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his column is the second part ol two the [itsl appearing in

- December, 1999—that integrate a description of the evolulion

of computational clectromagnetics (C1M) sinee the 1960s with my
own personal cxpericnee in the fictd.

Introduction to the Method of Moments at
MBAssociates, San Ramon, CA, 1968-1971

My introduction o the Mcthod of Moments came upon join-
ing MBAssociates, of San Ramon, Cualiformia, wherc | worked
from 1968-1971. A forerunner of N&C, called ARACT, was under
development there, with primary programming being handled by
Cieny Burke. Within a year ot my atrival at MBA, Andy Poggio
also joined us.

The basic Umust of the rescarch being done at MBA was ini-
tially the development of computational models for the analysis
and desipn of penctration aids: decoys that would accompany
reentry vohicles to confuse enemy radars, BRACT was based on the
thin-wire cleetrie-ficld integral equation (EI11R), and used a three-
term eurrent hasis (constant, sing, and cosine) and point matching,
being adapted from Mei's approach [1]. My carly contributions 1o
ARACT included adding adaplive quadralure, and introdueing the
closed-form expressions lor (ive of the six field torms needed to (i1
the impedance mairix, Alse, it was linally appreciated that while
BRACT was originally deviged for madeling scattering, a simple
change in the right-hand side made it suilahle, as well, {or antenna
applications. Subscquently, antenna modeling became the primary
thrust of the MBA work.

Computing resourees during part of this period al MBA wers
rather limited, consisting of batch processing done on a CDC-3800
compuler located in Sunnyvale, California, about 40 miles wway.
Card decks and output were delivered by an MBA employee or
handled via couricr. In 1969 or so, a Tymeshare connection was
made, which cnabled job enlry to be achieved via a teletype, with
output eveniually provided al MBA from a high-speed chain
printer, a big improvement. A lypical “large™ prablem at this time
involved a wire-grid model of an Q-6 military helicopler, which
incorporated 194 unknowns lor {he basic stroeture, and possibly 15
more, depending on the speeifie antetina being used! This wire-grid
Oli-6 helicopter, shown in Figure 1, was one of the earlicr such
nodels emiployed, but Richmond [2] was probably the Tirst to
report using wire grids as approximation for solid surfaces,

An interimy slep between ARACT and NEC wag AMMP
(Antenna Mathematical Modeling Program), developed rom 1S
Armmy-sponsorcd work (hat hegan in 1971, Other sponsors were
intoresicd in nodeling interface ¢lfects, for which an initial
Sommerleld (reatment was developed in 1970, The Semumerleld-
bascd model was initially Timiled to horizontal and vertical wires,
using only five (1) scgments, due 1o the cosl of evaluating the
Sommerfeld flelds. An approach we termed the “Reflection Cocl-
ficient Approximation” {(RCA) was also developed, to avoid the
expense of Sommerfeld-intepral cvaluation [3-47,

The RCA extended the rigorons model for a PEC half space
to a lossy ground, by approximating the interface-reflected liehds
uging the FEC wage and Presinel planc-wave reflection coct(i-
cicuts. A hint for this developiment wis provided by Dr. Mogens
Andreason, of TCI, aiter a talk he pave in Palo Alto at an 1111
evening mecting, One other significant MBA modcling code was
developed in 1974 by Gorry Burke, o time-doman BF[E, which
was lader given the name THTH (Thin Wire Tune Donan) at
Lawrence Livermore National Laboratory [3], Also while af MEA,
Andy Poggio and 1 wrole a chapter on time- and Frequency-donain
mivgral cquations for a book cdited by Raj Mittra [6]. One ol the
topics lreated in this chapler was the detivation of an integral
cquation lor a pencirable object,

CEM at Lawrence Livermore National
Laboratory, 1971-1985

O joining TLNIL, in 1971, 1 was permitled surprisingly, in
relrospeet-by MBA Lo take copios of BRACT and THTD. A special
attraction of the move o LLNL was the suite of conpulers avail-

ligure 1. A wire-grid model of an OL-6A helicopter, having a
iofal of 194 sepments,
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Yigure 2a, The time-dependent broadside radiated field of an
impulsively excited straight wire having an ideal diode on each
of its 60 segments. The radiation ticld is dominated by that
coming from the source repion (e pesitive pulse), wnd that
cansed by reverse charge motion being stopped (the negative
pulse} by the diodes.
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Figare 2b. The frequency spectram of the field seattered trom
o straight wire illiminated from broadside by a 16 Mz planc
wave, and the ecenter vesistance of which is syuave-wave
maodulated at 4 M1z to produce upper and lower sidehands
4 M1 infervals,

able there, ineluding CDC-6600 camputers, which were scon fal-
lowed by CNDC-7600s, as well as the latest gencrations of CRAYS,
on a regwlar basis. There was also an extensive terminal network al

