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The Electromagnetic Pulse (EMP) produced by a high-
altitude nuclear blast presents a severe threat to electronic
systems due to its extreme characteristics. To test the
vulnerability of large systems, such as airplanes, missies, or
satellites, they must be subjected to a simulated EMP en-
vironment.

One type of simulator that has been used to approxi-
mate the EMP environment is the Large Parallel-Plate : .
Bounded-Wave Simulator. It is a guided wave simulator
which has the properties of a transmission line and supports
3 single TEM mode at sufficiently low frequencies. This
type of simulator consists of finite-width parallel-plate
waveguides, which are excited by a wave launcher and ter-
minated by a wave receptor.

This study addresses the field distribution within a finite-
width parallel-plate waveguide that is matched to a conical
tapered waveguide at either end. Characteristics of a parallel-
plate bounded-wave EMP simulator were developed using
scattering theory, thin-wire mesh approximation of the
conducting surfaces, and the Numerical Electronics Code
(NEC). Background is provided for readers to use the NEC
as 3 tool in solving thin-wire scattering problems.
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CHAPTER 1

INTRODUCTION TO PARALLEL-PL.ATE EMP SIMULATORS

The Electromagnetic Pulse 'EMP) produced by a high-altitude nuclear bursi
presents g severe threat 1o electronic systems due to 1ts extreme characteristics. [n
order to test the vulnerabihity of large systems. such as airplanes. mussiles. or
satellites. they must be subjected to a simulated EMP environment. which 1s
characternized by a high peaked transient pulse with a planar wavefront that will
uniformly lluminate a test obhject. (One type of stmulator that has been used 1o
approximate the EMP environment s the Large Parallel-Plate Bounded-Wave
Simulator. The parallel-plate bounded-wave simulator is a guided wave simulator
which has the properties of a transmission line and supports a single TEM mode at
sufficiently low frequencies. Ideally. i1t has a uniform characteristic impedance that 1§
independent of frequency along the direction of propagation. and can be terminated by

a matched impedance providing a pure traveling wave.

Paraliel-plate bounded-wave EMP simulators consist of finite-width parallel-
plate waveguides. which are excited by a wave launcher and terminated by a wave
receptor. Typically. conical tapered waveguides are matched to the paraliel-plate
region tn order to excite and terminate a plane wave in the parallel-plate region. This

geometry s illustrated in Figure 1.1 (all tables and figures are located at the end ol

)

'@ cach chapter). The apex of the wave tauncher 1s excited by a transient source which
;‘ has a very fast rise uime that s significantly smaller than the transit time of the
,

f: waveguide, on the order of 1-5 nanseconds. and a fall time on the order of |

a

microsecond. In theoretical computations. the pulse is usually represented as a double

exponential wavelorm and has broadband characteristics.

ANSENN

I'he problem being considered in this thesis is the solution of the field distribution

within a finite-width parallel-plate waveguide that (s matched to a conical tapered

o =% ¥
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';;:‘:E: waveguide at either end. The complete field representation is a superposition ot
:“ discrete and continuous modes. At very low frequencies. where the plate separation s
" much less than one-half of a wavelength. only the [EM modes ot the discrete
::z;: spectrum will propdagdte along the waveguide. By assuming a tinite-width parallel-
("‘) plate waveguide of infinite length. the TEM field distribution can be obtained by
‘;{;:' means of a quasi-static approximation [1.2.3]. This analogy 1s uselul in establishing
?:5. the characteristic impedance and the field distribution of the line tor low frequencices.
h: h_ Furthermore. quasi-static analysis on the conical tapered waveguide has been
-s-f. ‘ performed (4.5] by use of stereographic-projection and conformal-mapping techniques.
', Under a transient pulse excitation of the parallel-plate simulator, there will he
! significant energy distributed throughout a very broad band. extending into the high
-:'%:.; frequency region. Unfortunately. for all practical purposes, the plate separation 1s
: quite large and the bandwidth of single-mode operation s much smaller than that of
b

LN interest under pulse excitation. As a resull. higher-order TE and TM modes will
"‘:5; propagate along the waveguide. Furthermore, in the high-frequency region. the open
*-'. simulator will act as a radiator and will no longer support purely guided modes.

[N}

.;).‘ In order to develop an accurate approximation of the field distribution within the
:' wsmulator. non-TEM modes must be studied. Initially, assume the parallel-plate
E:_‘.:, section to be intinmitely wide and long. In this case, the modes can be thought of as
,.' those existing 1n a rectangular waveguide whose width goes to infinuty [6). For lower
Io] D

;C-j;: i requencies, 1t has been shown that a detailed field mapping. carried out at a single
f (W !requency. can be well approximated with the superposition of propagating modes
.{3 wnen tsing the rectangular waveguide approximation. However. if further accuracy
*": is desired. a inore complete analysis can be derived by computing the discrele modes ol
; :EE,,. 4 very long. tinite-width parallel-plate waveguide. This problem was first approached

by assuming etther narrow plates [7] or wide plates [8.9.10]). In [7]. Marin tound that

N A N R Ry .
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: for narrow plates (width < < separation), the TE modes suffer greater attenuation as
¥
they propagate than the I'M modes. Furthermore. 1t was found that for wide plates
(width > > separation), the | M modes have a greater attenuation than the I'E modes
[8.9.10). Theretore. for the case of an arbitrary width. one should expect the existence
)
of both propagating TE and TM modes inside the parallel-plate region.
3 A more complete analysis was performed at the University of [llinows [11.12.13]
)
#
n on the study of the source excitation of the finite-width parallel-plate waveg:ide.
Y
This analysis involved the computation of the total E field. as a superposition of the ‘
2
‘N discrete and continuous spectrum. The results of [11,12] are valid for waveguides
1 4
e whose cross sections are large compared to a wavelength, whereas the results of [13]
are valid for a small-to-moderate cross section.
s —
j [t 1s important to understand that these techniques approximate the fieids for an
. infinitely long parallel-plate waveguide. However, the parallel-plate region of the
simulator 1s finite in length and s excited and terminated by conical transmission
¥
l
Y lines. Unfortunately. the previous quasi-static analyses do not account for the
»
Y generation of spurious modes due to the mismatch at the interface of the two
B waveguides. A paper written by John Lam [14] develops an analytic expression for
L)
K) . . .
X, the TEM modes of a semi-infinite, finite-width, parallel-plate waveguide. excited by a
X conical transmission line. Although the formulation does not include the elfects ol
‘ anv reflected fields. it does yield insight into the excitation process of the parallel-
- plate section. It should be realized that interfacing the two waveguides requires the
- matching of a spherical wavefront. which has £49 and H 4, components. 1nto a planar
: wavelront supported by the parailel-plate region. Along the vertical plane y = a }
g constant. the fields are matched across the transition as £, = —Egsin 8, £, =Egcos¥b. j
L i
l
Y H, = -Hycosdand H, = —H ,sin &: ¢ represents the angle between the center axis :
- |
o and the observation point. 6 its elevation, and the origin is at the apex of the conical
k.
4
{
)
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3 waveguide. As a result. there will exist both transverse and longitudinal electric and

magnetic fields at the interface. contributing to a superposition of TEM. TE. and ™
modes. However. tor gradual tapered end sections the mismatch 1s relatively small

and the nigher-order modes are quite siall for low frequencies.

-~ o)
w&“g

Furthermore. at the transition. there exists a certain time dispersion in matching

i
o the spherical wave into a plane wave [15) since the cross section is not a plane of
:": constant phase. Referring to Figure 1.2, a dispersion distance 1s defined and s related
)
to the time dispersion as
0,
bt
Y
& A=Ap+Ay. (1.1)
0
] W hen the wavelength 1s less than or equal to four times the dispersion distance. the
:'.*j higher-order modes produced become significant 1n amplitude leading to a large
®
j distortion of the waveform. Therefore. the dispersion distance determines the so-
called "band widih® of the simulator.
‘,2
'_‘;a The analyses that have been reviewed thus far 1n this chapter all offer excellent
1
%
f“, physical and theoretical interpretations of the parallel-plate bounded-wave EMP
K
.) simulator by considering 1deal situations. Through such modal analyses, the
"
A
U explanation of notches in the magnetic field has been determined [16]. optimum loads
A' +
:,: designed. and other standards in design have been developed [17). Furthermore.
h
accurate field mappings have been generated. although they require the use of
I
WV experimental data for their generation. This is quite efficient for simulators that have
1
f::o: been (onstructed and for frequencies well within the simulator band-width. When
0._'1
' desizning o parallei-plate EMP simulator, the engineer has much more to consider than
3
"
v the transtssion line properties of the simulator itself. It is very unportant 1o
.
! understand that once a test object 1s placed within the parallel-plate region the relative
[/
' amplitudes of the modes may differ greatly from those calculated in an empty
il

RN 3-""._

l A}
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working volume. Therefore. one cannot treat the calculated fields of the empty
working volume as the inadent tield that establishes the charge and current on the
test object. This so-cailed "stmulator-obstacle interaction” can be analysed only tor
certain zeometries [18.19.20.21] such as an anfinite cylinder in a parallel-plate
wavegiude. Furthermore. the design engineer should be interested 1n the tields thal
wiil be radiated into the external environment over the enlire {requency spectrum.
There will be a number of resonant trequencies that exist due to various mismatches

in geometries and loads. as well as to resonances of the parallel-plate region.

For the design of an alternate gevmetry or contiguration. an in-depth analvsis
may be necessary and would prove to be quite time-consuming and difficult.
However. to develop further theoretical 1nsight into the problem. the ability to easily
perform an accurate analysis using a dynamic (ield solution could be quite useful.
'he purpose of this thesis 1s to evaluate the well-known Numerical Electromagnetics
Code { NEC). developed by Lawrence Livermore Laboratory [22]. as a potential 100l in
generating a readily available analysis of the parallel-plate bounded-wave simulator
in the frequency domain. The NEC code 1s a user-oriented code that is widely
distributed. and if the problem s interpreted correctly. it can be a very useful tool for

many electromagnetic scattering and antenna problems.

In Chapter 2. NEC is examined and the validity of solving scattering problems
nsing the thin-wire approximation s developed. More specifically. the two-wire
rmomnic EMP simuiator. as well as a two-dimensional plate scattering problem. are
analvsed. The emphasis of the analogies 1s placed on interpreting the results and
appiving 'hem to the development of a wire mesh model of the bounded-wave
parallel-plate EMP simulator.

