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THE DISCHARGE CURRENT IN THE LIGHTNING RETURN STROKE* 

R. L. Gardner 
Mission Research Corporation 

1400 San Mateo Boulevard, S.E. 
Albuquerque, New Mexico 87108 

The current in the lightning return stroke has been the object 
of a number of analytical models of increasing complexity. Bruce 
and Golde introduced the concept of a velocity of current pulse 
propagation. Later, Dennis and Pierce introduced the concept of a 
traveling current wave along the leader channel. In each of these 
and later papers, however, the current pulse amplitude, pulse shape, 
and velocity are assumed functions. 

In this paper, we develop a nonlinear, nonuniform transmission 
line model to find the velocity of current pulse p'ropagation, the 
current amplitude, and current rise time as functions of time and 
therefore height. The flexibility of a transmission line model 
allows us to include physical variables in the form of resistance, 
inductance, capacitance, and conductance per unit length as func­
tions of height and the history of the current flow through a given 
cross section of the return stroke channel. Only resistance per 
unit length is treated in a nonlinear fashion here. The remaining 
variables are assumed constant to reduce the complexity of the 
model. 

The resistance per unit length is determined by the evolution 
of a complex hydrodynamic model, which calculates physical and elec­
trical parameters of the channel plasma as functions of time and 
radius for each cross-section of the plasma. The resistance of a 
unit length of plasma channel is then found by integrating the con­
ductivity over radius. This resistance per unit length is then 
updated in the transmission line code at each time step. The trans­
mission line solution has as an initial state the sudden closing of 
a high voltage switch about 100 m from the ground. The evolution of 
the current and voltage waveforms along the channel then determine 
the current pulse rise time, the velocity of the current pulse 
propagation and the current amplitude. Necessary initial conditions 
for a propagating pulse are also shown. 

*Work performed while at Cooperative Institute for Research in 
En vi ronmenta 1 Sc i ences, Bou 1 de r, Co lorado. 
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ELECTROHAGNETIC PULSE E~lITTED BY LIGHTNING 

- experimental data and mathematical models 
- natural and triggered lightning strokes. 

hy J. HAMELIN C. LETEINTURIER 

Centre National rl'Ftuoes des Telpcofllfllunications 
LANNION (FRPNCE) 

In this communication we present our work to date, experimental 

as well as theoretical, on electromagnetic fields emitted by lightning,both natural 

and triggered. 

The National Research Center of Telecommunication·;(C.N.E.T.) 

ror several years has been working to deepen its understanding of emitted 

Electro-magnetic pulses by return-strokes and leaders both in the context of 

the Saint-Privat d'Allier station experiments and more recently by participat~ng 

in the COPT 81 campaign (Tropical Deep Convection). 

For the experimental programm, and for the studies of the 

strokes, triggered as well as natural which band sensors (150 Hz - 20 UHz) or 

spectral analysis (60 MHz - I GHz), has been used associated with rapid data 

acquisition systems. 

In parallel, theoretical modelling of this emitted field by 

the return stroke was carried Qut/taking into account the current wave-form 

the upward velocity, the ground resistivity and the hagGtof the observation point. 

Finally, we present preliminary results of the C;O.P.T. campaign, 

both wide band and harmonic analysis, on esssentially intra-clouds events. 
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LIGHTNING ACTIVITY CHARACTERISTICS FROM VHF 
SPACE-TIME MAPPING 

William L. Taylor 
National Severe Storms Laboratory 

1313 Halley Circle, Norman, OK 73069 

A wide band VHF system employing time difference of arrival techniques has provided azimuth and elevation angles to individual sources of electromagnetic impulses radiated from lightning dis­charge processes. The simultaneously observed directions and times of arrival recorded at two stations separated by several tens of kilometers define the three dimensional location of each source as a function of time. Analysis of data has revealed char­acteristics of the lightning discharge process from several 
storms and has allowed us to accurately associate lightning activ­ity with storm reflectivity and internal wind structure obtained from Doppler radar data. Recent results of this work include: (1) the space-time structure of lightning discharges is extremely complex; (2) lightning activity is generally located in close proximity to, but not necessarily within, the high reflectivity regions of storms; (3) the average height of VHF sources is 4-5 km for cloud-to-ground (CG) flashes and 5-6 km for intracloud (IC) flashes, where the temperature is between _50 to -200C; (4) VHF sources for CG's and large IC's seldom exceed 10 km height; (5) a new class of small Ie's forming a canopy over the main updraft region of a storm produce almost a continuum of lightning activity centered at 12-13 km height; and (6) lightning activity moves in a broad front through the thunderstorm volume at progres­sion speeds between 2xl04 and 2xl05 m.s-l • 
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AIRBORNE MEASUREMENTS OF LIGHTNING-INDUCED CURRENTS 

J. Nanowitz 
SRI International 

Menlo Park, California 
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INTERPRETATION OF IN FLIGHT 
LIGHTNING DATA 

R. A. Perala 
T. H. Rudol ph 

Electro Magnetic Applications, Inc. 
P.O. Box 26263 

Denver, Colorado 80226 
(303) 989-2744 

One of the current topics having a great deal of interest within 
the lightning community is the interaction of lightning with aircraft. 
One of the biggest unknowns in this area is the knowledge of the lightning 
environment at aircraft altitudes. 

In order to obtain such data, NASA Langley Research Center has 
instrumented an F-106 to obtain electromagnetic coupling data during 
a lightning event. Data for both attached and nearby strokes have been 
obtained. The data consists of derivatives of the normal electric field 
and the tangential magnetic field measured on the external aircraft skin. 

In this paper, the problem of determining the lightning characteris­
tics from the aircraft data is discussed. That is, the aircraft response 
is "backed out" of the data such that the incident current or LEt1P wave­
form is inferred. Results are given for both cases, and are consistent 
with current knowledge of risetimes and channel current. 
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Laboratory Model of Aircraft-Lightning Interaction 
and Comparison with In-Flight Lightning Strike Data 

C.D. Turner and T.F. Trost 
Department of Electrical Engineering 

Texas Tech University 
Lubbock, Texas 

Modeling studies of the interaction of a delta-wing aircraft 
with direct lightning strikes have been carried out using an approx­
imate scale model of an F-106B. The model, which is 3 feet in 
length, is subjected to direct injection of fast current pulses sup­
plied by vlires, which simulate the lightnir.g channel and are attached 
at various locations on the model. ~leasurements are made of the 
resulting transient electromagnetic fields using time-derivative 
sensors. Small B-dot and D-dot sensors have been placed on the 
model in the locations corresponding to their actual locations on 
the N.A.S.A. F-I06B (1). The sensor outputs are digitized with a 
sampling interval of 50 ps for a total time of 20 ns, which is the 
clear time of the apparatus. The signal-to-noise ratio, defined as 
the peak signal divided by the RMS noise, is more than 40 dB. The 
noise level is reduced by averaging the sensor output from 10 in-
put pulses at each sample time. 

The Band D waveforr.1s show the input pulse followed by reflec­
tions due to the various parts of the model structure. These re­
flections die out quickly, typically within 20 ns, and are explained 
roughly in terms of simple transmission-line arguments. Computer 
analysis of the measured fields includes Fourier transformation and 
the computation of transfer functions for the model. The transfer 
functions show several resonances of moderate Q. These include the 
half-wavelength resonance of the fuselage and several higher fre­
quency resonances. 

Comparisons of these transfer functions with spectral ampli­
tudes computed for in-flight data show good agreement regarding the 
frequencies of the resonances. However, one in-flight D-dot wave­
form shows a strong fuselage resonance (8 ~lHz) which has a larger 
Q than that apparent in the corresponding transfer function. This 
is indicative of a lightning channel for this particular in-flight 
event with a higher impedance than the wires on the model: 

The basic technique has the potential for investigating the 
response of other types of aircraft and studying interior as well 
as exterior fields. 