LINL, so that programs eould be doveloped and excouted nearly
cverywhere within the Laboratory. In addition, there were exten-
sive suppoert services and peripherals available, ineluding a state-
ul-art storage systamn called photo-store, which had an unimagin-
able, for the time, 1012 hits capacity. Physical storage was provided
by an aray of slide-like (ihms, or chips, about halfl the size of a
playing curd, on which data was stored using optical teelmiques.
Fach ol the chips held about 4.7 million bits, 32 ¢hips being held
in small plastic boxes ealled celis, with 6,750 cells available for
on-line aceess. [Thanks to Tyed Deadvick of T.INL for finding
some of (his fong-forgotien information about pholo-store. |

Il wis also convenicad Lo produce various kinds of output
from computer runs, ¢4, making movics of trimsicot phenomena
generaled usingg FHTO. Althouglh Mull-color mevies of M (liclds
have come to he a standatd sorl of presentalion aid, especially with
the wide-spread use of FIYITY models, even e stmpler kinds of
visualization (hat wore available in the early 19705 could roveal
pliysical behavior that might ool oiherwise be easily seen in the
CEM results. A selection of such P37 results is still available, in
a sequence of movie strips that can still be oblained fom the IELRE
(e.g., IEHE APS Magezine, October 1999, po 119), FHTD was
subsequently cxtensively modilied at LLNL, by Jerry Landi, to
include non-fncar impedance loading, time-varying loading, and
near-field computations. Examples of the former two applications
are shown in Figure 2 (7).

My firast CEM projeet ar LLNL was modeling of US Coust
Guard Loran-C antennas, dwring which rather cxiensive modifica-
tion of BRACT was begun, in o version that we called WAMP
(Wire Antenna Modeling Programd. One of the Mrst changes was
the addition of a ground-screen capability [B], This was casy 1o
incorporate in the Reflection Coelficionl Approximation (RCAY
lennmlation, following some previous work by Jitn Wait [9], and
seemed to provide realistic results, al least when compared wilh
seale-madel and full-scale measurcments. Adding 4 Jayered ground
and a buricd ground sercen wore also stightforward, (ollowing
shinilar procedure, lo model the mloence of subsurface sall water
at o variable depth beocath the sectionalized-T.onm-transmitting
{SLT) antemy, as shown in Figure 3. Although experimental data

Resistance - Ohms

A il 10 100
d (mcters)

Figure 3. The vaviativn in the input resistance of the SLT
antenni, us a fanction of the depth to subsurface sall water,
with the pember of wires in a radial gronnd sereen as a
parameter,
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Figure 4a. The vesistance of a horizontal dipole 0. 1 wavelengih
long and 10-% wavelengils in radins, as a function of the dis-
tance from a dicleciric half space of relative permittivity 16.
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Figure 4b. The reactance of the hovizontal dipole of Figure 4a,
Although the thin-wire approximation nsed here reguires that
the dipole be kept several radii away From the interface, it
appears as thongh the reactance curves, if extrapolated, wonld
intersect al a height (or depth) of about the wire radius.

were not available to confinm these yesulis, the resistanee variation
wag similar to ehanges scen in SLT antennas located near shore-
lines.

A growing varicly was EM-rclated work began in my new
Group, Clectromapnetic Waves and Applications, abont that time,
which was later sumimarized m the AP-8§ Newsletter [10]. Some of
this work had an experimental focus, for exanple, through-ground
propagation experiments hepun by feff Lytle |11]. One goal of
Jelfs experiments was to dovelop BM “images™ of dhe proumd
belween two verlical bore holes, by using a suceession of trans-
mitler and receiver locations, The data wore processed using
increasingly sophisticated tomogruphic lechniques, and the proce-
dure became known as peolomography. An initial application of
gealomography was Lo scarch for the coal-gas interface when coal
wae being burned underground for in-situ gasification. Another
wars (o locale tannels in certain arcas.

The initial interface imadel, based on the RCA, was subse-
quently much improved by incorporading gencral expressions for
the rigorous Sommerleld field integrals into FAMP. Hven on ihe
LLNL computers, these integrals could require cxeessive computer
time. A substantial speed improvemend wag reahized by interpolat-
ing between accuralely computed Sommerfeld lields stored in a
two-dimensional mesh [12, 13]. nterpolation warked well for the
one-sided problem, i.c., where the source and observation poinis
wore on the same side of the uterface, an example of which is
shown in Figure 4. However, it was much less attractive for the
siluation where they were on opposite sides of the interface, sincc a
three-tdimensional feld mesh was then necded.