[n Chapter 3. the wire mesh approxumation of the surface of the conducting plates

ot the parallel-plate sunulator is devised. The freid distribution within the parallel-




plate region due to a continuous-wave excitation across the source gap is then

computed using NEC. These resuits are interpreted and the limitations of the wire
mesh approximation are investigated. Finally, various mechanisms contributing
phenomena such as the simulator band width and siumulator-obstacle interaction are

nvestigated.
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Dy
o , , e ‘ . _
N , SOLUTION OF THIN-WIRE SCATTERING PROBLEMS USING THE
“‘! - - - N ShcCTC . -
S NUMERICAL ELECTROMAGNETICS CODE
f*::
1o
T
K14
) This chapter 1s intended 1o give the reader 4 useful backround to employ the
e
\: Numerical Electromagnetics Code (NEC) as a tool in solving thin-wire scattering
B
TN
R problems. [nitially. a briet theoretical hackround of NEC will be presented. Then. the
il
validity of 1ts solutions will be analyzed for the following problems: Thin monopole
! \J
P over a PEC ground plane. the rhombic EMP simulator, and the scattering of a thin
o
A
055 square PEC plate. The goal of this analysis is to determine how to best model a
4,04
KR
i conducting surface using a thin-wire approximation, as well as how to bhest model
9ot
\J
"'.,. source excitations. With the understanding of how 1o interpret the results of the
‘a5
f. thin-wire approximation. this analysis will provide useful nsight into the dynamic
)“‘
solution of the parallel-plate bounded-wave EMP simulator using NEC. which s
v :{- presented in Chapter 3.
K,
e
) ', 2.1 Theoretical Background of NEC
)
.'r:'_q
oy [n this section. NEC will be used to solve thin-wire scattering problems, which
>
:,' nvolves solving for the induced currents on the wire's surface due to some incident
. : tield. However. the method of solution used by NEC must be understood before the
D :.-"t .
T “un-wire scattering problem can properly be developed. The complete analysis of
100
-:{ NEC s provided 1n [22]. The following presents an overview of the theory used and
e
L L] provdes The hasis for our analysis.
.".',.‘.
N I'he Numerwcal Electromagnetics Code s based on a moment method solution ol
Pl ",
s . .
o "ne Electric Field Integral Equation (EFIE) for thin-wire scatterers and the Magnetic
i %
- Field [nregral Equation (MFIE) for closed volumes. In this analyis. only the solution
!
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o
::: of the EFIE will be considered. The EFIE nsed by NEC is hased on the thin-wire
K
" appronimation n which the surtace current can bhe assumed to be translationally
U
S nvarant and a tunction ol the direction ot 1ts wire axis only. This s valid if the
"

\

») Fadiiis of the ware scatterer o much smalter than a wavelength. Then the surtace
a4

. current can e approvimated by g single tilament on the wire axis. dnd the boundary
.

) : A
5 condittons can be applied on the wire surface. This s better known as the Extended
s
:: Boundary Condition [23]. Assuming a PEC surface. the applied boundary condition on
L

"he tangential tield 1s iimited 10 the axially directed field and 1s expressed as

L,

,I'.‘

> , S

T E'+E'=0 (2.1.1)
) 3
!.l
L .

where £ 1s the avially directed incident field and £ 1s the axially directed scattered

K .

::. tield on the conducting surtace which s produced by the current filament on the wire
‘,:: axis. With the use ol "he Extended Boundary Condition. the EFIE can then be reduced

'0 g hine integral. integrating over the wire axis, and can be expressed as

i:,
> ,
¢ G =l J- 1% ,
2 F,= ——[1(z2)|— +k"|Glz2.2 Wz +[(2:2(z) (2.1.2!
&Y J W& Jdz-

J

l'
N2 where

=7

‘j {{z) =the unknown axial current

e

5'5 L~k Valerz-z

® Glzz= 2 ~ 1S the thin-wire approximation of the [ree-
YK 1rVud + (2 =2 )
C‘ »
v space Green's tunction along the wire axis
Kar%:

70z} = the distributed impedance loading along the wire surtace

@ n

iy a = the wire radius and

r’
L s, 3o

o kK = 2 = the lree-space wave number.

Lot A

o

[ he left-hand side oI Equation (2.1.2) s the axially directed 1ncident field on the
g
A1 wire surtace and 1s assumed to be known while the axial current is the 'inknown.
103
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However. this cannot be solved analytically. in general. and must bhe solved

! numerically. The numerical solution ol the EFIE 1s then obtained with the use ol the
N mmoment method solution [24].

9

4 Ine nnanewn andl current s expanded into a truncated series ol hasis {unctions
v

L)

weighted by unknown constant coetticents. The basis function was chosen to be o

weighted three-term hasis tunction, with the n°" basis function represented as

o~ e
Py oy

/ [Ltz)=A, + B, vin(kz2)+C, coslkz). (2.1.3»
. .
‘ Therefore. three unknowns have been introduced and three conditions are needed 10 '
(
solve tor the constant weighting coetficients. i

Initially. the wire geometry 1s broken up into a set of N ndividual wire segments.
cach of length A, . Each basis function has a finite support lying on an interval that s
centered on a wire segment. and extends to the center of adjacent segments at either
end ot the specified wire segment. The inner product of hoth sides of the EFIE is
taken with a set of N testing functions. The testing functions are chosen to be :

h

mathematical point functions, where the n‘" point function 1s located at the center of

n

the 77 wire segment. The integral over the point function can be evaluated

anaty “rcally. and the current basis functions can be rewritten as

A=)

[,z)V=A, +8, sink(z=2,)+C, coskl(z=2,) (2.1.3)

wnere =2, 0 < 1 and 2, 1s the center of the n‘" segment. Now. two of the three

P -

P

) wrhnowns can he satisfied by enforcang charge and current continuities at the ‘
|
endpoints ot "he w.re segments (- = % _,_,'.). where the line charge density 1s related

"o the ¢urrent by the continuity equation
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Fheretore, with the 1use of the three-term hasis function, problems such as open-ended
and‘/or rapered-wire structures. as well as multiple wire junctons. can be handled
dmiptations of

within "he approximations.

\t the junction of Two or more wWire segments, curren! contnru'y s entorced Hv
Kirchotf’'s law. which states that the sum of all the currents entering a common node
must be sero. Furthermore. the total charge is assumed to be distributed over ecach

individual wire corresponding to its wire radius.

For the case of an open-ended wire, one cannot expect the current 1o go to Zero al

the wire end f the wire has a tinite radrus. For a wire ol radius a. the current at the

wire end can be represented as a function of 11s derivative as (22

-2 )

Jtka)
J (ka)

J1(z)
Jdz

I (2.1.6)

:arend

where /I, = the unit normal vector of the end cap and Z = * | indicates the direction

ol the normal. By applying the current and charge conditions at both ends of each

wire segment. two of the three coefficients can be solved tor. This leaves one

coel ticient 10 be solved for by the matrix inversion.

Ihe nadent E-field, £'. on the left-hand side of Equation (2.1.2). 1s to be

d..'e'vd by the physical problem. In this application, 1t 1s desirable 10 excite a thin-

wore ~stoacture with a vertically directed E-tield distributed over the surtace of a

region. For the EMP simulator problem. this would denote the source gap region.

-, )
Noiida

[~e NEC offers two voltage source models.  The tirst 1s the Current Slope

Dhiscont.aaity - OSD) model, which consists ot g highly localized voltage source dcross

e hieanical pinction of two wires.  Lhe second tvpe of source 1s an Applied Electric

Foeld © YEF) source model. This model s a voltage source, of constant magnitude.
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applied over a designated region of the wire structure. The resultant electric {icid c.in

he represented as a pulse tiunction. whose magnitude can be expressed as

.= € 27

a7
where V. 1s the complex amplitude of the applied voltage on the 7 © segmont and A

is the length ot the ;°7 segment.

[he AEF 1s a desirable source model for defining a distributed tield over
source gap region of the EMP simulator problem. and will be used for this application
However. one must realize its himitations before using 1t for any application. The A1
is constant over the entire wire segment 1t 1s applied and 1s assumed 1o be cro
everywhere clse.  Therefore. on the left-hand side of the matrix tormutation ol
Fquation (2.1.2). the E-tield 1s assumed to be a pulse tunction. However the ~'op
discontinuity of the field is nonphysical and the actual ncident field ! ™
calunlated from the computed currents. In this study. 1t s found that under certain
conditions the field can vary a significant amount f{rom its assumed ~alue.
Understanding this 1s quite important for two reasons. The first 1s the desire 'o
accurately model the incident E-field source for a reliable approximation ol ‘nc
problem being solved. Second. the input impedance of the source is calculated bv NE(
assuming a constant current and E-field over the entire source region. However n
rerta.n applications. this may not be a good approximation. and the result conid ne
misicading. The reader i1s reterred 1o the paper presented by Halpern and Mittra (25]
‘ar g complete analyvsis on the vahidity of the AEF and (VD voltage source models tor
The case of o1 thin-wire antenna. [t was lound that lor source regions much smaller
than 'he length of the antennd. and for the radius of the wire sutficiently smali i «
length of the source). the calculated AEF i1s much like the desired pulse. This 5 'rue

since the thin-wire approximation being used. and the smaller the wire radi s the
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better the approximation.
2.2 Solution ot the Scattered Frelds ot Thin-Wire Structures
Betore arrenipung the EMP simulator problem. o much sumpler example w 1§ me

analyczed tirst. [t will then be possible 10 characterize the sunulator problem by
reahzing certain himitations encountered when using NEC. Theretore. this section wi.;
vmphasize: (1) The accuracy ot the solution due to the number ol unknowns. or wire
segments, (2) The vahdity of the source model due to the chdradteristics ol tne
antenna model, (3} The determinat:on o1 conditions necessary to render the solution
invalid. Three examples are analy’ed tor *hus purpose: (1) Thin-wire monopole over o
PEC ground plane. (2) Two-wire rhombic antenna. [ 3) Plane-wave scattering of a thin
PEC plate. These three examples are presented since they directly relate 1o the
Jecuracy ol variwus dspects ol the parallet-plate EMP simulator model. The thin-wire
trronopele helps 1o characlenize the source model and the accuracy of the solution d-:r
'o the number of hasis {runctions chosen. The rhombic antenna problem s treated as
‘ransmission-line type of EMP simulator and enables one to evaluate the construction
1 othe source and load regions as well as aid in the interpretation ot results of the
narallet-plate EMP simulator. Finally  the scattering of the PEC plate enables the
characterization of the vahdity of the solution for the thin-wire mesh approximation

ot asurtace when subject to an incident 1 eld.

221 lhin-wire monopole

Foe e 20 010 strates the thin ware snonopale considered in this section. The N
Sooed o soive for the axaal carrent produced by g source exaiation. [ne avi

rrent s represented by the 'hree-term nasis tunctions. Recall *hat the testing

inctions dsed o generate the impedance ma'rix of the moment nethod solut.on were
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e,
Q chosen to be mathematical point functions. However, when using point matching one
- has to try to avoid sampling error. which feads to an incorrect approximation of the i
. current. Therefore, it s important to pertormm a boundary condition check on the
+

Y anially directed surface E-field to guarantee that

.

. £} =-FE! (2.2.1
g ;s saustied. It s recommended 1hat at least 10 samples be taken per wavelength in
[}

& order to minimiZe sampling error.

g First. consider the case ol a monopole that has a height H=0.47 A and radius a.
L)

' where H/a = 1000. Figure 2.2 illustrates the resultant scattered axial E-field
v, computed along the antenna surface in the axial direction. Note that there is boundary
Ly condition error at the trailing edge ot the source region. and at the free wire end of the
: monopole. The singularity due to the free wire end is nonphysical. and is a result of
B

LY

u the thin-wire approximation.
. In the study of most antenna problems, 11 1s desirable to compute the input
4 .mpedance 1n order to bhest design a matching network tor the antenna excitation.
(- From the reciprocity theorem. 1t is easy to develop the refationship between the

‘ermir.al voltage and the source field as [26]

l
y. = [E G U (2.2.2)
3 w here

’

¢ ,

2 =the avdd Jduecton

: F' = \FF source

b [(z) =the axidd current

¢ and 'ne integration s performed over the source region. Furthermore. by realizing
" that ¢ ==~

. v . l .