1. Pitts, Felix L., "Electromagnetic Measurement of Lightning 
Strikes to Aircraft," AIAA 19th Aerospace Sciences ~ieeting, 
St. Louis, MO, January 1981. AIAA 81-0083. 
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WIND EFFECTS ON CORONA GENERATED 
RADIO EMISSIONS: R. Vargas-Vila, 
Strategic Systems Division, GTE 
Sylvania, 1 Research Drive, 
Westboro, MA 01581 

Measurements of bath visual and radio corona have been made in the presence and absence af wind to determine the bebavorial relationship between these electromagnetic emissions. These observatians were made at pressures corresponding to. altitudes of up to 12·.7 km and wind velocities up to 30 km per hour. 
Corana was praduced on a lang thin copper wire by a high valtage generated from a 30 kHz RF saurce. A high flow rate vacuum pump enabled passage of air through the vacuum chamber while still maintaining a vacuum. Air flaw was cantrolled thraugh a valve and monitored by a flow meter. A capacitively coupled probe mounted outside the vacuum chamber allowed moni­toring of the RF waveform in the low HF portion of the spectrum. 
Observations reveal that the onset of visual and strong radio corona are coincident. Furthermore, weak radio cor ana preceding strong radio corona was observed beginning at approximately 85% of the onset voltage of visual corana. Wind, at velacities up to 30 km per hour, has no effect on the critical onset voltage gradient at which visual and radio. corona occur. How­ever, wind does enhance the intensity of both visual and strong radio corona. Weak radio corona appears to be unaffected by wind. 
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WIDEBAND MF ATMOSPHERIC RADIO NOISE 
POLARIZATION MEASUREMENTS: X.A. DeAngelis, 
K. Marzotto, J.R. Herman, A.A. Giordano, 
all at Strategic Systems Division, GTE 
Sylvania, 1 Research Drive, Westboro, MA 01581 

Simultaneous wideband measurements of medium frequency 
(400-500 KHz) radio noise from two antenna types have been 
made in the southwestern United States. Atmospheric noise 
pick up from a vertical monopole and a buried crossed dipole 
was recorded and subsequently computer analyzed. The 
crossed dipole output was configured to yield both right­
hand and left-hand senses of eliptical polarization. 
Relationships between first-order statistics (average power, 
amplitude probability distribution and Vd) of the noise 
from each antenna are presented. In addition the relation­
ships between the two possible senses of the crossed dipole 
antenna are presented. Examples of typical cross-correlation 
relationships between antenna outputs also will be shown. 
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EFFECTS OF NARROWBAND SIGNALS ON 
MEASURED WIDEBAND MF ATMOSPHERIC 
RADIO NOISE: J.R. Herman, X.A. DeAngelis, 
K. Marzotto, and A.A. Giordano, all at 
Strategic Systems Division, GTE Sylvania, 
1 Research Drive, Westboro, MA 01581 

Although it is desirable to obtain carrier-free 
measurements when studying the characteristics of 
natural noise, this is not always possible in crowded 
portions of the radio spectrum. During a recent series 
of wideband noise measurements in the medium frequency 
band, it was found that the effects of carrier contami­
nation could not be avoided at certain times of the day 
Or when the natural noise level was very low. Analysis 
of .this data indicates that the statistics of atmos­
pheric noise are altered in recognizable ways by the 
presence of narrowband signals. For example, the Vd is 
suppressed, the autocorrelation function decay is 
limited, and the APD takes on characteristic shapes. 
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ABSTRACT 

MULTI PATH INTERFERENCE AND ITS SUPPRESSION 
BY SPREAD SPECTRUM SCHEMES 

C. P. Tou 
Department of Electrical Engineering 
Technical University of Nova Scotia 

Halifax, Nova Scotia, Canada B3J 2X4 

This paper discusses the orlglns of multipath interference and its 
suppression by spread-spectrum schemes. Multipath propagation can 
occur under various atmospheric and geographical conditions. For example, 
it may be due to stratified layers and inhomoqenities of the atmosphere and 
reflections from ground, hills, mountains, buildings, and other obstacles. 
Multipath can exist between air-to-ground, aircraft-to-aircraft, and satellite­
to-satellite links due to reflections from the surface of the earth. In some 
cases, multipath may be predictable and appropriate measures can be found to 
avoid their effects, but in most cases they a~e not predictable, especially, 
for mobile communications. 

The adverse effects of multi path on communication system can be described 
in terms of selective fading and intersymbol interference. Either one or the 
other may be predominant depending on propagation environments. Various forms 
of diversity reception have been employed to combat selective fading and 
multiple subcarriers each having long symbol waveforms have been used to OVer­
come intersymbol interference. 

It has been shown, based on analysis, that spread spectrum schemes are 
superior to other approaches in combating selective fading and inter symbol 
interference. In addition, the spread spectrum schemes can provide other 
valuable features such as noise rejection, message security, selective address­
ing, and multiple access. The ability of spread spectrum systems to suppress 
interference depends on the process gain of the system and on the degree of 
synchronization which can be established by the system. 
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WEAK SIGNAL DETECTION IN NONGAUSSIAN NOISE: 
BACKGROUND AND RECENT RESULTS 

A. D. Spaulding, National Telecommunications and Information 
Administration, Institute for Telecommunication Sciences, 

Boulder, Colorado, 80303 

This paper begins by comparing the performance of the "norm­
ally derived" Locally Optimum Bayes Detector (LOBD) with the per­
formance of various ad-hoc non-linear detection schemes. These 
known results are reviewed and then it is demonstrated that these 
theoretical results may be misleading due to the assumptions that 
are commonly used to analytically derive them. For a particular 
type of broadband impulsive noise, the critical assumptions of van­
ishingly small signal levels and large number of samples (large 
time-bandwidth product is that the Central Limit Theorem applies) 
are removed, the first analytically and the second by computer sim­
ulation. The thus derived performance characteristics are then 
compared, especially as the signal level increases. 

The commonly derived LOBD is not, in general, an asympototic­
ally Optimum Detection Algorithm (AODA) for non-vanishing signal 
levels due to neglecting correct bias terms. Also as the sample 
size increases (in order to assure the required small probabili­
ties of error), the higher order terms in the expansion of the like­
lihood ratio can not be automatically neglected. The detector 
structures which are both LOBD and AODA take different forms than· 
the commonly used LOBD, and the performance of these detectors is 
compared with the "normal" LOBD and the various ad-hoc non-1ine­
arities. 
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RECEPTION OF TV SIGNALS IN NOISY ENVIRONMENTS 

K. M. Wong and D. N. Swingler 
McMaster University 

Hamilton, Ontario, Canada 
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~HUBABILITY DlSTRIBUTION OF AIRBORNE HADAR CLUTTER 
OF COMPUSITE TERRAlN* 

Jen King Jao, MIT Lincoln Laboratory 
244 Wood Street, l.exington, "lA 02173 

ABS'fHACT 

A novel class of probability distributions result.ing trow ,I compound poisson process 1:.; found to C(Jrreldte wf~ll with that of the airborne radar retlJrnS t.rom COlnl->u!5ite leL'rain. 'l'his c.iistribution, derived trom the a~3;jU!llpt.lons of random scatter i'1g pli<lse and poisson :~vatidl uistributLon of th~ Gcattering source (D. MiddZ,cton, IEEE E~lC'-19, 106-127 ,l~77), is speci E ied by sevet'dl phy~d.c0.1 .:.tnel statistical parameters in its cumv1ete generality. They are: 1) the occurrence 
pro~dbility or average spatial density, and 2) the aver<..lye radar scattering cr05S section or the pro~ab­Illty distribution of each different scatterer, 3) the radar re:ioultion area, and 4) the average background 
['('.t" .i..)t.lOt1 a~ well a.l~ the radar internal noise pO'Ner. 

r-:lImerical results, calculated by usin<J the Fourier­Bessel series expansion of the theoretical distribution, which is the Hankel transform of a characteristic t.unction (J. K. Jao and 11. Elbaum, proc. IEEE, 66, 781-789, 1978), are in excellent agreement w.ith previous aJ.cbocIle radar clutter measurernent3 ~y Naval rese~rch r.abora tory. (NRL) (J. C •. !J.~ley e t .:>1., NRL Repor t 6749, 1968). Two sets of data gathered at grazing angles of 8 and 15 degrees by the NRL tour-frequency radar (which operutes in P-, L-, C- and X-barlds) on 30 January 1967 in Cape May, N.J., have been analyzed. The measured t.errain is generally rural in nature, which includes patches of water, marshes, woods, fields, and residen­tial areas. 