An allernaiive to three-dimensional interpolation, as a logical
cxtension of the two-sided (woblem, was then developed, using
niodel-based paramoter estimation (MIBPL). Rather than using
slandlard interpolation formulas, MBPE instead cmploys “basis”
lonetions  that  represenl  various  asymptotic forms ol the
Sommerfeld ficlds. The ampliludes of e varjous bases were
ohtained by ftling iheir som to Sonwnerfeld-ficld valucs over the
rhysical space of interest, This approach provided accuracy com-
parable to using only the Sommerfeld fields, with a time reduction
ol s much as a 1,000 [14]. This initial MBPE approach to the
Sommerfeld problem eventually lod (o development and applica-
tion of the same Idea to the sampling of froquency spectra and
radiation patlerns, as deseribed clsewhere [15].

Cne application Tor bolh BRACT and 7T was the model-
ing of a variety of objects cxposcd to an EMP waveform. [n sup-
porl of this work, a ground-plane lime-domain range was devel-
oped about 1973, largely following the design of one located of
Sporry Rescarch Lab in Sudbury, Muassachusetts, designed by
Gerry Ross and his tcam | 16]. Also in comeetion with the TLINL
EMP activity, a Computer Code Newsletler was inttiated in 1975,
with several hundred code copies dehivered to recipients around the
world, over aboul o four-year period [17).

It"’s intercsting o recall just what was considered a veally
“big™ OM problem in the mid-1970s. Tor case in visualizing how
big a problem might be considered practically selvable, [ had
begun using a onc-hour sclution tine as o measure of computer
speed. In this lime period, for a frequency-domain inlegral-coua-
tton model witl & matrix that was solved using .U decomposition,
the one-hour problem size was abour 300 wavclengths of wire, or
30 square wavelengths for a surluce, using a CDC-7600 computey.
This assumes a sampling sate of 10 Umesfwavelenglly and 100
times/square wavelength, rospeetively, Now, probicms of this size
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Figure 5. Contowrs of constant near electrie fields, mulliplicd
by ihe radial distance, as a function of space {or time) around
an impulsively excited wire, obtained from TWID. The outer-
most “hubhle” of field is due to radiation from the source
region as charge is set into motion, while the smaller bubbles,
eentered at the wire ends, are duc to ouwlwurd-prapagating
(/7 pulses that have just heen reftected.

cat be solved in times of 10s of minutes or less an PCs. On main-
frame computers, the one-hour-time problem sive ringes rom 10s
to 100s of thousands of unknowns, depending on the natuve of the
formulation and solution procedure. Time-domain differonial-
squation models IFIX11), for example have employed 1005 ol mil-
lions to 10Y unknowns. While CliMers have made sulstimtial
improvements in model formulation and development, the credit
for mueh of this inerease in problem size must also he given to
improvements in compuicr hardware. Since the advent of the
UNIVALC-1, in 1953 or so, the speed of compuder thioughput has
mereased by about a faclor of 10 cvery live years, with & commen-
surate inereass in slovage.

Scientific Visualization and
Electromagnetics

Ag mentioncd above, THTD was ased in the carly 19705 Lo
malkke movies, a9 il was soon obvious that the amount of dala pro-
vided hy u time-domain madel conld be overwhelming, besides
which Deing able to cxamine trapsient phenomena dynmnically
was cxlremely rewarding. Noi too long aller bepinning our movic
making at LINI., Chalmers Butler, who was then al the Universily
of Mississippt, and | collaborated on a proposal to the National
Scicnee loundatien to develop visualization “products,” with an
ciiphasis on computer movies for the teaching of electromagnelics.
We solicited the invelvemont of 30 or so professors rom schools
around the country 1o ensure that (the outputl of us project would
o actually used, Unfortunately, the NS cleeted not (o fimd il
Many years later, the CALME [originally, Computer Applications

m LlechoMagnetic liducation, mnd now ihe Center of Tixcellence
for Mullimedia lducation and Technology; see their home page at
hitp:/fwww eaeme.clen.ulah.cdu/] projeet came into being through
the endeavors of [rene Peden and Magdy [skinder, as a mcans of
using compuler-visnalization and interactive capabilitics for EM
mstruetion, CALMD has become o real success story, and las
broadened o the more general Tocus of engincering cducation, for
which Magdy Iskander deserves our hearly congratulations,