. /g = e = | EF(2 (2 (2.2.4"

! . [n'

d «hich represents 'he antenna input impedance 1n terms of the computed scattered
»

‘
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‘ field.
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‘ [t can be shown that the above expression 1s stationary and 1s very inseasilive
v
3 1o small errors 1n the computed current [25). As the Limit of the wire segment SiZe
d
: becomes very small the current becomes nearlv constant on the wire. | herefore.
assuming l{z) = a constant = /. the above integral equation reduces 'o
X
% |
' ., =- fE’(Z)J: BERE
] T 2.2
{
e -
! where the integral is over the source region. Now. il there 1s little boundary condition
. error on the wire surtace. then 1t can be assumed that
,
) ) .
e H=—M=f£‘(:u:. (2.2.5
[,
\ [heretore. using the expression given 1n (2.1.6), the input impedance ol the antenna
- van be approximated as
- \
'€ - — n
- Z,r,— 7 (2261
‘0 ‘n
. w here
L]
: V., = mpwr source voltuge
Y
and
‘%
;';, [, =the current at the center of the wire segment.
! [Ris s “he particular approximation used by NEC. In this formulation the scattered
b
Tend ahich s computed from the axial wire current. 1s assumed 'o be a pulse
.'
- nct.on. such that the field s constant over the input wire segment, and /Zero
-. rvervwnere else. Fignre 2.3 llustrates the actual scattered tield and the axial curren?
Y
o .
. u comnited over "he source region for the example considered earlier "Frgure 2.2) and
® eR p g
% P
A provides g comparison with the AEF. [ he scattered {ield deviates somewhat from the
v,
&)
X eypected pulse tunction. which [eads to a small crror in the mput impedance.
n",
5 However tor antennas with much larger radi, the scattered field deviates greatly
S “rom The pulse fanction and The approximate vxpression tor the inpu’ impedance s Co
' n
s
I".
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!';2 longer valid. In this case, the stationary form of Equation (2.2.3) must be relied upon.
2.
<\ ,
it A thorough analysis of this problem 1s provided in [25]. In that analysis it was found
'y that if the radius of the wire was on the order of one-thousandth of the length of the
:: monopole antenna. the boundary condition error hecame very small. and the
A"
" approximate form of the input impedance was accurate to within a small percentage.
;‘ However. for thicker antennas. where the radius is on the order of one-hundredth of
Vi
l.
:: the length of the antenna. the appronimate form 1S not as accurate. and the stationary
U
0
i form of the input impedance should be used. Furthermore. for the thin-wire
3 approximation to be valid, one should not use wire segments that have radii larger
.- than one-eighth of the segment length: otherwise. the approximation breaks down.
k-~
: There is one important limitauon encountered when using NEC that is not
considered by [25]. and that is the problem of over sampling. In other words, what
X happens if the segment size becomes tov small? The following 1s an analysis of this
- problem.
8
: 2.2.1.1. The problem of over-sampling. Over-sampling can occur if too many wire
': segments are chosen to represent the geometry such that the segment size becomes 100
o small. This leads to unreliable results for the axial current. and. hence. the scattered
flelds. The reason for this error 1s purely numerical. As discussed earlier, the current
D . s expanded 1nto a sertes of three-term current basis functions. The current expression
‘q ;s ziven by Equation (2.1.4). Initially. A, 1s chosen to be equal to -1 to reduce the
-
. Aumber of computations. Then. af ter satisfying Kirchoff's law and charge continuitv,
;Z "he complete basis function is defined by
¢
7] {, =—1
- B =(q-0-+ *Q‘)smkA,/?.
.=y, d - 7
:: ' - e sin k A,
: »
-
r)
[)
|
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cosk A, /2
C. =000 " ~-a'Q"%) —0m——
, cQ :Q STV (22.7)
where
O - = Jd,"UE—=coy k_}_,)—P*anl\'A:
- PP T +g,Ta ) sink A, + (P Tu T =P g T ) cos kA
0= g, lcos kA, =1)= P sink 4,
‘ (PP~ +u,"q, isinkd, +(P7a~ =P a " )coskq,
and

I —cosk 4,
sink 3,

+

d,

N
P~ = Z
=1

is the summation of the N~ segments connected t¢ end | of the if

" segment.

Furthermore,

cosk 3, -1
sink 4,

+
0/

is the summation of the V™ segments connected to end 2 of the (‘" wire segment.
Finally. u, contains the unkown coefficients, and 1s a function of the segment wire

radius. However. 1t 1s (mportant to understand what happens to the Q * as 4,

2mrA,

hecomes much smaller than A. or as becomes very small. Analysing the

expressions for P,* and P,” shows that they are a function of

I —cosk i,
T T sink 3,
Therefore.as A — 0. both I—cos k3, = Qandsinkad, — 0. Similarly. in Q,*. both

‘he numerator and denominator tend to sero as the segment length becomes

ncreasingly smaller. Numerically. a computer cannot handle this and the program

will sutfer trom underflow during the matrix fill. Subsequently, serious errors will

result 1n the computed current. [t should be noted that the exact place that underflow

<
v
-,
g

will occur depends on the precision of the computer used. The following results were

~btained for NEC written in double-precision Micro-Soft Fortran. which has 32 by tes
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‘::i: of precision. and running on an AT&T PC6300 desktop computer.

5

N [n Volume (1. Section 2 of [22]. it 1s recommended that the segment length should
2’ not be smaller than 1072 A due to this underflow error. However. the program tself

:.z: does not tlag *he user (I undertlow does occur. and an erroneous solution does result.
| Therefore. the user must be very careful in interpreting his/her results. The
-::_ following 1s a good example of this over-sampling problem.

-

". Consider a short monopole over a PEC ground plane, where H/A = 0.1. and H/a =
" 1000. Table 2.1 illustrates the self-term of the matrix. computed over the source
segment. as well as the current and surface E-field, as a function of the number of

: wire segments. Note that the AEF 1s applied over the first segment only 1n each case.
and all segments are of equal lengths. For this example, it was found that if the

; segment length becomes < 0.005 A, the solution becomes quite unreliable. Therefore.
‘ when the segment length I1s on the order of 1073 A, it s very important to check the
5 accuracy of the solution with at {east a boundary condition check of the axial surface
S E-field. or by monitoring the seif -terms of the short wire segments.

3 2.2.1.2. The source model. This thesis is concerned with the time domain pulse
"‘ excitation of an antenna. Therefore, when solving for the currents and scattered fields
' (n the frequency domain, it is necessary to solve the problem over a broad frequency
; range. However, for each frequency it is desirable to minimize the number of

:. unknowns to reduce the computation time. but still obtain an accurate solution. In
order to model the antenna in a consistent manner. the source region must be the same

.‘ tor all frequencies. Therefore, the segments denoting the source region must be small
. enough such that the wire segments do not exceed 0.1 A in length. This can easily he
; avoided by cascading voltage sources in series if necessary. However, one must also be

careful 10 ensure that the source does not become too smail; otherwise, the result will

suffer from over-sampling error. This could be a severe limitation when considering
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problems where the wavelength i1s much longer than the source region. For much
larger problems. such as the parallel-plate bounded-wave simulator, this obviously s
much more of a concern since the source regon 1S much smaller than the size of the
strctire. Finallyv, one must be careful that the wire radius does not exceed one-eighth

ol 'ne wire length: otherwise. the thin-wire approximation will break down.

With the use of the monopole antenna problem some intuitive insight to the
nterpretation of the results of the larger EMP simulator problem can be gained. The
cases of the antenna being 2 A and | A in length are considered. In the example. the
source region w_ill he composed of 2 wire segments. where the AEF s distributed only
on the first segment. and s of height HS. The effects on the segment current as the
source region becomes very small is illustrated 1n Table 2.2. As was found previously.
error in the seif-term arises when the length of the segment is on the order 1073
Figure 2.3 1llustrates the axially directed E-field on the wire surface over the source
region as HS reduces 1n size. A significant boundary condition ercor s noted in Figure

2.4(c). when HS /A = self-term.

The parallel-plate bounded-wave EMP simulator i1s usually referred to as a
transmission line type of simulator since 1t supports guided waves. and is typically
‘erminated by a matching impedance. Therefore. the fields can be expressed as a
s iperposition of discrete and continuous modes. Various modal solutions for the finite
4 :dth plate geometry are discussed in Chaptler |. However, these analogies do not
"redal ‘te problem as a8 fimite length transmission line. but as an nfinite. or semi-
ni:ne probiem. In order to develop a betler understanding of the parallel-plate

nounded-wave EMP simulator as a transmussion line type of simulator, 1t will be

instriuchive ‘o analyze an elementary configuration first. In order to do this the
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physical attributes of the simulator geometry s utilized.

f o 0l g

As a result of the tinite width of the conducting plates of the parallel-plate
simulator. most of the current will be distributed at the edges of the plate. Therefore.
& borst-order approximation would be to limit the current 1o a line current located at
the outer edges ol the plates. Furthermore, f the line currents follow the edges of the
conical end sections and meet 1n the center above the parallel-plate region. the
geometry resembles that of the well-known rhombic antenna. The far-tield
characteristics of the two-wire conductor rhombic antenna are well known [27];
nowever, 1L s the near-field characteristics, computed between the conducting wires.
that are of interest for the EMP simulator application. More recently, Shen and King
have :dentified the usefulness of the rhombic antenna as a transmission-line type of
EMP simulator [28-32). Not only did they show the fields to be quite uniform
metween the conducting wires, and predominately TEM, but they also identified its
usefulness as an analogous problem to the parailel-plate type of simulator. In their
works. an extensive experimental and theoretical analysis of the problem is provided,

and the reader is encouraged to review them.

2.2.2.1. Numerical solution using NEC. In this section, the solution of the field
distmibution within the bounded region of the conducting wires, when the rhombic
EMP simulator 1s excited by a continuous-wave excitation across the source-gap region
and ‘erminated by a purely resistive load impedance, is derived numerically using
NEC The results are then compared to the theoretical and experimental results

published by Shen and King [28-32].

I'he rhombic antenna ts modeled as a thin-wire structure, and the currents on the
wires are assumed by the three-term basis function described earlier in this chapter.
However. complications arise while trying to establish a proper source and load model

tor the transmission-line type of simulator. Therefore. an analysis of this problem
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f‘:n':tv will be extremely useful in establishing a model of the source and load regions that
i successfully approximates previous theoretical and experimental results. These
“:‘; results will be used in the analysis of the parallel-plate simulator problem. [he
ﬁ.,:: following 15 the development of the source and load models using a thin-wire
N approximation.

-

2«'\ Source Model.

p2

- The source model is extremely tmportant in establishing the proper excitation of
:*23 the transmission-line type of EMP simulator. The fields produced in the region
":;':3:. between the conducting wires, usually referred to as the working volume, are expected
to be TEM for lower frequencies as the structure is essentially a simple transmission
?, line. The source must be oriented such that the TEM mode. which contains a vertical
-

,\ E-field component, 1s excited. Therefore, it is desired source 1S a time harmonic
_n-,;l potential of constant amplitude established by a vertical E-field distributed across the
;:” 2-dimensional source gap. However, using a thin-wire antenna, modeled by NEC, one
5;_2 1s limited to a finite length line source. The Applied E-Field (AEF) source discussed in
arte

;3' Section 2.1, which is a constant E-field distributed over a wire segment, best
:'~§ approximates the desired excitation. Figure 2.5(a) illustrates the thin-wire model of
':-EE the source region. The applied voltage is expressed as

.7 Vo= fE‘ dl .