Our model reproduces successfully several non­Rayleigh terrain clutter characteristics du~ to the existence of heterogeneous scatterers, th~ir dens!ty variation, and their distinctive raddr ccnss sec~~ons. une particular type of clutter distributions occu-s frequently; it general.ly has a Rayleigh s!_ope in t:le low probability region but its high probability tail appears to follow approximately a Weibull distribution. This situation is modeled well by simulating tile terra:n as composed of a conslomerate of random diffuse and '11inty scatterers. Because our model is constructed by ~sing only measurable parameters, it is well suited for applications such as prediction of clutter distribution, regulation of radar false ularm, and estimation OF terrain scattering cross section. 

*This work was sponsored by the Defense ~~vanced Research "rojects Agency. 
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ON THE CHARACTERIZATION AND MODELING OF 
ELECTROMAGNETIC INTERFERENCE BETWEEN 

OVERHEAD POWER TRANSMISSION LINES 
AND RAILROAD COMMU~ICATIONS AND 

SIGNALLING SYSTEMS 

K. Umashankar and A. Taflove 
lIT Research Institute 
10 West 35th Street 

Chicago, Illinois 60616 

Many restraints have been placed on the co-location or sharing 
of existing railroad rights-of-way with new ac power transmission 
lines, since railroad systems usually have integral communications 
and signal facilities that can be interfered by an overhead electric 
power line. This has called for proper characterization, modeling, and 
mitigation of the electromagnetic interference between overhead 
power transmission lines and railroad communications and signal 
systems to assure compatible, normal operation. 

This paper describes coupling models which have been developed 
both for parallel and nonparallel rights-of-way to predict analyti­
cally common-mode and differential-mode induced voltages and currents 
along sections of the railroad track and the associated communication 
lines. The method is based upon a coupled multiconductor transmission 
line approach taking into account interactions of the rails with the 
power lines, nearby ground return, and interaction of the rails by 
mutual induction and through the ballast. Two different models have 
been developed to predict interference: one for coupling during 
normal operation; and the other for coupling during fault current 
situations. Simple Thevenins type equivalent circuits are obtained 
for the coupling models which are suitable for treating non-parallel 
rights-of-way. 

Representive results are presented showing the electromagnetic 
interference and coupling in a typical experimental right-of-way. 
Field test results of the induced railroad currents and voltages 
are also presented. 

141 

iii 



ABSTRACT 

Performance Improvement with Soft Clipping in Impulsive Noise 

David F. Freeman 

We present calculations of the theoretical performance improve­

ment obtainable with soft clipping in an impulsive environment, 

in the limit of large time-bandwidth signalS (e.g., spread 

spectrum). Our model for impulsive noise is truncated Hall 

noise. We present performance results as a function of a clip­

ping threshold set to clip signal plus noise some specified 

fraction of the time. By proper choice of threshold, we are 

able to obtain nearly optimum performance in impulsive noise, 

while not clipping a large class of interfering signals. 
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GROUND-BASED REMOTE SENSING OF TEMPERATURE PROFILES 
BY COMBINED MICROHAVE RADIOMETRY AND RADAR 

E. R. Westwater, M. T. Decker, A. Zachs 
Have Propagation Laboratory 
NOAA/ERL, Boulder, CO 80303 
and 
K. S. Gage 
Aeronomy Laboratory 
NOAA/E~, Boulder, CO 80303 

Research over the past several years has shown that ground­
based microwave radiometers can measure atmospheric temperature 
profiles from the surface to about 500 mb, under both clear and 
cloudy conditions. Above 500 mb, retrievals are limited in accu­
racy because of exponentially decaying weighting functions. 
Recently, it has been shown (Hestwater and Grody, J. Appl. Meteor., 
19, 1438-1444, 1980) that knowledge of tropopause height can im­
prove the accuracy of the temperature profile retrieval by as 
much as 1.0 K rms. In addition, using a six-meter wavelength 
VHF radar, Gage and Green (Science, 203, 1238-1239, 1979) have 
shown that it is possible to detect and to measure routinely 
the height of the tropopause. 

Here, we present data obtained during a three-week period 
in March 1981, in which radar measurements of tropopause height, 
ground-based microwave radiometric measurements, and Nt.J'S rad·io­
sonde observations are all simultaneously available. Our analysis 
of these data (a) confirms the ability of the radar to measure 
tropopause height and (b) demonstrates that significant improve­
ment in temperature profile retrieval accuracy can be achieved 
by combining the radar and the radiometric data. 
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TROPOSPHERIC l-iiND MEASUREMENTS WITH DOPPLER RADAR 

R. G. Strauch, K. B. Earnshaw, K. P. Moran 
Wave Propagation Laboratory 
NOAA/ERL/R45x4 
Boulder, CO 80303 

Radio-wavelen~th Doppler radars are able to measure tropo­
spheric winds in nearly all type of weather. The Wave Propaga­
tion Laboratory is currently using several radars to ~easure 
vertical profiles of the horizontal wind as part of a program to 
improve local weather forecasting. In addition, the program 
goals include the development of a remote wind measurement 
capability for eventual use in operational meteorology. 

Unique features and capabilities of these radars will be 
described and examples of the data they produce will be pre­
sented. A comparison of the relative merits of different wave­
length radars will be given. 
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A RADIOMETRIC EXPERIMENT AT THE BOULDER A TMOSPERIC 

OBSERVATORY 

Piero Ciotti, Agnes Silbermann and Domenico Solimini 

Istituto di Elettronica, Universita di Roma 

Via Eudossiana 18, 00184 Rome, Italy 
and 

E.R. Westwater 

NOAA/ERL/ Wave Propagation Laboratory 

Boulder, CO 80303 

Ground-based radiometers extract meteorological data from the 

thermal radiance emitted by the atmosphere. According to the frequency 

band of operatIOn, and, consequently, to the shape of the weighting 

functions, radiometric meteorological measurements can be effectively 

conducted either ·on the lower part of the atmosphere (P. Basili and D. 

Solimini, Radio Sci. 13, 303-311, 1978) or on a global height scale (E.R. 

Westwater et al., J. Appl. Meteorol., 14, 524-539, 1975; D.C. Hogg, IEEE 

Trans. ·on Antennas and Propagation, AP-28, 281-283, 1980). While 

measurements of the full-height meteorological profiles can be satisfacto­

rily checked against the routine radiosonde synoptic data, the evaluation of 

the performance of small-scale radiometry requires particular atmospheric 

truth. 

