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Abstract” .

A transmission line consisting.of a conducting sheet parallel to the
ground surface.is discussed as a possible simulator for placing fast=rising
pulsed electromagnetic fields over a ground surface. The’response character-
istics of such a structure are-considered for botha short circuit termination
and a resistive termination which’matches the transmission-line impedance
at high frequencies. This type of simulator maybe appropriate in the case
of high ground conductivities. .
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Foreword

In this note the figures giving the graphical results for the pulse
shapes are grouped together for convenience at the ends of their respective
sections or subsections of the no&e. We would like to thank AIC Franklin
Brewster, Jr., Mr. Robert Myers, AIC Antonio Regal, Mr. Robert Thompson,
and Mr. John N. Wood for the numerical calculations and’the resulting
graphs.
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I. Introduction

There are various problems associated with the simulation of the nuclear
electromagneticpulse from a surface bursz over a ground based facility. One

of these problems concerns the simulation of the fcst-risingportions of the
pulse, particularly if the rise times of interast are srkallerthan Che transit
times (in nonconductingair) across the surface extent of the facility. Me
approach to this problem is the Brewster angle wave matcher discussed in a
previous note.1 ln this note we discuss another approach to the problem.

A general class of simulators,which we might consider for the fast-
rising portions of the pulse, consists of some sort of transmission-line
structure over the ground surface. The ground is actually a part of the
transmissionline. The electromagneticcharacteristicsof the ground
influence the pulse shapes over the Kround surface. There may be various
types of such transmissionlines with single or multiple conductorsabcve
the ground and single or multiple electrical sources at various positions
along the transmissionline. The transmission line might also be uniform
or nonuniform along its length. Terminating impedances can also be added
at the ends of the transmissionline to try to improve the characteristics
of the pulse shapes. One might calculate the electromagneticcharacteristics
of such transmissionlines by considering longitudinaland transverse
impedances and/or by considering the expansion of the electroma~neticfields
on the structure.

In this note we consider one OF the simpler types of transmission Lines
for placing fast-risingpulses over the ground. As illustrated in figure 1,
the transmissionIirieconsists of 2 fIat conducting plate (or perhaps wire
grid with wires in the direction of current flow) of consta~c a:idch,W,
length, d, and heigl~t$h, above an assumed smogth ground surface. The
permittivicy, c, permeability, r, and conductivity,G, of both t[icground
and the air (or other medium) abo-!ethe ground are assumed ts be scalar
constants, independentof position. ~lese parameters are also assumed to

be real numbers and independentof frequency For the calculation of the
time domain waveforms. A subscript, 1, on these parameters is ;:sedfor
the medium above the g-round,and a subscript, 2, is used for the ground.
We call the transmissionline being consideretia single-ccnductor,plan:lr,
uniform surface transmissionline.

The characteristicsof this transmission line are considered by
solving the wave equation in tie simple geometry. A cartesian (x,y,z)
coordinate system is establishedzs illustrated in figure 1. ~[ariation
with y is neglected by assuming w ‘> h. Thus, z two-dimensionalp~oblem
is left; x is the horizontal distance along the transmissionline and z
is the vertical distance above the ground surfzce. For convenience def~i:e

1. Capt Carl Z, Zaum, Sensor and Simulation Note XXXVI1, ‘Thellrewster
Angle Wave ?Iatcl~er,Narch 1967.
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Zf ~ z-h (1)

4
“3/

This may be more convenient to use than z in some cases. For Ehis note
we assume that a wave is launched onto the transmissionline along the
plane, x = O, from some sort of electrical energy source(s) with appropriate
wave launcher(s). A perfectly conducting sheet is assumed placed along the
plane: 21 = O. (In a future note sources may also be distributed along
the”plane,z’ = O.) Some sort of termination for the wave is located
along the plane, x = d. Note that conductors are used at each end of the
transmissionline to make electricalcontact with the ground.

For the calculationsin this note the parameters of theupper medium
are assumed the same as those of free space. Certain approximationsare
made to simplify the results of the calculations,but these place some
restrictionson the high-frequencyresponse characteristicsand on the
allowable height, h, of the conducting sheet above the ground. One can
vary h to vary the rate of attenuationof the high frequencies in the
wave as the wave propagates over the ground surface. For a high conduc-
tivity ground h can be made rather small and so this type of surface
transmissionline may apply best for high a2. After solving for the
electromagneticfields in the frequency domain, the pulse shapes are
determined for an assumed step function voltage or current at the input
to the transmissionline. This is accomplished for the most part by
numerical inverse Fourier transforms,the resulting numerical errors
being kept to less than about a percent in tilecomputer calculations.z
We first consider the case of a transmissionline of effectively infinite
length, followed by the case of a transmission line terminated in a shore
circuit or in a resistancewhich matches zhe transmission-lineimpedance
for high frequencies.