It must be realized that there is a definite tradeoff to this configuration due to the

o
.
.
. o
R T

introduction of a sharp bend in the thin-wire geometry. In Section 2.1 it was
discussed that charge and current continuities are established at the junction of two or
more wires. However, even though the continuity of total current 1s maintained. the

individual basis vectors of the current are discontinuous. This discontinuity tn the

= current leads to a nonphysical singular behavior in the E-field, resulting in a
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"l
o boundary-condition error of the tangential E-field on the wire surface. Therefore. une
D .
& must be careful that this singularity does not significantly affect computed current
.' distribution on the conducting wires throughout the structure or the characteristics ol
P the simulator.
.{ Figure 2.6 illustrates the computed scattered E-field along the axial direction on
.ﬁ the surface of the source-gap wire segment due to a constant incident E-tield
-,
1Y
2 distributed over the length of the wire. The boundary condition error 1s apparent at
3!
L
the bend: however, i1t was found that this configuration yielded the best results in
. comparison to Shen and King's data.
L
L
A0
. Terminating Load [mpedance.
(|
*
+ In order to avoid standing waves on the transmission line. the rhombic simulator
A
1%aY )
- must be terminated in its characteristic impedance. For low frequencies. where the
I
i center height 1s much smaller than a wavelength, the characteristic impedance is
4
3 nearly constant and the simulator is best matched by a purely resistive load. The X
\ : dominant mode is TEM to y. and the E-field is in the vertical direction, z. Therefore.
the load should be oriented in the same direction as the vertical E-field such that the
; —
3 energy s dissipated by the load. Since £ is related to the electric vector potential as
<
o
: E=—joud +VV A ;
i the current induced on the wire will be in the direction of the incident E-field. ’
- W
- I'heretfore, the wire load should be oriented in the z-direction. The geometrical \
- (
- contiguration of the wire-load 1s similar to that of the source. where the loading \
' resistance s distributed uniformiy over the wire. It was found that the transmission
line was best matched by piacing the load in parallel across the load gap. This s
, illustrated in Figure 2.5(b) (page 45). Again. one must be aware of the existence ol
Ca

poundary-condition error due to the abrupt bend (n the wire.
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% Characteristic Impedance.
‘ It 1s expected that if the transmission-line-1ype simulator is indeed terminated 1n
E:— its characteristic unpedance. then the current along the wires will he purely ‘raveling
:‘~ wave. However, because of the existence of higher-order modes. there will be some
&: reflection from the load. Furthermore, the characteristic impedance of the line wiil
:. ;,: change with frequency. and 1n order to determine its value. the analogy used by Shen
ot and King [28] will be followed. The Standing Wave Ratio (SWR) of the current s
' found as a function of the toad tmpedance. When the SWR s minimized. the line can
‘_ _j_:-_:; be assumed to be matched. At lower frequencies, the simulator fields are bounded and
: most of the energy is dissipated by the load. However, small deviations in load
_:-_f:f impedance will lead to large changes in the SWR of the line. At higher frequencies.
\}_ the structure will radiate a significant amount of energy. Therefore. there is less
\".\' energy to be dissipated by the load. and the resultant reflected waves will be smaller.
:j'.;j This 1s illustrated by Figure 2.7. At lower frequencies. more energy is distributed in
;:.r the vertical E-field. which 1s predominately TEM, and is dissipated by the load.
r, However, at higher trequencies, higher-order modes exist. and a larger percentage of
:\ the energy is distributed in the transverse and longitudinal components of the field.
EE‘:\ which are not dissipated by the load. Therefore. the load is of ten sloped or distributed
;&' such that these higher-order modes can be dissipated. and not reflected back into the

center parallel-plate region.

2.2.2.2. Characteristics of the rhombic EMP simulator. The purpose of this analysis
is 1o investigate the compuled characteristics of the transmission-line-type rhombic
EMP simulator using the Numerical Electromagnetics Code. Initially. the
(haracteristic impedance 1s determined by finding the terminating load impedance that
minimizes the standing-wave ratio of the conducting wire currents. The currents and

the (nput impedances are analyzed as a function of the load as well as a function of
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frequency. Finally. the electric field distribution within the area between the
conducting wires 1s examined. and its uniformity as a function of [requency s
determined. The results are compared to both the experimental and theoretical results
published by Shen and King. Theretore. the same sunulator geometry studied by Shen

and King [28] :s used here. This s illustrated in Figure 2.8.

T'he broad-band characteristics ot The simulator can he defined by three regions of
interest. In the low-Irequency region. where the wavelength 1s much larger than the
maxvimum height of the simuldator. the leld has predominately TEM characteristics
and s quite unitorm. [n the middle-frequency region. the height of the simulator is
on the order of a wavelength and higher-order modes become more significant.
Finally. in the high-trequency region, the structure acts as a radiator, and very little
energy s actually dissipated by the terminating load impedance. For simplicity. each
of the three regions 1s defined by a single frequency. The regions are defined by: 1)

A=4dm . 2la=1m.3)A=05m.

Initially. the characteristic impedance of the rhombic simulator in each of the
three trequency regions is determined. Table 2.3 i(llustrates the Standing Wave Ratio
{SWR) of the current as a function of load impedance. computed from the NEC model.
Furtnhermore. 1t also lists the efficiency of the simulator, which 1S a measure ot the
percentage ot power radiated to the totai input power available. When the lLine 1s
properly matched, the efficiency s near minimum since a maximum amount of power
s heing dissipated by the load. Therefore. the efficiency can also be used as a means 1o
determine the characteristic impedance. lable 2.4 provides a comparison ot the results
ohtdined from the NEC approximation with those obtained by Shen and King. [n the
middle- and ‘ow-lrequency regrons, the results compare {airly well. The deviation 1s

mainly die to the source and load model deficiencies. However, in the high-frequency

region the results deviate hy a significant amount. This is due to limitations associated
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with the source and load models. As the wavelength becomes comparable with the
dimension of the source and load gaps. the approximation seems to bhreak down.
Although 1t is interesting thdt even though the matching impedance s much lower in
the hign-treguency fegion, the near tields and the conducting wire currents st

compare quite well with those obtained by Shen and King.

[t shouid be noted that even though the characteristic impedance changes wi'h
trequency. the SWR of the mismatch throughout the band of interest can be less than
1.25 when matched to the low frequency characteristic impedance. Furthermore. 1t
should he realized that under pulse excitation. most of the energy typically hies in the
low- 10 mud-frequency region. lhis 1S encouraging since it means that a ioad

impedance can be developed that will efficiently terminate the simulator.

Figure 2.9 provides a comparison ot the wire currents ot the open-circuited
simulator computed by NEC. with those published by Shen and King, when A =4 m
Figure 2.10 compares the computed wire currents for the short circuil case. when
A =1m. In cach case, the NEC solution compares quite well with Shen and King's
results. However, a shght shift 1n the peaks of currents provided by the NEC model
snodald be noted. The amount of shift 1s equal to the height of the source and load
regions. Therefore. in the high-frequency region. when the gap height becomes more
signiticant in terms of a wavelength. large errors can occur in the computed matched

'erminating impedance.

Figures 2.11 - 2.13 (llustrate 'he currents along the conducting wire axis as
computed by NEC. These results can be compared to Shen and King's work
Jbnstrated in Bigure 2,130 and are tound to compare quite well in all frequency

reglons.

Figures 2.15 - 2.23 \llustrate the E-fields in the center region ol the simulator

smputed tor matched terminations by both the NEC model. and by Shen and King. It
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should be noted that in the experimental results presented from Shen and King's work
[29). when the geumetry 1s scaled down by 3/4. the operating wavelengths are scaled

down as well. Again the results are in good agreement.

Al ow frequencies. the magnitude ot the vertical E-tield is quute nmiform w.rnin
‘ne center region. and has an SWR very close to one. Furthermore. £. 1s a4 progressive
wave with a lnear phase shitt. In the middle- and high-trequency regions. 'he
vertical lweids are again quite uniform and continue to maintain a nearly linear phase
WSt oover distance. However. due 1o the existence of higher-order modes, the SWR i
the tield 1s much larger. and s approximately 1.25 for the middle-frequency region.
and 1.75 for the high-trequency region. [t should also be noted that the longitudinal
component of the E-feld. £, . 1s of sigmificant amplitude. although it is still less than

the vertical component.

[n  conclusion. good agreement was found between the Numeriual
Electromagnetics Code's model of the rhombic EMP simulator and the theoretical and
cxperimental results published by Shen and King. The source and load models were
Jeveloped using a thin-wire model and a distributed E-field source and resistive-load.
respectively. The computed characteristic impedance of the simulator in the low- and
quddle-f requency regions compared quite well with experimental data. However o i
'o 'ne wire model of the source and load gap. the matching load impedance suftered
signitcant error in the high-frequency region. Finally. 1n all frequency regions 'he
.omputed currents and E-fields compared extremely well with those of Shen and Kinz

inder matched conditions, regardless ot the error in the value of the characteristic

rmpedances.




224 Scattering of a i7" { plate

[he condicting surface of the paratlel-plate stmulator s to be approyenated by o
thin-wire mesh. Inttially. .U witl be instructive to develop a sumilar problem scn that
the accuracyv of the wire mesh approximation and the imitations associated with .1 can
eastly be studied. However. in order o do this effectively. the phvsical attributes o
the currents induced on the conducting plates of the simulator must be undecstood.
The geometry of the simulator is an open. {inite-width transmission line. Due to 'nc
finmite width, there will be a singularity (n the current at the plate edge. Furthermore
the current will be highly oriented in the longitudinal direction. and very Ubitle
current will actually flow (n the transverse direction. In this section. the currents
induced on a PEC plate scatterer. when tlluminated by an incident plane wave. aie
studied. A comparison will be made between the solutions derived by NEC. using u
wire mesh approxumation, and that derived by a more accurate technique rhat solves
tor the two-dimensional surface current distribution. The PEC plate scatterer has 4

1inite width and the dimension will be chosen to be on the order of one wavelength in

f
.

,
LSAN
--j‘_ arder to reduce the number of unknowns. Furthermore. in order to reproduce some ol
'-’:.
:;.: ‘he limitations associated with the parallel-plate simulator’'s wire mesh approxumation.
L%a

e 'me induced currents are predominately oriented 1n one direction. Therefore. the case

p

:- A1 g normally incident TE plane wave excitation is considered.