Experiments conducted in the Rome (Italy) area in 1975 and 1977 

indicated that a ground-based infrared radiometer apparently responds to 

the fluctuations of meteorological variables, such as those associated with 

atmospheric turbulence and internal oscillations (P. Ciotti et al., IEEE 

Trans. on Geoscience Electronics, GE-17, 68-77, 1979). To confirm the 

interpretation of these radiometric experimental results, a new experiment 

has been carried out at the Boulder Atmospheric Observatory (operated by 

the Wave Propagation Laboratory of the NOAA), where the 300 m 

instrumented tower and other ground-based sensors provide fully adeguate 

atmospheric truth. On several days of August and September 1981; the 

atmospheric radiance has been measured by an infrared radiometer at 

different elevation angles and for various meteorological conditions. The 

output of the radiometer has been recorded together with the measure­

ments taken by the different sensors at the eight instrumented levels of the 

tower and at ground. A preliminary statistical analysis of data, conducted 

mainly on the basis of spectra and co-spectra of the radiometric signal and 

of meteorological variables is reported. 
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MEASUREMENT OF AIRCRAFT WAKE VORTICES 
BY MICROWAVE RADAR 

R. B. Chadwick and J. R. Jordan 
NOAA/ERL/WPL, R45x6 

325 Broadway 
Boulder, Colorado 80303 

Commercial and private aircraft traffic is proj ected to doub~e by the 1990's. This doubling must take place with the constraint that very few airports will be built because of the tremendous cost and environmental degradation. The present airports will have to be used more efficiently in that traffic density will have to be increased and aircraft separation reduced. This raises the hazard of one aircraft encountering another aircraft's wake. This problem has been studied in great detail and in the late 1970' s an operational Vortex Advisory System (VAS) based on surface anemometers was deployed at selected major airports. This system did not provide a reliable indication of vortex hazard location and has been discontinued. 

A remote sensor that provides a direct measurement of the potential hazard in the approach zone of a runway would be a key element in an overall plan to reduce separation between aircraft. Acoustic sounders and lasers have been used in experiment programs to measure vortices, but apparently lack the necessary requirements to be used operationally. Sensitive, specialized microwave radar can detect the vortex system of a large jet by scattering from the refractive-index inhomogeneities generated during the decay of the vortex. A measurement of the Doppler spread gives an indication of the hazard of a particular vortex system. 

This presentation gives the result of experiments using an FM-CW clear radar to look at the vortex systems of large jets. The radar was situated at the end of a runway at Denver's Stapleton airport and the results show beyond doubt that microwave radar can detect aircraft wake vortices. 
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RP.OIC "EFPACTIVE n:OEX PROFILING 
i':f\OI'l ~,COIJSTI C SOUND It.G 

J. Ar;OUDARIW1 AND J. f. t'10N 
CNET/RPE, 38-40 rue du General Leclerc 

92131 ISSY LES ;'·!OULIIiEAUX FRArlCE 

HlcrOl,ave propagat'ion on L.G.S. 1 inks is governec ~y ttle beha­

vior of the radio refractive index in the first hundred meters of 

of the troposphere. Generally refract i vi ty values are derived 

from me1:eorological parameters (temperature, humidity and at­

mosphere pressure) obtained through in-situ techniques 1 ike 

radi osonde or i nstrufllenteci tethered balloons. Such r"easurer:;ents 

are expensive and cannot be performed on a round the clock ba­

sis. So they lack time resolution. They actually are better SUl­

ted for supplementing occasionally the information outained by 

uther continuously operating systems. 

Acoustic sounding appears to ue a 101" costand very pron:issin£ 

technique for continously recording ,relevant data 

- First, simple inspection of the conventionnal fac-simile 

recording gives the height and the ~iidth of the ter"pera-cure 

inversion layer wich is knOlv to play an in:pet'tailt role 011 mi­

crO~ia ve propaga t ion, ; 

- Second, p,',agnetic tape recording of the voltage del ivered at 

the receiver amplifier allows to measure the back-scattering 

cross-secti on a of the thermal inhomogeneiti es. 

From a , the structure constants for temperature and refrac­

tive index fluctuations may be derived. 

IJe carried out such measurements and computed relevant quan­

tities I'.hich were compared to refractivity profiles dra~m 

from meteorological data obtained with a tethered balloon. 

Godd agreement is achieved. 

Furthermore it is sho\',n that the rudimentary sensor output, 

i.e. the voltage at the receiver, needs not be converted intc 

classical meteorological variables for providill9 the required 

information. 
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THE EFFECT OF ATMOSPHERIC ANISOTROPY ON THE DELAY 
POWER SPECTRA AND I1ULTIPATH SPREAD OF FORWARD SCATTERED SIGNALS 

H. M. Ibrahim and R. E. Post 
Department of Electrical Engineering 

and the Engineering Research. Institute 
Iowa State University 

Ames, Iowa 50011 

The shape of the delay power spectra of signals received on 
scatter communication links plays a very important role in the 
performance of these links. Bello has shown that the multipath 
spread is a basic parameter that affects the irreducible BER pro­
duced by frequency selective fading. However, Bello's ~odel is 
based on average isotropic atmospheric conditions. The interpre­
tation of the scattering process in terms of an anisotropic model 
is a more realistic characterization of the state of the atmosphere. 

In this paper, we present a study of the effect of the 
anisotropy variations on the delay power spectra. A simplified 
Gaussian-shaped anisotropic scattering model is utilized in 
characterizing an average anisotropy measure parameter. Data 
taken from ISU-UW forward scatter RAKE radar system is used in 
the present study. This system operates over a 406 km path at 
940 MHz. The RAKE receiver effectively splits the common volume 
into time delay shells. The system uses a pseudo-random code 
modulation of 5 or 10 MHz which provides delay resolutions of 0.2 
or 0.1 microseconds. The Doppler spectra of each time delay shell 
is processed to extract the anisotropy meaSure variation with 
height. The resulting anisotropy profile is incorporated in the 
calculations. The initial results indicate that the shape of the 
delay power spectrum is highly dependent on the anisotropy measure 
profile. 

Several theoretical anisotropy profiles and their corre­
sponding delay power spectra are shown. It is found that a 
linear increase of anisotropy with height tends to increase the 
multipath spread parameter. Calculations of delay power spectra 
based on experimental data are presented. These results show 
great variability. 
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MILLIMETER WAVELENGTH MEASUREMENTS OF SEA ICE 

J.P. Hollinger*, M.F. Hartman** and B.E. Troy* 
*Aerospace Systems Division, Naval Research Laboratory 

**Computer Sciences Corporation 

Radiometric measurements of sea ice were made in a series 
of flights over the Greenland Sea and Arctic Ocean in October­
November 1981 using the Naval Research Laboratory RP3-A airc6aft. 
Profi15 measurements were obtained for incidence angles of 0 
and 53 at 19.3 H and V (H and V refer to horizontal and vertical 
linear polarization), 22.3 V, 31.4 Hand 37.0 H and V GHz, while 
imaging measurements wereomade at 90, and for the first time at, 
140 and 220 GHz over a 90 cross-track field of view. A complete 
spectrum of ice types was encountered including various forms of 
new, young, first year, second year and multi-year sea ice. 
Ground truth is provided by an onboard ice observer, photography, 
a laser profilometer and an infrared thermometer. Preliminary 
results on the emissivities of the different ice types. versus 
frequency along with examples of the microwave imagery and 
corresponding photography will be presented. These new measure­
ments at the highest frequencies extend the potential for deter­
mination of the fractional ice coverage, for ice type identifi­
cation and for the location of the ice edge while still preserv­
ing. near all-weather capability. Millimeter wavelengths are of 
particular interest for these applications because their use. 
provides the greatest spatial resolution for a given aperture 
size while still penetrating the low lying fog and ice clouds 
which perennially cover the marginal ice zone. This work was 
sponsored by C.A. Luther as part of the Arctic Program of the 
Office of Naval Research. 
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THE EFFECT OF A THIN CONDUCTING SHEET ON THE FIELDS OF A 
BURIED MAGNETIC DIPOLE 

D. A. Hill, NTIA/ITS 
U.S. Department of Commerce 

Boulder, Colorado 80303 

The subject of transmitting from a buried vertical magnetic 
dipole or small loop 'to the surface has been thoroughly studied 
with respect to mine communication and miner location (J.R. Wait, 
Proc. IEEE, 59, 1033-1035, 1971). Complications such as earth 
layering andloop size and shape (J.R. (,ait and D.A. Hill, Radio 
Science, 15, 903-912, 1980) have also been analyzed. A rec~ 
attempt t~-infer earth conductivity from multi-frequency trans­
Mission at a large number of coal ~ines has indicated that a 
homogeneous half space is not a good earth model. When a homo­
geneous half-space model is used to interpret the transmission 
data, the apparent earth conductivity generally increases with 
both depth and frequency. In order to provide a better fit with 
transmission data, we consider a model which consists of a highly 
conducting thin sheet located over a homogeneous conducting half 
space. Although this model was selected primarily because it 
appears to fit the measur,ed transmission data, it has some further 
justification from earlier conductivity measurements at coal mines 
which indicate an increased conductivity near the surface. 