My own inlcrest in visual HEM (VIIM) continucd over the
years. Aside from the value of VEM lo camputer modeling [18], T
continued o feel that visnalization can be a powerful tool for
toaching an abstract topic like clectromagnelios. lventoally, |
obtained fonding while still at LLNL for a two-summer program
(1985-86), held in collaboration with Associated Western Univer-
sitica. This involved having college tcachers come o LLNIL for a
lew woeeks or month 1o make computer movies for use m their own
courses. T actually participated s one of the colicge visitors in the
siwmmer of 1986, The output of this proyram was publishad in
1988 as a three-volume report by LLNL {15], which is provided in
councelion wilth the 7H71} movies mentioncd ahove, A frame
e one of the movie-strips thal shows the near eleciric field
around an impulsively excited dipole is presented in Figuee 5,

Afler joining the facwlty of the Blectrical wnd Compuler
Inginecring Deparlment at Kangas Universily, in 1985, onc of the
courses | organized was on compuler graphics in engincering
applieations. The goal of (his course wis Tor the two-porson stu-
dent teams to develap g compeder movie for use in one of their
courses, in collaboration with onc of iheir professors, using a new
labaratory being oranized for thal purpose. 1 was hoth amaxed and
aratificd by how much effort the students who participated were
willing to devole Lo this activity, and the qualily of the projects that
they produced, The resuits of the LINL and KU pojects arc
tlesoribied in a series of papers and artieles [20-22].

The Arrival of Hand-Held Calculators
and the First PCs

The first TIP-35 hand-held caleulator came to market about
1975, Just as T had aboul decided 10 part with the $395.00 price of’
the ealeudator, it was announced that Commodore would be dem-
austrating a sell~contained computer called the PET (Personal
lHlectronic Transactory at T.INT., Alier secing the demonstration, 1
decided to mstend buy a PIET, which I obitained in ciarly 1976, Two
modlels of the PIT were offered, one having 4 kB of memory, and
the other 8 kB, priced al $600.00 and $800.00, respuctively. [
bought the latter. The PIT hadd a-Motorola 68000 processor, and
casselte-mapnctic-tape 140, but no printer was available, initially. [t
came with BASTC and an operating system in ROM, and fanly
claborate graphics, for the lime. | sguecred Prony’s Method into
the PET with about five bytes of memory to spare, when doing a
L0-pole wavelorm,

My nexl PC was an Apple I, aequired in 1980, The Apple
was uscd to vun MININGC [23, 24, as well as P40, which had
been transferred 16 the Commodors md Apple by Jerry Landt.
Even piven the slow speed and limiled memorics of those early
micros, lhey coulldl do interesting problems using such codes, A
talk al the 1983 URST mecling, deseribing some of these applica-
tions [25], led 1o an invitation by Dan Schaubert, then the AD-8
Newsletter lditor, 1o wrile a [eature article on Ihis lopic, from
which this columm originated.

IEEE Antannas and Propagation Magazine, Vol. 42, No. 1, February 2000 101



1 got my first Macintosh in 1985, and have upgraded several
times sincg, but also acquited a PC clone a few years ago.
Although I did a preat deal of programming in my days al the Uni-
versity of Michigan, T had not personally made use of inodels like
NEC and TWTH until rather recently, T lirst used a Macintosh ver-
sion of THTH in 1987, and began using NEC on a Mac about
1995, after T rotired. The mobivalion Tor beginning to run these
cades myself was that 1 no longer had miuel contact with others
who might be willing to ran problems in which T was intcrested.
This expericnce has been enlightening, cspecially in sceingy for
mysell just how much ean be leamed aboul electromagnetic phys-
fcs from looking at some rather simple, but fundamental, problems.

Some Other AP-S/IEEE Activities

Tn 1983, T was asked by Y. T. Lo (o join the AP-S Fducalion
Committee, of which | became Chatrman shorily afler, Two tssues
were on the committee’s agenda: one was the development ol vid-
cos on topics of interest to the Secicly that would be made avail-
able to members, and the other was the possibility that AP-§
should ofter shorl courses to altendees at our yearly mectings. To
grot started on the lailer, Bud Adams, also a4 commiiliee member,
and | prepared o briel questionnaire to distribule Lo participants at
the 1985 mecting, held at the University of British Columbia
Vancouver, Based on the very encouraging response received, we
arganized a “test ran” of the short-covrse idea for the 1986 mecling
in Philadeiphia. Bud and I logether pave a hall-day short course on
the Moment Method, and Yabhya Rabinat-Samii gave mother on
reflector antennas, both held on Friday of that week.