. y p

Lgn

3 2731 Numerical Results. Figure 2.21 (llustrates the geometry of the PEC plate. 1he
@ 2 3 y P
i B
o nlane wave incident s [E to y. with the E-field directed along the /-direction. [ he

LI NI

‘nagnitude of the tangential H-tield. 7/, . 1s chosen to be unity. [herefore. from .
geometrical oplics point of view. the induced electric currents are expected 1o be on the

order of one for a normally nadent exaitation. The plate s chosen 10 be squdre with

Car v v, N -
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a width of 1.1 wavelengths,

fnetally sorat on of the thin PEC plate problem s obtained using 4 spec'ral

Garerkon procedure commned wirh the method ol Conjugate Gradients, [ he

ot e A deseoped v Ray and Muttra ¢t the Uarversaity o of Hlinots, and s
Gesemoed L tetans n (3210 The cwodimensionar current os expanded o0 termns of a
eneral set of 2dsis Tunctions. relerred 10 as 'riangular patch hasis undtions.  [hese
nasis anctions were tirst considered by Glisson in [33). The basis 'unctions are
dentically spaced such that the FET operator can be used to compute 'he discretized
ntegral vperator. Ihev also guarantee that the ciarrent normal 10 an interior edge ot
"he pa'ch s coninuous and does not generate any nonphysical line (harges.
Furthermore. only parallel components ot the current will be nonzero on the edge of
‘he plate. The 1.1 wavelength pla’e was discretized into an array of 16 by 16 patches.
each contlaining three basis lunctions. leading to 768 unknowns. Convergence "o less
*han O.1'% error required only 68 iterations. However. since the source i1s highly
ocriented 1n the c-direction. the current in the x-direction still had considerable error.
Frogures 222 and 2.23 1llustrate the surtace current densities in the - and \-directions.
“espect.veiy atter 300 iterations. As expected. the parallel current along the edges of

“he pateh s singular. Furthermore. /- which s the current perpendicular to the

sonarisation of 'ne incident E-tield. s approvimately three orders of magnitude less

‘han /..

~:th the use of NEC. the patch surtace 1s approvimated by a wire mesh. As was

docissed imSection 2.1, at least 10 basis functions per wavelength must be used .n

sreor o enstire the proper convergence ol the solution. However 1t shouid tirst be

reahiced 'hal there are limitations dssociated with the wire grid representation
faratly, the curren's are limited 1o a one-dimensional flow along individual wires,

ind are conpled 1o transverse wires at multiple wire pinctions. [n Section 2.0 ot was
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discussed that at each wire junction. Kirchoff's current law and charge continuity are
neing applied as boundary conditions. However this results in a step discontinuity in
the current at cach pinction. Since /. s the dominant ciarrent, its discontinuity s
“elativeiy satl However, /

s omach smaller in magnitide. As a result. the

discontinuity 1n the current is Quite iarle.

The |.1 wavelength patch surtace was approximated by a [2 by 12 square grid.
‘eading 'o a total of 288 unknowns. Figures 2.23 and 2.25 illustrate the surface
Lurrent densities 1n the z- and v-directions, respectively. We find that J, compares
extremely well in magnitude with the PEC plate problem. The singuiarity in the
current along the plate edge is apparent; however it s not nearly as significant as that
.omputed by the iterative procedure. Furthermore. there is significant error (n the x
component vl the current and this resuit is unrehable, although it cannot be thrown
away since i1 does contribute to /. at the wire junctions. Figure 2.26 illustrates tne
compar:son of the NEC and iterative solutions of J. along the z-direction. Near the
Hiate edge the normal current should vanish. As discussed earlier. this is ensured hv
*ne choice ol hasis tunctions in the iterative procedure; however. in the NEC solution
‘he wire segment terminates into a multiple wire junction. and s nonzero hecause !

st satisfy Karchotf's law at this point.

I-giire 2.26 1llustrates the current distribution of the NEC solution located at tne
vnter ol eacn wire segment. However Figure 2.27 illustrates the current computed
r.ong ‘e length ol each segment. lhis clear'y shows the discontinuity that exasts in
‘mecurment which is a result of the multiple wire junctions. Recall that the curren:
A tme v abrection s on the order of g magnitude smaller than the 7-directed current,

divaever s 1 ocestit o Kerchotf's faw the discontinuity in /. at the wire junction s

ol Y opposite. to the duscontinity in J/ ['herefore, the error due ‘o tne

-

Cscontannity o/, s qute siemiticant. This s illustrated in Figures 2.28 and 2.29
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- Furthermore. the discontinuities tn the currents lead to nonphysical singularities in

o the k-1ield near the wire mesh surtace.

The analysis of the parallei-plate EMP simulator will require the computation o
"Me nedr-1old aostehution in the volure directly underneath the top condrcting plate.
Tneretore. when the conducting surtace s approximated by a wire mesh. the aimoan?
o distortion o! the E-1ield. due 10 these singularities. must be determined. Therefor:

n Chapter 3. an analvsis of smoothing of the current along both directions will he

nertormed. and the etfect on the near fields will be presented.

A
-

*

5y gy

I G @ "\

LR

'Y ..". et

S

Voo
@

' - - - - - -
R TR e N A S A A
> VAN AL oLy
o LV v




TABLE 2.1 OVER SAMPLING

% A /A self term £:10)x3, [13.2)
(voles ) tamps (x107"))
10 0.01 -0.0312 + ) 817.5 1.02 +) 0.0 (.72 + ) 194.0
20 0.005 -0.0389 + ; 688.5 (.03 + ;0.0 1.76 + 1 201.0
21 0.00476 0.0287 + ) 3294. -0.020 + ; 0.0 -0.49 - § 36.5
30 0.00333 0.0098 + ) 3342. -0.018 + ;0.0 -0.39 -5 33.2

TABLE 2.2 ANTENNA CHARACTERISTICS DUE TO AEF SOURCE HEIGHT

H =00,
d
HS iS_ self term L =
A HL (umps (1073)) (Q)
0 1.000  -36.2 ~ 499. 1.54 - 3.07 614.2 + [46.1
005 0.500  -3.03 + ;523. 163 +4.73 560.5 - | 163.4
1.0)25 1.250 049 + 1422, o8 + 1 4.73 4337 - 2047
(.01 0.100 -().32 + 262. [.8O + ) 1.56 3L7.9- 2747
N.005 0.050 -0.04 + §150. 1.93 + ) 1.91 261.4 -, 2597
0.005 0.100 -0.04 + 1262. 1.20 + ; 1.20 415.3 - ;416.0
0.0025 0.050  +0.04 - 1909. 0.0015 - j0.046 729.0 + ; 21577.
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TABLE 2.3(a)
NEC MODEL OF THE RHOMBIC EMP SIMULATOR: A =4 m

Z, Re(Z,, ) Im(Z, ) Ney SWR
(Q) (Q) (Q) (%)
0.0 38.80 -20.28 100.0 11.90
50.0 73.22 -22.54 40.28 1.20
100.0 104.80 -29.50 22.73 2.56
£50.0 132.40 -34.26 15.84 1.88
200.0 155.70 -313.02 13.11 1.51
250.0 182.80 -52.59 12.34 1.30
300.0 203.80 -62.86 12.63 1.20
315.0 209.70 -66.03 12.84 1.19
375.0 231.30 -78.98 14.08 1.25
500.0 268.20 -106.20 17.64 1.51
1000.0 347.20 -198.50 32.64 2.46
10000.0 406.20 -435.40 85.12 b.54
TABLE 2.3(b)
NEC MODEL OF THE RHOMBIC EMP SIMULATOR: A =1m
2, RelZ,, ) Im(Z.,) Neg SWR
(Q) (Q) (Q) (%)
0.0 157.0 42.20 100.00 2.55
50.0 169.2 24.19 86.72 1.78
100.0 179.0 49.82 81.43 1.43
150.0 183.5 -8.17 79.40 1.23
200.0 186.2 -10.43 78.84 1.13
230.0 187.5 -16.34 78.92 1.11
250.0 187.8 -17.66 78.99 1.12
300.0 188.8 -23.56 79.47 1.18
S00.0 185.9 -38.99 82.25 1.40
1000.0 185.2 -55.07 87.50 (.72

10000.0

187.2

-75.90
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TABLE 2.3(c)
NEC MODEL OF THE RHOMBIC EMP SIMULATOR: A =0.5m

Z, RelZ,.,) Im(Z,) Neg SR
(Q) (Q) (Q) (%)
0.0 186.2 31.82 100.00 1.bb
50.0 185.5 18.88 93.72 1.28
100.0 184.9 , 11.70 91.87 .12
150.0 181.6 ) 7.18 91.46 1.10
180.0 180.0 ) 5.21 91.49 .14
200.0 179.0 : 4.10 91.57 1.17
240.0 177.5 t 2.27 91.81 [.22
500.0 172.1 ; -3.77 93.61 1.44
1000.0 168.7 i -7.60 95.59 1.bo
10000.0 164.5 I -12.78 99.34 1.88
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TABLE 2.4 CHARACTERISTIC IMPEDANCE OF THE RHOMBIC EMP SIMULATOR

A NEC Theory [29] Exper:ment [29]
fm) (Q) (Q) ‘ (Q)
1.0 315 400 360
1.0 240 300 290
0.5 150 370 330
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Figure 2.1. Thin-wire monopole antenna excited by the applied E-field source.
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Figure 2.18. Theoretical and experimental results of the distributed E-field in the x=0
plane. presented by Shen and King forA =1 m.
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Figure 2.20. Theoretical and experimental results of the distributed E-field in the x=0
plane. presented by Shen and King forA =0.5m.
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CHAPTER 3
NUMERICAL ANALYSIS OF THE PARALLEL-PLATE

BOUNDED-WAVE EMP SIMULATOR

In Chapter 1. a number of analogies for approximating the field distributions
within the parallei-plate region ot the parallel-plate bounded wave EMP simulator
were presented. These approximations are all limited to the case of a parallel-plate
transmission line that 1s either semi-infinite or infinite 1n length. Furthermore. the
approximations are typically only valid for low frequencies, and for the strict
parallel-plate geometry. However. in practice, the simulator consists of a finite length
parallei-plate transmission line and is generally excited and terminated by tapered end
sections. In this chapter. an alternate solution is considered. The simulator is treated
as a large conducting body and the finite length simulator problem is solved with the
use of scattering theory. This approach will not only be applied to the typical

parallel-plate simulator configuration, but will also be applied to the analysis of the

simulator-obstacle interaction.

3.1 Development of the Scattering Problem

I'he scattered field is the field produced by the induced currents and charge
distributed on some body when iiluminated by an incident field. For the finite length
stmulator problem, the incident field is taken to be the E-field distributed over the
sotirce gap. The scatlered field is then found by satisfying the boundary conditions ot
the E-field on the conducting surface of the simulator, and over the distributed
'erminating tmpedance. and subsequently solving the EFIE.

As was discussed in Chapter 2. the EFIE cannot be solved analytically 1n general.
and a numerical solution for the current on the conducting surface must be developed.
To solve the integral equation, one must discretize the two-dimensional surface

current into a truncated series of known basis functions, and subsequently solve for
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the unknown coefficients by moment methods or an iterative procedure. Although
computer memory and speed are becoming more accommodating [or larger problems.
the amount of programming required 1o derive a solution is inexpedient. Furthermore.
the size of the sunulator 1s generally much larger than the wavelength of interest. and
the number of unknowns required to converge would be too large to justfy this

approach.

In Chapter 2. three problems leading to the development of a thin-wire
approximation of the conducting surface of the parallel-plate simulator were
illustrated. From these examples. it 1s seen that NEC can be a very useful tool for
analyzing the parallel-piate EMP simulator. Not only can it provide a good
approximation of the problem, but (t provides an easy alternative to analyzing the

problem.