The source is a vertical magnetic dipole, and the fields in 
air and in the earth can be written as Sommerfeld integrals. The 
coefficients are determined by requiring that the tangential 
electric field is continuous and the tangential magnetic'field is 
discontinuous by the amount of longitudinal current per unit 
length carried by the thin sheet. Curves of the vertical magnetic 
field at the surface are generated by numerical evalua~ion of the 
Sommerfeld integral. Theoretical results are shown to agree 
fairly well with experimental data taken for various depths at 
four frequencies from 630 Hz to 3030 Hz. 
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GENERATION OF VERTICAL MAGNETIC NOISE BY LATERALLY 
INHOMOGENEOUS EARTH MODELS 

D. A. Hill, NTIA/ITS 
U. S. Department of Commerce 

Boulder, Colorado 80303 
and 

J. R. Wait, Dept. of Electrical Engineering 
University of Arizona 

Tucson, Arizona 85721 

Recent studies indicate that the vertical component of mag­
netic noise is the interfering component in mine communication 
systems that employ vertical axis loop antennas. Past measure­
ments of atmospheric noise have concentrated on the vertical 
electric field and the horizontal magnetic field. Lateral varia­
tions in earth conductivity can convert horizontal magnetic noise 
to vertical magnetic noise. This can be a factor in degrading 
through-the-earth communication and geophysical probing that 
detect vertical magnetic fields. Here we analyze the response of 
three laterally inhomogeneous earth models to a horizontal mag­
netic field excitation. The three models are (1) a rough surface, 
(2) a laterally varying thin sheet, and (3) a buried circular 
cylinder. . 

The rough surface model is analyzed by perturbation, and the 
scattered vertical magnetic field is found to be proportional to 
the surface slope.- A simple expression is obtained for the 'first­
order vertical magnetic field both in air and in the earth. The 
field in the earth is relevant to downlink communication. 

Both the thin sheet and the cylinder are located at arbi­
trary depths and are examples of volume scatterers. The conduc­
tivity of the thin sheet is taken to vary sinusoidally in the 
horizontal direction, and a modal expansion is obtained for the 
scattered field. The coefficients of the expansion are given by 
an infinite continued fraction which converges rapidly. The scat­
tered vertical magnetic field is maximum at the sheet depth and 
decays above and below. The buried cylinder is an example of a 
man-made scatterer such as a pipe, wire, rail, etc. It has 
finite conductivity, and the axial current is found by applying an 
impedance condition at the edge of the cylinder. The scattered 
magnetic field is large near the cylinder but decays rapidly with 
distance. In addition to the vertical magnetic field, numerical 
results are given for the surface impedance which is frequently 
used in geophysical prospecting. 
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ELECTROMAGNETIC RESPONSE OF A MEDIUM LOADED WITH 

COA TED CONDUC TIVE pARTICLES 

Abstract 

by 

James R. Wait 
University of Arizona 
,Tucson, AZ 85721 

We consider a model of a mineralized ore zone in the 

form of a dissemination of metal particles of spheroidal shape. To 

account for electrochemical effects, the surface of the particles 

exhibits an interface impedance that can be any specified function of 

frequency. A quasi-static analysis is used which is justified because 

the particles are electrically small Explicit expressions for the 

induced dipole are given for the prolate spheroidal geometry and the 

oblate case follows a simple transformation. The result is exact 

only for the case where the angular dependance of the interface 

impedance has a special form. A general expression is given for 

the transientresponse of the particles when the primary field is abruptly 

terminated. The resulting decay of the secondary field is shown to be 

a strong function of the particle shape. 

Contribution from the GeoElectromagnetics Group, 
Departtnents of Electrical Engineering and Geosciences 

11 Jan 82 
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EFFECT OF ADVERSE SAND STOIa·,s ON gILLIl:ETER 
ELECTftOHAGNETIC I-IAVE PROPAGATION 

S.C.Gupta and A.Srinivasan 
Dept. of Electronics & Communication Engg. 

U . O.R. ,ROORKEE. 

Abstract:- Scattering and Absorption of Electro­
magnetic energy (E.};.) at millimeter wavelength 
resul ts in a loss of E .l~ .Energy and it is estimated 
theoretically. A laboratory model ~ developed to 
simulate the actual sand - storm conditions, to 
study these effects. The concentration of

3
sand 

and dust particles vary betvleen 1.0 gm/cm in 
storms and the size of dust particles vary betvleen 
0.015 cm and 0.008 cm. An extended integral 
equation method and numerical solutions are used 
for nonspherical sand particles, having a ~omplex 
dielectric constant. This extended boundary con­
dition method is used to estimate the Scattering' 
Cross- Section of sand particles of arbitrary 
size and shape and further loss of electromagnetic 
energy at millimeter ,laves is estimated and the 
results are compared \'lith the available earlier 
results. DEC 2050 computer is used for solving the 
equations. An open cavity resonators are designed 
(18 GHz, 30 GHz, 40 GHz, 50 GHz) and various expe­
riments are performed in different sillR.llated condi­
tions. The experimental results are compared with 
the theoretically estimated results using extended 
Boundary condition approach. Further recording of 
loss of electromagnetic signal <1t 11 Gllz microwave 
link is done in presence of severe- sand storm 
conditions. The optical visibility was reduced to 
100 meters for very short durations. The variation 
in received signal level of 15 dB for 10 to 15 minutes 
are recorded. 

153 



MEASURE/liENTS 01<' 'rHE DIELBCTRIC CGHSTANT 
OF DUST AT 8.3 GHz 

S I Gho brial and S ~1 Sharief 
~.lectricc.l 1:.r.i'ineerirr iJept. 
Jniversitv of Khartoum 
L.rartoum,O "uciar. 

Knowledge of the dielectric constart particles suspenolnp or precipitating in the atrnospLere is of importance ir: radio communication and ra0.io meteorology. In ciesert and Eemi-desert rer:ions Qust and sard storms are frequently encountered and it is therefore of interest to investigate the ciielectric constant properties of these particles. It is the purpose of thi~ paper to reveal some results that have recently been obtained at 8.3 GHz. 

I':ea.surements of the dielectric constant of dust at 8.3 GEz was carried using a cavity teChnique. Four dust samples were used and an average value of 4.05+.08 for the real part of the permittivity was obtained.-An average value of .084:!:.015 for the imaginary part was observed. 
Investigations of the effect of bygroscopic water on the permittivity revealed that both real and imaginary parts increase with increasing water content. 'I'he figure below shows the variation of the real part €' ant the imaginary part €" with water content for one sample. 
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HIGH FREQUENCY SCATTERING FROM ARBITRARILY ORIENTED 
DIELECTRIC DISKS 

D. M. Le Vine and R. Meneghini 
Goddard Space Flight Center 

Greenbelt, Maryland 

R. Lang and S. Seker 
Department of Electrical Engineering 

George Washington University 
~Jashington, DC 

Calculations have been made of the scattering amplitude 
and radar cross section of dielectric disks of arbitrary shape 
and orientation. A procedure analagous to the Kirchoff approx­
imation employed in physical optics has been used. In this 
approach, the fields inside the disk are approximated by the 
fields inside an identically oriented slab (i.e. infinite 
parallel planes) with the same dielectric properties. These 
fields excite currents within the slab (conduction and polar­
ization currents) which are the sources of the scattered 
radiation. The scattered fields are obtained from the induced 
sources by integrating over the volume of the disk. This compu­
tation has been executed here for arbitrary orientation and for 
observers in the far field of the disk. A dyadic scattering 
amplitude for the disk has been obtained and specific applica­
tions have been made to scattering from vegetation. 