The large attendance at this Grst shorl-cowse experiment ted
us to expand our offerings at the 1987 mecting, at Virginia Teeh, o
four, of which two were video-laped: *Paltorn Synthesis for
Antenna Arcays,” by Robert 5. Elliot], and “Adaplive Processing
Antenna Systems,” by Willtam 1. Gabricl, which are also available
ftont the IEEE [see the “AP-S Video Courscs” box elsewhere in
this issuc, usually ncar the Short Courses listings], These mitial
twa short-course venlures were successful cnough that short
coutses have beeoma o standard component of the AP-S yemly
meetings ever since.

Although short courses provide ong way to develop the vid-
cos mentioned above, they are not normatly able (o be given in a
selting designed for such productions. Thus, we also sought other
means for developing videos, Subscquently, some others wore
made in TV stucdios, and these can also be found in the "ADP-S
Video Courses™ listing.

The validation of CEM softwarc and resolis haed been a long-
standing inferest of mine. This led, with some prodding and pea-
ticipation by Leo l'elsen, 1o organizing a special session on ihis
topic at the 1988 Syracuse meeting, followed by two subscquent
workshops at the 1989 and 1990 AP-S meetings, in San Jose and
Dallas. "T'he goals for the workshops were several, including the
development of databases for resulls from computation and mens-
uretnent that would be casily accessible, and the devising of quan-
Litative ways for standardized comparison of resulls from different
sources, [See PCs for AP, Oclober, 1987; October, 1989; Februaty,
1990; August, 1990.] Unfortunalely, althongh there was generul
agreement with the idea of collecting data Tor validation purposes,

and with the prineiple of encouraging quantitative comparisons ol

different results, implementation of these goals was not found (o be

casy. Although some progress has been made in making authors
more aware of the value ol stating dala comparisons quantitalively,
the pereeplion vemaing thal this s dilticnlt 1o do and is probably
not worth the effort.

The Applicd Computational Clectromapnetics Sociely also
became invalved i this problem of software validation, A special
issnc of the ACKS Jorrnal on “LElectiromagnetics Computer Code
Validation” was published in 1989, Sevoral benehmark problems,
intended for validation purposes, were faler published in a special
issuc of the ACES Journal titled “The ACES Collection of Canoni-
cal Prablems, Set 1™ in the Spring o 1990. Still anolher issuc of
the ACES Jornal, in 1993 (volume 8, number 2), contained a gpe-
cial seelion on TRAM (Testing Electromagnetic Analysis Meth-
ods} Benchmark Problem Solulions, Incidentally, TEAM is still
active, according to the following information reccived from TTal
Sabbagh: “TEAM 18 serics of workshops milended for the com-
patison of sobution methods and codes tor clectromagnetic ficld
compulation. The workshop started in 1985, and is organized in
rounds. In eael round, lasling aboul two years, there are a namber
ol repional workshops, ending in a final workshop that is normally
held in conjunction with the COMPUMAG conference. The last
waorkshop that Tam aware of was the sixth round, and was held al
Oleaysima, Japan, but [ suspect that they are already into the cighth
round, The problems are indostrially oriented, and scan the entire
frequoncy range. The solutions tend 1o favor tinite clements, but
not exclusively, There are several that incorporale bonndary ele-
ments with inite elenents.”

Concluding Comments

Over (he years, my own inferests in CEM have remained
focused on o fow arcas. One, discussed above, is visualization,
Another is the information-related aspects of computer modeling,
which provided a motivation for the model-based work in which
I've been involved. A third somewhat-refated topic is the possible
role of statisties in problem formulation, solution, and application,
Finally -for reasons that | can’t fully reeall anymore—there is the
problem of where and why does radiation originale from in a
body?

From a petsonal perspective, 1 feel very flortunate regarding
my working carcer, Most of the time [ have had positions where T
looked forward to going back to work on Monday morning, wwd
otherwise «didn’t want to miss a day, Also, not being particularly
analylically inclined, the arrival of the digital computer happened
at just the right time for me. Twas, in additen, {ortunate over most
ol my carcer that financial support was usually not a limiting factor
in doing the things I wanted to do. Finally, there were generally
interesting problems on which to wark, supportive sponsors, and
creabive, congenial, and collaboralive colleagues. Qverall, I'im
grateful 10 be able 1o say that wark was challenging, worthwhile,
and fun,
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