The conducting surface of the parallel-plate simulator is two dimensional and can
easily be approximated by a rectangufar wire mesh. This configuration ensures both
longitudinal and transverse current flows along the conducting surface. The size of
the mesh is very important to ensure the convergence of the solution and should be
made much smaller than a wavelength in order to better approximate the surface
currents. However, if 1t is too small. it will increase the number of unknowns and the
problem becomes too large. In Chapter 2, it was observed that at least 10 basis
functions per wavelength were required in order to properly converge to a solution.
Iherefore, the dimensions of the mesh opening will be chosen to be at most .1 A by

d A -

The simulator is an open waveguide structure, and consists of flat conducting
plates that are finite in width. As observed in the PEC plate problem. a large amount
of current will be distributed near the edge of the plate. Therefore, in our

configuration, it 1s extremely important to include an edge wire to approximate this
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:EES:? singular current. It should also be recognized that there are currents on both sides of
;3:::-'. the conducting surface in the physical problem. However, with the use of a thin-wire
_v; mesh approximation the induced current lies on the axis of each wire segment.
:% Furthermore. the current on each segment is limited to one dimension. This problem
‘ \ also consists of a symmetrical structure about the center longitudinal axis. By
:‘:. imposing symmetry on the problem. the computation time of the matrix inversion can
' ""3( be reduced by a factor of N3/4. However, in doing so, an odd mode solution is
Bt enforced in the transverse direction. and £, is zero in the x=0 plane.
; The source and load configurations will be the same as those developed for the
E' rhombic EMP 1simulator in Chapter 2. The source consists of a constant E-field
¢ ? distributed over wire vertical wire segments placed symmetrically about the y-axis.
I: It must be realized that the desired source of the parallel-plate simulator is an E-field
qj} distributed evenly over the entire source gap region.
Ol
':L When the simulator is terminated by its characteristic impedance, a large amount
'T{ of the energy available is dissipated by the load and very little reflection is
.:.:..EE encountered. Since the load is to be matched to the dominant TEM mode, which
. contains only a vertical E-field component, the loading wire segments have been
;;;- placed vertically across the load gap region in a similar configuration used to
;"{ terminate the rhombic EMP simulator. Although at higher frequencies, where TE and
' TM modes will propagate, the line is no longer matched, and less energy will be
,;:3 dissipated by the load. As a result, more energy has the potential of being reflected
Eé back into thre simulator. A common technique used to minimize reflections is to use a
::-:u sloped distributed load. In doing so. not only the vertical E-field is matched. but the
:é longitudinal fields of the TM modes will be matched as well. Furthermore, the load is
E’ generally slightly inductive to account for the change in characteristic impedance at
-~ higher frequencies. Another advantage of sloping the load is that the required current
2
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in the termination will reach its late time value much faster during pulse excitation.
This can be explained 1n a simplified manner by the fact that the currents entering the
load from the conducting plates will reach a position on the terminating load much
faster after the arrival of the incident wave. In doing so. the load becomes better
matched in 1ts quasi-static characteristic impedance. Furthermore, since the incident
wave arrives at different times along the surface of the load. the reflections
encountered are dispersed 1n time, and the incident wave is reflected back at an
oblique angle. and not directly back into the simulator. For a detailed study of sloped
terminations of parallel-plate simulators, the reader is referred to [35)]. {36]. and {37].
Qur analysis \;nh NEC will not be able to consider a sloped termination due to the

limitauons of the load gap model.

3.2 Numerical Results

The first case to be analyzed is that of an asymmetrical parallel-plate simulator.
with conical tapered end sections. The dimensions will be modeled after the
ACHATES simulator, which was designed by the Air Force Weapons Laboratory [34].
The ACHATES simulator is chosen for its unique characteristics, which will

subsequently enable the results to be interpreted easily.

The ACHATES simulator has a height to width ratio of

R = 1.2335. (3.1)
Qq
This aspect ratio is chosen such that the simulator has a quasi-stat:c characteristic
impedance of 100 Q. Furthermore. it can be shown that one-volt of input voltage
across the source gap of ACHATES will produce a field of one-volt per meter at the
center of the ground plane (at x=0). In Chapter | the bandwidth of a parallel-plate
simulator, which i1s determined by the dispersion distance associated with the spherical

wavefront that is launched into the parallel-plate region from the conical tapered end
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1: section, was discussed. It was found that the more gradua! the taper, the higher the
o bandwidth of the simulator. The design of ACHATES initially considered is one that
:s has very long tapered end sections. resulting in a bandwidth of 450 MHz. The
E dimensions of the simulator are illustrated in Figure 3.1. and the wire mesh
2 approximation generated for NEC is illustrated in Figure 3.2.
1:; Three different operating frequencies are chosen for this example: 1) 75 MHz, 2)
:35 100 MHz. and 3) 125 MHz excitations. For each case the characteristic impedance of
" the simulator is computed by determining the load resistance that minimizes the
current standigg wave ratio and also minimizes the radiation efficiency. Then the
' distributiorr of E-fields in the center parallel-plate region. which is of ten referred to as
¢ the "working volume.® is analyzed.
3 Table 3.1 illustrates the characteristics of the simulator for various terminating
‘ loads. The computed characteristic impedance is 120 Q for a 75 MHz excitation.
:. 120 Q for a 100 MHz excitation, and 95  for a 125 MHz excitation. In comparison to
the rhombic EMP simulator, the characteristic impedance seems to be much more
i‘. stable over a broad frequency range. Furthermore, if the <imulator is matched into a
3 100 Q load. at most, an SWR of 1.3 in the current will be experienced over the
1 : frequency range considered.
:: The E-field distribution in the working volume due to a one-volt continuous
. wave excitation across the source gap is illustrated in Figures 3.3 through 3.11. The
;’.' vertical E-field, E, . along the y-direction, is illustrated in Figures 3.3 to 3.5 for the
three cases considered. The fields are quite uniform and have a linear progressive
4 phase shift throughout the working volume. [t should also be noted that the phase
: has little change along the vertical direction since the propagating waves have planar
?‘ equiphase fronts. Recall that the design of ACHATES is such that one-volt of input
t voltage produced one-volt per meter at th‘e ground plane (at x=0), 1n the quasi-static
{
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Z::i: case. This is true for all three cases. The deviation is due to the existence of non-TEM
'“‘. modes, which become more significant as the frequency s increased.
:- Figures 3.6 to 3.8 illustrate the vertical E-field as a function of the vertical
' direction. The fields are quite uniform throughout the height of the simulator.
"“ However. 1t 1s apparent that there is error in the computed field close to the thin-wire
*: mesh. Figures 3.9 to 3.11 illustrate the longitudinal component. £, . in the x=0 plane
!q; and is representative of the propagating TM field. The longitudinal field is on the
" order of a magnitude smaller than the vertical E-field. However, 1t becomes more
.;‘{ significant (n _t,he higher-frequency regions. This can be explained as follows. A
: 'quasi-spherica‘l" wavefront propagates from the wave lauching conical tapered end
‘;» section into the parallel-plate region. Along the ground plane, the incident E-field is
. --2 vertical and there is no longitudinal component. Moving above the ground plane, in
f the x=0 plane. the field consists of both TM and TEM modes. Then, getting closer to
L o the top plate. the TM component becomes more significant since £, is larger. due to
‘)'.( the characteristics of the incident wavefront. Therefore. at higher frequencies the
:J’ trailing edge of the spherical wavefront will become comparable to a wavelength and
" significant TM modes are generated. This happens at the upper-frequency cutoff of
:E' the simulator. which is 450 MHz for this example. Furthermore, it is noted that E|
"': tends to be a minimum at y=0 and increases again as y progresses due to the mismatch
@

with the terminating conical end section.

In order to develop a better understanding for the mechanism contributing to the

large aberration in the planar wavefront of the parallel-plate region, the field

distribution within the simulator is analyzed near its cutoff. By shortening the
conical tapered end sections from 4.5 m to 1.95 m, the bandwidth of the simulator is
reduced from 450 MHz to 200 MHz (34]. In doing so, the simulator has a computed

characteristic impedance of 110 Q for a 100 MHz excitation and a corresponding
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o current SWR of 1.125. Furthermore. at 175 MHz, which is very near cutoff. the

simulator is matched when loaded by 95 Q. and has a corresponding current SWR of

¥ 1.08. It should also be noted that the radiation efficiency for the 175 MHz case 1s 80.19

. Theretore. verv hitle energy i1s being dissipated by the load resistance. and most of

the energy 1s either being reflected or radiated. Figures 3.12 to 3.17 illustrate the E-

Ay field distribution in the working volume due to a cne-volt excitation across the source
B gap.

The vertical E-field as a function of y is illustrated in Figures 3.12 and 3.13. At

100 MHz. the f!eld is uniform and has a linear progressive phase shift. However, close

: to the simulator cutoff frequency. there is a large contribution from higher-order TM

and continuous modes. The vertical field deviates significantly from 1ts uniformity

< and. 1n fact, has a I/R contribution. where R is the distance from the source.

it Furthermore, the phase shift is no longer linear. [t should be noted. although it is not

llustrated, that off of the x=0 plane. there is a large contribution to the field from

: higher-order TE modes as well. The distribution of the vertical E-field in the vertical
) direction is illustrated in Figures 3.14 and 3.15. At 100 MHz, the field is relatively
h uniform, and the phase is approximately constant over the height of the parallel plate.
') However. at 175 MHz, the field is no longer uniform. Furthermore. the phase
E indicates that the modes contributing to the spherical wavefront are propagating with
¢ little attenuation into the working volume. At y equals -0.25 m. there is a 45 degree
E phase lag from z equals O to z equals 0.94 m. Doing a rough computation, the
maximum deviation of the spherical wavefront at the planar interface is 2.165 - 1.95.
or 0.215 m (where 2.165 is the length the wavefront has to travel along the top plate

of the comcal taper). At 175 MHz, this corresponds to a 'ZA—” x .215 phase shift of

15.15 degrees. The wavefront becomes planar as the wave propagates with y, although

it loses a considerable amount of energy.
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Figures 3.16 and 3.17 illustrate the longitudinal E-field along the vertical
direction. Inttially comparing Figure 3.16 to Figure 3.10. the longitudinal component
of the E-field 1s much larger towards the waveguide interface at y=-.50 m. However.
at 175 MHz. there 1s a significant increase in the amplitude of £, throughout the
parallel-plate region. An interesting observation in Figure 3.17 is that the location of
the peak amplitude of £, along the vertical occurs at shorter heights as the wavefront
travels from one end of the parallel-plate region to the other. This can be explained
from ray optics. The incident field is a diverging wavefront, bounded by the conical
tapered end section. Near the ground plane. the waves propagate directly into the
parallel-plate region. However. for larger angles of incidence, the waves are reflected
by the surface of the top parallel plate. The maximum angle is determined by the
angle of the tapered end section. Once reflected, this ray determines the reflected
shadow boundary. which is propagating in the negative z direction as it progresses (n
y. Therefore. due to the constructive interference of .he longitudinal component of

the E-field. the peak field progressively occurs at shorter distances above ground.