The results have been shown to satisfy energy conservation 
for disks whose diameter is large compared to wavelength. At 
normal incidence, one obtains the expected result, 0 = R2000 for 
the radar cross section of the disk where 000 is the radar cross 
section of a perfectly conducting disk with the same shape and 
R is the reflection coefficient of a slab of the same thickness 
and dielectric constants (Radar Cross Section Handbook, pg. 522, 
Vol. 2, Ruck, et. al., 1970). Also as expected, no depolariza­
tion occurs if the normal to the disk, the direction of propac 
gation of the incident wave and the direction of propagation of 
scattered waves are coplanar. (Otherwise, the scattered fields 
can be depolarized). One expects the results to be valid for 
disks whose diameter is large compared to wavelength and whose 
thickness is small compared to diameter, but the thickness need 
not be small compared to wavelength. 

Examples of scattering amplitude, radar cross section, and· 
albedo will be presented for disks with dielectric properties 
apropos of leaves. 
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SCATTERING CROSS SECTIONS FOR COMPOSITE SURFACES WITH 
LARGE MEAN SQUARE SLOPES--FULL WAVE ANALYSIS 

Ezekiel Bahar 
Electrical Engineering Department 

University of Nebraska, Lincoln, Nebraska--68588 
Physical optics and perturbation theories have been applied to problems of scattering of electromagnetic waves from rough surfaces. However, these theories can only be applied to a limited class of rough surfaces. Thus perturbation theory can be applied to problems in which it is usually assumed that 

k~ <h2> « 1, lah/axl = I~I « 1, lah/azl = Ihzl « 1 
in which <h2> is the mean square of the rough surface height and ko is the wave number of the electromagnetic wave. Physical optics, which is based on the Kirchhoff approximations of the surface fields is applicable to surface for which the radii of curvature of the rough surfaces are large compared to the electromagnetic wavelength A. 

The abov.e theories have been applied to composite surfaces made up of irregularities that are both small as well as large compared to the wavelengthA. Using the perturbed-physical optics approach it is necessary to specify the wavenumber kd where spectral splitting is assumed to occur. 

In the composite models [Wright, IEEE Trans. AP-16, 217-2231 which are'mostly based on physical considerations" the rough surface is approximated by''patches''of slightly rough surfaces that ride the large waves. Thus the scattering cross section associated with the surface with the small scale roughness is obtained by averaging over the distribution of slopes of the large scale surface roughness. 
In this work the full wave approach to rough surface scattering is extended to composite models of the rough surface with large mean square slopes. Since the full wave approach accounts for both specu­lar point scattering as well as Bragg scattering in a self-consistent manner without introducing perturbation and physical optics theories, it is not necessary to decompose the rough surface into two surfaces with large and small roughness scales, hR, and hs resp.ectively. Thus the need to specify ~, the wavenumber where spectral splitting is assumed to occur, does not necessarily arise when the full wave approach is used. 
It is shown that the total scattering cross section can be written as a weighted sum of individual cross sections. The cross section associated with specular point scattering is multiplied by Ixs l2 the magnitude squared of the characteristic function for the small scale surface height hs • The cross section associated with Bragg scattering is expressed in terms of an integral over the slopes of the rough sur­face as predicted on the basis of physical considerations. The inte~ grand in this term is proportional to the surface height spectral den­sity function W(vx,vz) whose arguments are the two components Vx aug Vz of the vector v=ko(uf-ffi) in the local tangent plane (uf and n1 

are unit vectors in the direction of the scattered and incident wave normals). The full wave solution can also be expressed in terms of the rough surface tilts "in" and "perpendicular" to the plane of incidence and thereby compared with earlier results. 
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A MODEL FOR SATELLITE TO AIRCRAFT 
SIGNALS OVER THE OCEAN 

w. H. Peake 
Department of Electrical Engineering 

The University of Maine, Orono, ME 04469 

A satellite-ta-aircraft link over the ocean may include a 
specularly reflected signal and a diffusely scattered signal as 
well as the direct path transmission. 

These multipath signals, which under certain antenna con­
figurations and link geometries can be larger than the direct 
path signal, must be taken into account in any communication sys­
tem design. Here we develop a convenient method for estimating 
the statistical properties of this multipath signal (in particu­
lar the doppler and delay spectra). In addition, it is possible 
to use the model to construct a representation of the total s.ig­
nals which can be used in system or detector design studies (1). 

Since the diffuse component is essentially a forward scatter 
process, we have used a physical optics approach to calculating 
the signal scattered by the ocean surface. The scattering cross­
section, and thus the diffuse and specular signals, can then be 
related directly to the surface height and slope distributions 
(or indirectly to the surface wind speed), and (via the complex 
dielectric constant) to the surface temperature and salinity. 

Because the properties of the sea are rather complex, the 
statistics of the multipath signal are not derived in closed 
form. Rather the output of the model for a number of represen­
tative link geometries are presented to illustrate the feature 
of the diffuse signal. 

Comparison of the model output with an extensive series of 
measurements utilizing the ATS-6 satellite is made (2), and 
shows good agreement between the calculated and measured spectra. 

1. J. H. Painter and S. K. Jones, Results on Discrete Tim&, 
Decision Directed, Integrated Detection, Estimation and 
Identification. IEEE Trans. COM-25, 715, 1977. 

2. A. D. Thompson et al. Air Traffic Control Experimentation 
and Evaluation with the NASA ATS-6 Satellite. Vol. V Multi­
path Channel Characterization Test. Rept. FAA-RD-75-173, 
V Final Rept. Boeing Com. Aircraft Co. Sept. 1976. 
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A MODIFICATION OF LIN EMPIRICAL FORMULA 

FOR THE PREDICTION OF RAIN ATTENUATION 

By 

J.D. Kanellopoulos 

Department of Electrical Engineering 

National Technical University of Athens 

Athens 147, Greece 

AdS'rRACT 

Above 10 GHZ, rain attenuation becomes one of the 
most important factors governing system reliability. So 
far, a number of prediction techniques have been propo­
sed in order to estimate the rain attenuation for a gi­
ven link (A.P.Barsis and C.A. Samson, IEEE Trans.COM, 
24, 462-470,1976; R.K. Crane, IEEE Trans. COM. 28,1717-
1733,1980; G.Drufuca, J.Rech.atmosph.Fr.8,399-412,1974). 
All of them are based on raingauge data and can be clas­
sified into two main groups (a) rainfall' statistics te­
chniques and (b) the synthetic storm technique. The first 
group methods make use of the effective path length in 
order to take into account the spatial inhomogeneity of 
the rain medium. A common method in this area is the 
simple empirical formula proposed by Lin (The Bell Sys­
tem Tech.J.,56,1581-1604,1977). This method is appli­
cable only for 5-min rainfall rate data, and its simpli­
city is a challenge for use in areas where raingauge da­
ta are available for other j-min integration times such 
as 1-min. 

Subject of this paper is the development of a 
simple model using rainfall data taken from New Jersey 
(W.F. Bodtmann and C.L. Ruthroff, The Bell Syst.Tech. 
J.,53, 1329-1349, 1974) for various integration times. 

The crucial assumption of this technique is that 
the ratio R5 (p%) /Rj (p%) (p% is the exceedance probabi­
lity) is independent of the specific location and has 
a universal value at least for many parts in the United 
States of America. A similar idea has been also used 
by Bodtmann and Ruthroff (The Bell Syst.Tech.J., 53, 
1329-1349, 1974) for the conversion of rain rate distri­
butions in the range 2 sec-120 sec of integration times. 

The applicability of this technique has been tested 
against experimental data taken from the e.astern coast 
of the United States for both terrestrial and earth­
space links. 
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IMPACT OF ATMOSPHERIC PROPAGATION PHENOMENA ON THE 
OPTHnZATION OF THE ORBITAL LOCATION 

OF A COMMUNICATIONS SATELLITE 

A.K.Sinha, COMSAT General Corporation, Washington, D.C. 

This paper presents an analysis of the impact of 
the scattering, attenuation and related degradations 
of an electromagnetic wave signal on the performance 
of a communications satellite system. For an antenna 
beam coverage by the satellite of a specified geo­
graphical region, the longitudinal location of the 
satellite in the geosynchronous orbit determines the 
solid angle subtended by the coverage region on the 
satellite (and hence the antenna gain), as well as 
the minimum elevation angle of the satellite-earth 
propagation path within the coverage region (and 
hence the maximum path length lying in the earth's 
atmosphere and the maximum precipitation-induced 
degradation). In the framework of a simple mathema­
tical model, the inherent tradeoff between the 
antenna gain and fading losses is studied by means 
of a few illustrative examples, and numerical 
results obtained with the help ofa computer program 
based on the model are presented. . 

It is observed that tne optimum satellite loca­
tion typically corresponds to a longitude about 100 
to 40 0 away from the longitude of the center of the 
coverage region-the exact optimum longitude and the 
sensitivity of the system performance with the 
longitudinal variation of the satellite location 
depending on the shape and orientation, as well as 
the climatic condition of the coverage region. 
These results are particularly pertinent for select­
ing the optimum orbital locations of the new and 
future generation communications satellite systems 
operating on fade-prone frequencies (>10 GHz), and 
for efficient utilization of the basic resources, 
namely, the satellite power and the geosynchronous 
orbit. 
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A 28-GHz ANTENNA GAIN DEGRADATION EXPERIMENT 

K. Lin, C. A. Levis and R. C. Taylor 
El ectroScience Laboratory 
The Ohio State University 

Columbus, Ohio 43210 

The COMSTAR D/4 beacon signal was measured continuously 
with a receiver switched at 30-second intervals between antennas 
aligned on the same axis. One antenna was a 5-meter (diameter) 
Cassegrain-fed paraboloid, the other a focal-point fed 0.6 m 
(diameter) paraboloid mounted i~ front of the Cassegrainian sub­
reflector. The elevation angle was 26.2°. To allow unattended 
operation, the antennas were pOinted in a fixed direction. 
Therefore their axis did not always point precisely at the 
satellite because of its diurnal motion. The rain-rate along 
the satellite-to-receiver path was monitored with.an S-band 
radar. 

The preliminary data analysis shows no gain degradation 
effects due to turbulence in clear air. Gain variations on the 
order of 2 dB were observed frequently, but not always, associ­
ated with rain and storm events. The time scale of the varia­
tions ranges from the resolution limit of the experiment to 
several hours. Enhancement as well as degradation was observed. 
The most likely interpretation is refraction due to bulk refrac­
tive index variations which bring the signal arrival direction 
sometimes closer to, sometimes further away from, the antenna 
axis. 

The gain variations are usually associated with an increase 
in the scintillations observed on both antennas. These scintil­
lation increases are generally well correlated for the two 
antennas. Similar scintillation increases are also observed 
sometimes without appreciable gain variations. 

These preliminary results are consistent with the premise 
that angle-of-arrival variations and amplitude scintillations 
are the dominant effects associated with rain and storm events at 
28 GHz for antennas on the order of 5-meter diameter. 
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ANALYSIS OF 18 MONTHS WORK ON AN 11.6 GHz 
DUAL POLARIZED SITE DIVERSITY EXPERIMENT 

EMPLOYING THE SIRIO SPACECRAFT 

R. E. Marshall, C. W. Bostian, W. L. Stutzman, 
E. A. Manus, P. H. Wiley, and T. Pratt 

Satellite Communications Group 
Electrical Engineering Department 

Virginia Polytechnic Institute and State University 
Blacksburg, Virginia 24061 

The degradation of earth-space communication links oper­
ating above 10 GHz by hydrometeors present in the troposphere 
is significant enough to warrant the use of site diversity. 
This was introduced by D. C. Hogg (Science, January 1968, 
Vol. 59, No. 3810, pp. 39-46) as a technique for improving the 
reliability of systems experiencing hydrometeor attenuation. 
The topic of improving isolation reliability by employing site 
diversity for dual polarized systems has received very little 
attention. 

This paper describes an 11.6 GHz dual polarized site 
diversity experiment with a 7.3 km baseline and an 11 degree 
elevation angle. A tipping bucket rain gauge and snow gauge 
is located at each antenna, and an S band range gated meteoro­
logical radar observes the main site earth-space path during 
propagation events. 

Data will be presented which include single site and joint 
rainrate, attenuation, and isolation statistics for the period 
July 1980 through December 1981. Attenuation diversity gain, 
isolation diversity gain, faderate statistics, and depolarization 
rate statistics for the same period will also be presented. A 
prediction of isolation diversity gain based on the attenuation 
diversity gain will be compared to measured values. Three 
dimensional plots of dBz vs range vs time and simultaneous 
attenuation and isolation plots of selected events will be 
presented. The effects of antenna residuals and ice on diversity 
statistics will also be discussed. 
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PROPAGATION MEASUREMENTS IN AN OPERATIONAL ENVIRONMENT 

D. V. Rogers, H.-D. Lin, and R. W. Gruner 
COMSAT Laboratories, Clarksburg, Maryland 20871 

A dual-polarized receive system designed to collect propagation data at 12 GHz by monitoring an SBS satel­lite telemetry beacon at the SBS TT&C Earth Station in Clarksburg, Maryland is described. Propagation data to be obtained include statistics of cross-polarization dis­crimination, relative phase between cross-pol and co-pol signals, and co-polar attenuation. The receive sys­tem, implemented by mOdifying an existing 14/12-GHz. prototype terminal, is compatible with the scheduled up­grading of this terminal to operational TT&C status. 

Constraints imposed by the operational environment (e.g., need to retain 14-GHz transmit capability of the terminal, requirement for independent TT&C operation) are enumerat­ed. Hardware modifications to be discussed include: design of a retrofit antenna feed providing dual ortho­gonal receive ports while maintaining the transmit port; provision of dual-channel receive capability by simul­taneous operation of the primary and backup LNA!downcon­verter chains; development of a dual-channel receiver to detect the 70-MHz outputs from the existing terminal; and system control and data acquisition techniques. The performance characteristics of the system will be presented. 
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THE EFFECT OF MULTI PATH AND SCATTERING 
UPON THE ARRAY GAIN OF A RADIO CAMERA 

Bernard D. Steinberg and Eli Yadin 
Valley Forge Research Center 

The Moore School of Electrical Engineering 
University of Pennsylvania 

Philadelphia, PA 
and 

Interspec Inc. 
Philadelphia, PA 

ABSTRACT 

A radio camera is an adaptive antenna array system large 
enough to obtain angular resolving power comparable to common 
optical systems. Following an adaptive beamforming procedure 
the beam is open-loop scanned to get the desired images. Multi­
path and scattering of the energy reradiated from the target 
induces phase front distortions. A theory has been developed 
showing that the loss in array gain due to the scattered field 
can be described by a simple relationship involving only two 
quantities: the strength S of the scattered field relative to 
the direct field and a spatial correlation function p(S) associ­
ated with the scattering process. The argument S is the scan­
ning angle. The array gain is G(S) = G(O)S[l-p(S)]. 