3.2.1 Computational considerations

All computations were done on an AT&T PC6300 desktop microcomputer or a
compatible DOS machine. The NEC code was rewritten and compiled in double
precision MicroSoft Fortran. The program itself requires 450 kbytes of RAM to load.
and approximately 8 Mbytes free on a hard disk for out of core solutions of matrices
with 600 x 600 elements. Table 3.2 lists the computation times required to fill and
factor the moment matrix for the ACHATES simulator with a 450 MHz bandwidth.
The computation times were recorded from runs on the AT&T and are listed in Table

3.2. It should be noted that the above computations include one plane of symmetry

2
about the x-axis, which reduces the computation time by about %_ As the
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s: frequency becomes larger. the number of unknowns becomes significantly larger. and
-'F the problem becomes extremely time-consuming to soive. Furthermore. note that it
will require 3.5 Mbytes to store a matrix of 166 by 466 in double precision. In the
‘::-': high-frequency region, such that the wavelength is shorter than the parallel-plate
r" height. the problem becomes too hig to be practically handled by NEC. For instance. if
EE: we increase the frequency to 150 MH¢, this will require 656 unknowns. nearly 7
' Mbytes to store. approximately 22.982 seconds to fill, and approximately 33.640
g seconds to factor.
i
ﬁ: 3.3 Interpolation of the Wire Mesh Currents
% While studying the PEC plate problem in Chapter 2, 1t was found that
"
f discontinuities appear in the wire segment currents at multiwire junctions. This i1s a
S result of enforcing Kirchoff's Law as a condition in solving for the unknown
* weighting coefficients. However, a discontinuity in the current will lead to
‘ nonphysical singular behavior in the near fields. which will be referred to as "singular
" distortion.” Due to the wire mesh approximation of the conducting surface of the EMP
3 simulator. there are discontinuities in the wire current as well. Figure 3.18 illustrates
, the real and 1maginary components of the current along the center wire of the
¥ stmulator. Each step discontinuity is located at a multiple wire junction in the wire
‘ mesh. Figure 3.19 1llustrates the resultant scattered E-field computed in the
'. tangential direction on the center wire surface along the conical wave launching end
‘-,' section. Note that the singularity in the E-field i1s the largest at the source gap. This is
due to boundary condition error suffered by the source. as well as the oblique angle
' the source segment makes with the conical tapered end section. It is obvious that these
}_ singularities are nonphysical: however, they are a trade-off that one must take when
= using NEC to solve wire mesh scattering problems. In Section 3.2, 1t was obvious that
- the results were plagued by error as the position of the near-field computation moved
o
o)
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closer to the conducting surface. These singularities can be removed by smoothing the

current. Therefore. once the currents are smoothed. it can be determined how close to

the wire mesh the lield can be computed before suffering significant error from the

field singularities.

3.3.1 One-dimensional smoothing of the wire currents

Consider a one-dimensional curient described by some function [(x) whose

support lies on the interval (0.L.). The function f(x) can be expanded into a Fourier

sine series as

f(x)= E b,,smk”x

=1

(3.3.1)

However, the expansion of f(x) will have a very poor convergence since the boundary

conditions at x=0 or x=L will not be fuifilled unless f(x) vanishes smoothly at the

endpoints. Next, a function g(x) is introduced such that

g(0)=0 (3.3.2)
g(L)=0

g(—x)=—g(x).

[herefore. g(x) is chosen to be

glx)=f(x)—=(a+bx) (3.3.3)

a=f(0)

= [ (L)=f1(0)
T .
As a result. a function that has no discontinuities, and is periodic with a period of 2L.

b

1s obtained. A discontinuity does appear in the second derivative at the end points;

however. any singularities in the first two derivatives have been eliminated. g(x) can

then be expessed by a Fourier sine series expansion with excellent convergence for a
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well-behaved f(x). Subsequently. f(x) can be obtained from g(x) as

flx)=glx)+a +bx . (3.3.4)
The next step 1s to discretize f(x) at equidistant points. with a separation h.

Theretore. choosing N discrete points on the interval (0.L) leads to

v = fkh) (k=01 V) (3.3.5)

and

vi =glkh)  (k=01...... V). (3.3.6)

The Fourier series is expressed as

amkh
L

= ¥} b,sin

a=1

(3.3.7)

The constant coefficients, & ,. are solved by taking the inner product of Equation

m mkh

(3.3.7) with sin————. However. since g(kh) has a discrete finite support on the

interval k €[0.M]. and the constant coefficients can be derived by the finite

summation

km m
{

(3.3.8)

2' (181

Z 'sin

However. the spacing, h. of the discrete points and the number of coefficients needed

for proper convergence must be established. The Fourier series expansion s a
superposition of Fourier harmonics. There exists a cutoff frequency. v, where the
function g(x) has no more existing harmonics [38]. Therefore. in the absence of noise.
the Fourier coefficients, &,.b,....by. Will become increasingly smaller above some

value §. Hewever. in the presence of noise, the higher-order coefficients are no longer

-8 PRIl

negligible. If the noise were random. the frequency spectrum would be a constant o
: over all frequencies. Therefore, the higher-order coefficients are relatively constant in
magnitude and have a random phase which introduces undesirable harmonic distortion
in the interpolated function. Therefore. the series has to be truncated at some finite

: value of k =§. This number is best determined by analyzing the data and subjectively
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N choosing the cutoff frequency. v,, which is expressed as [38]
i
mr
x =2mr ¢

‘\ L o (3.3‘))
%)

4 m
o v =2

2

h L =Nh .
~f‘ The real and imaginary currents to be interpolated are periodic in nature. and the
'o noise is introduced by the discontinuities at each multiple wire junction. Since the
iy
=t function 1s relatively well behaved, the coefficients diminish rather quickly.
IN However, due to the noise, the harmonic distortion introduces a ringing. By

o
J“), experimenting, it was found that the cutoff frequency is best chosen to be
[
S5
6

- V= e
o= X (3.3.10)
o This leads to & = 12 coefficients per wavelength.

- Figure 3.20 illustrates the interpolated current. in the longitudinal direction. for
,‘ the case of a 100 MHz excitation of the 4350 MHz bandwidth ACHATES simulator.
_f:

e The real and imaginary currents are interpolated separately in order to preserve the
3
L phase. It is easily seen that smoothing by Fourier sine-series interpolation provides
N excellent results for this case.

N

7 The transverse currents, which are on an order of magnitude smaller than the

longitudinal currents, are subject to a large amount of relative error. This was
observed in the PEC patch problem discussed in Chapter 2. Since Kirchoff's law 1s
being satisfied at the wire junction, small discontinuities in the longitudinal current
lead to relat-ively large discontinuities in the transverse current. There are also a few
other Limitations that are encountered due to the wire mesh approximation. The first
is that the edge wire is not solely in the y-direction along the tapered end sections, and
it has a vector component in the transverse direction. However, the vector

contribution of current 1s not accounted for at junctions with the transverse wires.
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Furthermore, the current does not vanish in the x=0 plane, due to the discontinuity of
the junction of the transverse wires with the center longitudinal wire. When

interpolating the transverse current these actors will have to be taken into account.

Recall that the impedance matrix of the moment method solution was generated
by point matching. Therefore. the boundary condition on the tangential E-field s
being sauisfied at the center ol each wire segment. Furthermore, the large
discontinuity being suffered at either endpoint is due to the perpendicular longitudinal
currents. As a result, only the segment center currents are interpolated while
enforcing the end-point boundary conditions and imposing odd-symmetry across the
x=0 plane. Finally, the real and imaginary currents are interpolated separately by a
Fourier sine-series expansion as was previously described. Figures 3.21 and 3.22

illustrate the interpolated transverse current magnitude.

Once the currents are interpolated, the near E-field can be easily computed with
the use of the integral differential equation derived from Maxwell's equations.
However. since the currents are one-dimensional, the current and the Green's function
are parameterized. leaving only one variable of integration. The resultant equation is

given as

.
E(r)=—_/_ﬂ‘,.f(vv-f+k2)1(r’)c(z 1)t
7k o

- kR
(te)=%__
G R

R ={x—x"P+ly—v )2+z—z))"

X =x, tat

= Yo +bt

>
-

=z, +ct

2, ) 1s the position of the wire starting point in cartesian coordinates. and
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=af + by +ci

1S 1n the direction of the wire axis. and a.b. and c are its directional cosines. ['he
integral with respect o ® was performed analyticaily. since the integrand has no @
dependence: hence. the integration reduced 10 a single integral. After performing the

differentiation. the integral can be simplified as

r : —/kR
E(r)=-1%4 [EETLENE P
amk® % R RT R
N dmmy | 37K L3 kP e kR
+ PP e p=p) | St oy ! (3.3.12)

where

p~p =i(x—=x )+ ylv=y )+ Ziz-2").
Figure 3.22 illustrates an example of the E-field computed from the interpolated

currents. Initially, comparing Figure 3.22 to Figure 3.4, it is found that singular

distortion in the vertical E-field is negligible at heights up to % where h is the height

of the parallei-plate above the ground plane. At a height of % it appears that the
singular distortion in Figure 3.4 is still tolerable. Furthermore, it is interesting to note
that there is very little distortion of the phase due to the presence of the
discontinuities of the current.

[t must be realized that interpolating the currents and enforcing the edge

o)
.

L9

A

Y conditions do not improve the boundary condition error. In fact. it only eliminates the
S

A

:;-: singularities—in the near electric field. However, this analysis does give insight into
i ~_.\
r@e how much the singularities contribute to the fields when computed directly by NEC.

Therefore. combining these results with those in Section 3.2, it is found that a useful
and valid approximation of the field distribution in the working volume has been

provided by NEC. However. singular distortion occurs when the fields are computed
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near the wire mesh. [n the previous example. singular distortion has a significant

contribution when the fields are computed within TA‘? ot the top plate (wher. he

height of the simulator is approximately —)‘3— at 100 MHz). Theretore. when applying a

thin-wire mesh approximation to a surtace scattering problem. one should be aware ol

the singular distortion hefore interpreting the results.

3.4 Simulator-Obstacle Interaction

The purpose of the EMP simulator i1s to reproduce the electromagnetic
environment of the EMP radiated by a high altitude nuclear hurst and to subject
various test objects to this environment. Thus far. the characteristics of the parallel-
plate bounded wave EMP simulator have bheen discussed. The fields within the
working volume of the simualtor approximate those of the free-space EMP
environment. However, once a test object 1s placed within the working volume of the
simulator the characteristics of the simulator may change. From a quasi-static
analysis 1t can be shown that the object capacttively couples to the upper conducting
plate and the ground plane. Since the object is of finite length, 1t acts as a perturbation
of the transmission line. Dynamically, the obstacle s a scatterer. and the fields are a
superposition of incident fields and scattered fields, although multiple scattering
occurs hetween the simulator and the obstacle. In both analyses it 1s this interaction
hetween the obstacle and the simulator that causes a distortion of the simulator
characteristics. It 1s the purpose of this section to invesugate the changes in the
characteristics of the EMP simulator when placing a large object 1n the working
volume.