A series of experiments have been conducted to test the 
assumptions underlying the development of the theory, which 
appears to vindicate them. The theory and experiments 'are 
described. 
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WAVES IN ANISOTROPIC AND DIREFRINGENT 
ARTIFICIAL DIELECTRICS 

Michael J. O'Brien 
Electromagnetic Sciences Division 

Rome Air Development Center 
Hanscom AFB, Massachusetts 

Y. T. Lo 
University of Illinois 

Urbana, Illinois 

W. F. Richards 
University of Houston 

Houston, Texas 

ABSTRACT 

The recent need for light weight mUltiple beam communication satellite antenna systems has stimulated renewed interest in arti­ficial dielectrics. The particular dielectric studied is comprised of periodically spaced square arrays of thin square metallic obsta­cles. The major objectives of this study are first, to determine why the lenses previously built with this material failed to perform properly, and second, to design a functional lens if possible. The wave propagation properties of this type of medium are found using a full wave analysis. An equivalent multiport network models the modal conversion at the obstacle plane. An eigenvalue problem is then formulated to determine an effective index of refraction and wave admittance for the periodic structure. These bulk properties are subsequently used to analyze the propagation of a microwave beam incident on a medium. The refraction of a beam through a simple dielectric slab is considered first because one can include the effects of both the multiple internal reflections snd the sus­ceptive discontinuities at the boundary surfaces. Then the more practical prism structure was considered, since the prism has two refracting surfaces like the lens. The theoretically predicted results are verified by experiments with good agreement. These preliminary results indicate the possibility of designing a micro­wave lens which satisfies Abbe's sine condition by taking into account the inherent deliterious properties of this material, namely anisotropy and birefringence. 
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MAXIMUM ENTROPY ARRAY RESOLUTION OF RADIATING SOURCES* 

R. M. Bevensee 
Lawrence Livermore National Laboratory 

Livermore, CA 94550 

The conventional MEM array method (R. N. McDonough, Geophys., 
39, 843-851, 1974) resolves sources in direction by 
extrapolating the spatial autocorrelation function in a most 
probable sense and computing the resultant wavenumber spectrum 
by what is effectively autoregressive all-pole modeling (Burg 
method) • 

This MEM resolves two equistrength monochromatic sources in 
amplitude with essentially zero angular separation (without 
noise) if their phase difference is 90 0 and" .65 AIL if 
their phase difference is zero (A = wavelength, L=aperture 
length). With noise the resolution depends on the SIN ratio. 
Gabriel (W. F. Gabriel, Proc IEEE, 68, 654-666, 1980) indicates 
a nearly inverse-cube relationship between the angular (i.e., 
wavenumber) resolution and SIN for two equistrength targets. 
Luthra and Steinberg show the resolution can be improved 7-l5db 
by subtracting the noise autocorrelation function, obtained from 
multiple-snapshot data, from the total signal + noise 
autocorrelation function. 

Another MEM method (R. M. Bevensee, lEE Conf. Pub. 195, Part 1, 
383-387, 1981) has been applied to the resolution of a 
two-dimensional distribution of monochromatic radiating sources 
from far-field data taken in various directions. This method 
show promise for phase resolution in the inverted problem of a 
non-collinear array of receivers sampling the field of an 
angular distribution of remote sources. 

The resolution capabilities of this latter MEM method will be 
compared to those of the conventional method and some 
conclusions will be drawn about the fundamental limitations on 
source resolution in terms of relevant parameters. 

*Work performed under the auspices of the U. S. Department of 
Energy by the Lawrence Livermore National Laboratory under 
contract number W-7405-ENG-48. 
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APERTURE SYNTHESIS FOR MICROWAVE RADIOMETERS IN SPACE 

D. M. Le Vine 
Goddard Space Flight Center 

Greenbelt, Maryland 

Aperture synthesis can be employed in passive measurements from space to provide high resolution microwave radiometers for remote sensing applications. The technique could lead to microwave radiometers in geosynchronous orbit with spatial resolution equivalent to real antennas several hundred meters in diameter. The purpose of this paper is to present the concept and results of research being done at the Goddard Space Flight Center to develop the concept into a practical sensor system. 

The theoretical basis for aperture synthesis'from space is the Van Cittert - Zernike theorem, a well-known result in optics (e.g. Born and Wolf, 1959) which shows that the inten­sity of radiation on the surface of an incoherent source is the Fourier transform of the correlation function of the fields measured far from the source. This theorem has been modified in work at the Goddard Space Flight Center to apply to earth' viewing radiometers. The problem of viewing a large extended source (the earth) from an observation point not in the far field can be overcome and it is shown that a correlating interferometer in space can map the correlation function to obtain a high resolution image of brightness temperature. 
Two approaches, single frequency and multiple frequency synthesis, are possible for obtaining the map of the correla­tion function. In single frequency aperture synthesis, the baseline of the interferometer is changed by physically moving one of the antennas to different positions in the image plane. In multiple frequency aperture synthesis, the physical baseline between antennas remains fixed but the equivalent baseline is changed by making measurements at different frequenci es. Both techni ques are equi val ent· theoreti ca 11y, although for remote sensing purposes from space the most practicle approach appears to be single frequency synthesis from geosynchronous orbit. Example antenna patterns and potential resolution will be discussed. 
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COMPUTER GRAPHICS OF AREA COVERAGE 
for 

SUBMARINE HIGH FREQUENCY CO/1MUNICATIONS 

J. R. KATAN 
and 

D. H. S. CHENG 

In this study, we investigate the environmental effects, 
diurnal, solar, and geographical, on the ability of a 
particular class of submarine antennas to communicate 
reliably. Calculations are done based on IONCAP which is a 
comprehensive computer code designed to predict HF sky-wave 
~ystem performance and analyze ionospheric parameters. A 
series of computer graphics were developed to reduce myriads 
of computer data and to assist in the assessment of HF 
antenna and communication systems onboard a submarine in 
transit. 

The computer graphics provide area coverage displays of key 
communication and ionospheric parameters. It uses the 
Cartographic Automatic Mapping program named CAMs which 
performs a variety of cartographic functions on anyone of 
eighteen map projections. Finally, a program called CONTOUR 
is included which produces the constant level lines depicting 
the key parameters. 

These techniques are general enough to assist in the 
understanding of a broad range of problems common to 
broadcasters, frequency managers, as well as systems analysts. 
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ELECTROMAGNETIC WAVE PROPAGATION IN FORESTS 
USING A FOUR-LAYERED~DIA MODEL 

AND DYADIC GREEN'S FUNCTIONS· 

Gervasio Protasio dos Santos Cavalcante 
Universidade Federal do Para (UFPa) 

66000 Belem, PA, Brazil 
David Anthony Rogers 

North Dakota State University (NDSU) 
Fargo, ND 58102, USA 
Attilio Jose Giarola 

Universidade Estadual de Campinas (UNICAMP) 
13100 Campinas, SP, Brazil 

The propagation of radio waves in forests has been the 
subject of various studies. A typical model that has been 
commonly used to study this problem has been the replacement of 
the forest by a homogeneous and isotropic dielectric layer placed 
over a flat conducting earth. For these analyses Hertz potentials 
have been used and satisfactory results were obtained (see, for 
example, D. Dence and T.Tamir, Radio Science, Vol.4, pp.307-3l8, 
April 1969). 

In the present work a model with four dielectric layers has 
been considered. Two dielectric layers were used to represent the 
crown and the trunk of the trees in the forest. These layers were 
placed over a conducting flat earth. The dyadic Green's functions 
in their eigenfunction expansion forms were used to analyze this 
model and the electromagnetic fields were obtained from these 
functions. The radio losses from 2 to 200 MHz for radiating 
horizontal and vertical dipoles located in the trunk region and 
the observation point also located in this region were 
calculated. The theoretical results agree with the available 
experimental data for typical forests. For this comparison the 
parameters of the crown region were estimated for each specific 
case • 

• The present work was performed at the Universidade Estadual 
de Campinas (UNICAMP), C.P. 1170, 13100 Campinas, SP, Brazil. 
It has been partially supported by the Conselho Nacional de 
Desenvolvimento Cientifico e Tecnologico (CNPq), the Telecomu­
nica~oes Brasileiras S.A. (TELEB~) and the Coordena~ao do A­
.peIfei~oamento de Pessoal de Nivel Superior (CAPES). 
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