The obstacle. or test object. (s a cube with a side length of h/2 (where h is the

height of the parallel plate above ground). The cube will be placed symmetrically in

the parallel-plate region between the top plate and ground, and in the x-direction.
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L,
":} Furthermore. the front face of the cube will be placed in the transition plane of the
. conical tapered end section and the parallel-plate region. This is illustrated in Figure
'_:::', 3.23. As an example. the 450 MHz bandwidth ACHATES EMP simulator. excited by a
% LOO MHZ nnit amphitiude excitation 1s used.
L

4

For small simulator-obstacle interaction, neghigible changes in the characteristics

! \;' of the simulator are expected. such as the characteristic impedance. input impedance.
Z'_E or the radiation efficiency. However. in the presence of the object. a perturbation ol
L)
the near fields is stll expected 1n the working volume since the fields are a

i::‘. superposition of the incident field and the scattered fields. Referring to Table 3.1. the
matched load condition for a 100 MHz excitation of the 450 MHz bandwidth simulator
J with an empty working volume 1s 8, = 120 Q. Furthermore. the simulator has an
input 1mpedance of 97.04+;14.68 Q and a radiation efficiency of 20.77 %. Once the
.\ cube is placed in the working volume. as in Figure 3.23. the input impedance reduces
' . 10 76.64-;17.03 Q. By lowering the impedance, the available input power is increased:
:{, however. (1 1s interesting that the radiation efficiency reduces to 19.14 %. This
:_": indicates that a larger amount of power is being dissipated by the load impedance.
'é Figure 3.24 illustrates the longitudinal currents on the top plate of the simulator for
‘j the case of an empty working volume. and when the obstacle i1s in the working
'.:.:f:: volume. Comparing Figure 3.24(a) with Figure 3.24(b) 1t 1s observed that a slight
:A change in the longitudinal current i1s encountered with the presence of the object. This

Y

:‘:' slight change :n currents introduces a small change in the tield distribution
; characteristics of the simulator. which can essentially be referred to as the incident
:‘. field. Therefore. the field within the simulator is a superposition of this incident field
" and the scattered fiel produced by the currents induced on the test object. Figures
:}E 3.25 10 3.27 illustrate the comparison of the field distributions tor the cases of an
,_ empty working volume. or free-space environment. and in the presence of an obstacle.
" or a perturbed [ield environment.
{':‘;
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Following the above analysis. there s additional work that could be done to help
characterize simulator-obstacle interaction. In particular. studying the changes in the
simulator characteristics over a broad lrequency range i1s necessary to interpret the
hbroad nand cxc:itation of the test object. Furthermore. computation of the tields due
"o the peturbed simulator currents and n the absence of the obstacle currents could
provide some useful resuits in determining the perturbation of the incident field in the
presence of the obstacle. Finally, an analysis of the plane-wave scattering of the
obstacle. in the absence ol the top conducting plate. could provide usetul results as

well.
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TABLE 3.1(a)
NEC MODEL OF THE ACHATES EMP SIMULATOR: 75 MHz

Z, Re(Z,, ) Im(Z,,) | Neg

(Q) (Q) (Q) 1 (%) SWR
0.0 33.07 100.50 L 100.0 -~ 15.920
50.0 . 83.25 60.03 ; 1834 2350 |
75.0 | 93.09 38.09 | 1217 | 1.685 |
95.0 : 9%.42 | 269 ' 1009 T 1384 |
100.0 . 96.82 | 1919 | 980 ; 1326 |
110.0 ' 97.20 12.60 | 941 | 1.225 |
120.0 ! 97.15 6.54 o 923 . 1141
150.0 C 9532 -8.74 ‘ 9.54 . 1.248
200.0 i 89.76 -26.75 i 11.53 | 1.331 |
500.0 63.27 -62.78 | 2855 | 2,602
1000.0 \ 48.11 -73.36 | 4785 | 3.805 .
10000.0 j 31.96 - -82.45 90.74 6.757

TABLE 3.1(b)
NEC MODEL OF THE ACHATES EMP SIMULATOR; 100 MHz

A
LAFATASIRES

i E Z, , Re(Z, ) L Im(Z,) { Neg SWR
7 (Q) (Q) ; (Q) ' (%)
:& 0.0 2049 | 1682 . 10000 '  8.830
° 50.0 5623 1590 | 2851 1.980
o 75.0 71.89 | 15.45 | 22.88 1.475
9.0 80.67 ! 15.19 ! 21.49 1.292
100.0 86.31 J 1502 | 20099  1.19
110.0 91.76 ! 14.85 | 2078 © 1.137
120.0 97.04 * 14.68 ! 2077 1129
150.0 112.00 ' 14.20 i 21.54 - 1.218
200.0 134.10 ; 13.44 i 24.20 1.502
300.0 170.20 1212 42.41 2.710
1000.0 288.20 ! 8.18 | 60.18 3.250

10000.0 108.60 22.87 ‘ 93.56 5.200
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h TABLE 3.1(c) N
" NEC MODEL OF THE ACHATES EMP SIMULATOR: 125 MHz y
N d
.';: z Re(Z., ) Im(Z,, ) ;
L &Ly M\ £ n Nes SWR J
E: Q) Q) Q) %) {
2:3 0.0 - 63.61 -99.67 100.00 6.143 .
50.0 90.78 -23.66 39.00 1.480
" 75.0 88.57 . -4.20 33.39 l.l6d )
e 95.0 "~ 8535 6.80 32.56 1126 .
e 100.0 ! 84.49 9.07 32.55 1139 rd
[3 110.0 ‘ 82.76 13.18 32.63 1.163 .
[ 120.0 81.04 16.76 33.01 1.373 E.
; 150.0 76.24 25.12 34.58 1.474 R
2 200.0 69.65 34.03 38.13 1.837 .
> 500.0 51.73 50.27 56.81 3.504 3
1000.0 33.67 55.02 71.86 5.115 ?
5000.0 35.84 57.66 92.16 8.380 "
L ' :
,} .‘
J' r
» Y
' [
e B
A o
) '
X TABLE 3.2 COMPUTATIONAL CHARACTERISTICS OF NEC .
[} .n
¢
. (run on an AT&T PC6300 microcomputer) R
N g
. ___Frequency Noof Scgments MuatrixFul Fuctorization
) (MHZ) {sec ) (sec ) )
-4 75 220 2.595. 1.003.
';‘ 100 320 5.485. 3.095.
0 125 166 11.597. 12.059.
:;-
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Figure 3.3. (b) Phase of .
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CHAPTER 4

LA LA

CONCLUDING REMARKS

[he e s Tresis was o develop the characteristics of a parallel-plate
~orinded ¢oscncilalor by oscattering theory.  using a thin-wire mesh
approaxima’. - e sonducting surtaces and the Numerical Electromagnetics (Code
{NEC) {22]. ' was tound that NEC. which 1s a user-oriented computer code that

offers a momesnt method solution of thin-wire scattering problems. can be uan

A Mt ted. cem Ad s AR

I AR S

extremely useful tool for analyzing this problem. In order to develop the wire mesh
model and an u'nderslandmg of the limitations associated with it. Chapter 2 focused on
developing complicated thin-wire scattering problems that in turn could be related to
the parallel-plate simulator. The emphasis was placed on determining the limitations
of the wire mesh approximation and developing a proper source and load model for the

parallel-plate simulator.

In Chapter 2, the rhombic EMP simulator was analyzed. The rhombic simulator.
like the parallei-plate simulator. 1s a transmission-line type of simulator. The source
and load models were developed using a thin-wire approximation, and the resultant
. haracteristics of the stmulator were compared to theoretical and experimental data
published by Shen and King of Harvard University (28.29). The general
characteristics, as well as the thin-wire conducting current and electric field
dis‘ributions within the center region, compared extremely weltl with Shen and King's.
I was tound that at very high frequencies, when the source and load gaps are greater
than (.1 A. signiticant error 1n the value of the matched terminations occurs due to the
wire segment approximation of the source and load. [t is interesting that even though
the value of the matched termination was (n error. the currents and fieids sull

compared extremely well with the results of Shen and King under matched conditions.
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[n Chapter 2 the thin-wire mesh approximation of a square PEC plate scatterer

+d4s vmployed in order to evaluate the limitations encountered in approximating a

S owadtho tlat condiicting surtdee. [The plate was illuminated by a normally

Aot TR oane wave and the Cirrents induced on the plate were computed by NEC

T Te were mesh approxamation. These results were compared 1o those derived by a

specitar Galerkin 'echnique. solved by conjugate gradients. The wire mesh

ipprovumation provided an excellent approximation of the surface currents. However

Tl not reproduce the edge singularity even when a reasonable number of unknowns

were ‘ised o represent the current.

I'he incident E-field was chosen lo be polarized in a direction parailel to an edge

ot the plate, which is referred to as the longitudinal direction. This was done such

'nat the currents would be highly oriented in o~e direction, and extremely small in

*he transverse direction. The transverse curr-~'s. w~hich are at least an order of

magnitude smaller than the longitudinal currents, suffered a large amount of e¢rror.

The reason for the error is due to the limited number of unknowns as well as large

discontinuities encountered at the multiple wire junctions i1n the wire mesh.

Furthermore, the discontinuities are a result of the enforcement of Kirchoff's current
law on the axial currents entering each multiple wire junction. These current
discontinuities, which exist in both the transverse and longitudinal directions, will

ead to nonphysical singularities in the near electric field. Therefore. one must be

careful as to how close the E-field can be computed to the wire mesh surface before

Tua e

L S NTARS

-
.

suffering fram singular distortion.

T
3
e

-

In Chapter 3. the conducting surface of the parallel-plate bounded wave

PR |
‘et

simulator was approximated by a wire mesh which was developed using the results
obtained from the examples studied in Chapter 2. The well-defined geometry of the

ACHATES EMP simulator [34] was modeled. T'e NEC was used to solve tfor the
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currents induced on the wire mesh due to a continuous wave excitation across the
source gap. Using these resulls, the characteristics of the simulator were established
nver a nroad-trequency region. The tweld distributions in the parallel-plate region.
inder matdhed condctions, were computed and shown to be predominately TEM for
ow irequencies with a linear progressive phase shift. However, at higher frequencies.
when “he uvperating wavelength was near that of the cutoff frequency of the
simulator. higher-order modes became significant due to the mismatch of the conical
‘apered end section and the parallel-plate waveguide. As a result. the field
distribution greatly deviates from the desired uniform characteristics. Finally, the
wire mesh moael was used to analyze the changes in the characteristics of the
simulator when a large test object was placed in the working volume. [t was found
that a cube of side length equal to one-half of the height of the parallel plate above
ground. placed symmetrically in the working volume. has a small effect on the
characteristic impedance and the surface currents of the simulator. This small change
introduces a small distortion to the field incident upon the test object. The
simulator-obstacle interaction 1s important to understand when using the EMP
simulator as a testing device. and is worthy of further investigation using similar

*echniques described 1n this thesis.

Overall, the Numerical Electromagnetics Code provides an extremely useful, and
relatively simplistic. analysis of the parallel-plate bounded-wave simulator.
However. 1t 1s an approximation that is not without its hmitations. Initially the
source and load gaps are limited to a one-dimensional thin-wire model of the two-
dimensional gap. For the rhombic simulator. this had an effect on the characteristic
impedance at higher frequencies. Furthermore. the wire mesh approximation
introduces discontinuities in the currents which lead to nonphysical singularities in

the near electric fields, whereas 1t was determined that fields computed at distances

heyond % from the surface suffer little singular distortion. Finally, the number of
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unknowns needed to approximate the conducting currents can become very large. since
the simulator is generally much larger than a wavelength in the mid-frequency region.
['is Limits the analysis of the high-frequency region tor large simulators.
Consequentiv. despile the hmitations mentioned ahove. the technique ol analvsis
nentioned heretn provides a usel ul 'ool 1n the analysis of the parallel-plate hbounded-

wave EMP simulator in the low- and mid-frequency regions.
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