2. Frank Sulkowski,Mathematics Note 11, FORPLEX: A Program to Calculate
Inverse Fourier Transforms, November 1?66.
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j 11, .Bo.und.ary Value Problem

To.calculate tke response of this type of transmission line we expand
the electromagneticfields on the structure. Define a wave impedance af;

—

(2)

and a propagation constant as

where s is the LapLace transform variable. T$ese._twoparameters, and
other related impedances and propagation constants are appropriately ..
subscripted to apply to the two media. There are also the convenient
relationships

sip = yz (4)

and

WSE = Y
z (5)

Since we assume a solution independent of y, then in Cartesian (x,y,z)
coordinates the solution of the wave equation is of the form,

#yx*-yzz where yx and yz are propagation constants pertaining to theY
x and z directions, respectively. The propagation constants are relatec~
as

(6)

Assume a wave propagating in the +x direction along the transmission
line. The electromagnetic fields then are of the form in medium 1 (c)<z <h)

Y Z’-yxx -Y Z’-yxx

22= Ile
‘1 + ile

‘1
1
L

yz Z’-yxx -Y Z’-yxx

~=~2e1 +-ilze ‘1

‘1
and

& ‘3yz1z’ -yxx+83e-yz1z’-yxx=Ae
Y~

(7)

(8)

{9)

and in medium 2 (z<O)



‘{z Z-’(:<x
%2

8 =Ae
‘2 4

(10)

(12)

where the ~vs and &’s are coefficients to be determined. A tilde, Q,
is used over a quantity t[)indicate che Laplace transform of the quantity.
The letter subscripts OF t!:eelectromagneticfield symbols indicate which
Cartesian component is syrl:oiized.Note that the form of the solution
in equations (7) through (12) is similar to that for a surface bound
wave, except that H;O te::-:~.with opposite signs on Y , are included

‘1
for medium 1 because of t;;=‘~oundaryat z = h. Also noCe that Yx applies
to the waves in both mecii,~{:rtdthat no subscripts are used in this case.

To relate the coefficients expand

%

VX2= (a+s&) z (13)

(14)

(15)

Then the coefficientsfor the field components in both media car,he
related for medium 1 zs

(16)

Y1 .4
-YX33= pl

-1.

(’lg)

and for meaiun 2 as

8
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Now apply the boundary conditions that ix and My are
giving

‘Yz h

Je
1

‘y h
‘113e

Substituting

Yz
1

for

r

yh

+ %Ze
‘1 =

Yz h

+ ~3e 1=

22, 22, and

;5

16

15 in equation (22)

‘Y h

1

yzhy

L Z1 $e
‘1

- %3e
1. ‘2 Q

Y, = ~z2A6
J. L J’

or

Combining equations (23) and (25) gives

(21)

(22)

(24)

(25)

and

(27)

With equations (26) and (27) and equations (16) through (21) the fi~ld
coefficients can be expressed in terms of one of the coefficients,A6$
and the various other parameters,



defineFor convenience

and

Then at z = h the field componentsare

Y ~ -Yxx
$ = - AZ Be

‘1 ‘1 1

~ -Yxx
% = Ae
‘1

and
~ -Yxx

k = Be
Y~

For the calculationsip this note we assume a perfectly

(28)

(29)

(30)

(31}

(32)

conducting sheet
at z = h. This makes ~ = O implying, from equation (28) and (29) and
equations (16) through (19)~

The fields in medium 1 then can be written as

Y
‘1 -Yxx

5 “-— 21 & sinh (y z’) e
‘1 ‘1 ‘1

-yxx
i = ; cosh (y z’) e
Y~ ‘1

(33)

(34)

(35)

(36)

(37)

(38)

10
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) Including equations (20) through (23), the fields in medium 2 can then be

written

and

All the

as
yz,z-yxx

“
% ‘x

&
E= - — 228cosh (Y h)e
‘2 ‘2 ‘1

Y Yz Z-yxx
‘1~ .— Z1~ sinh (y h) e

2

‘2 71 ‘1

y= z -yxx

fi=~~osh(y h)e 2
Y.2 ‘1

(39)

(40)

(41)

field components now contain the same coefficient, B.

The relationship among the various ~ropaga~ion constants is not
arbitrary. From equations (22) and (23) A5 and A6 can now be related
as

2i5 Yzl

q =—21 tanh (y h)
Y. ‘1

(42)
1.

These two coefficients are also related in equation (20) giving then

Y Y
‘2 ‘1

y — 21 tanh {y h) = O
‘2 + yl (43)

‘1

or

Y

()
~

‘1 ‘1 Y2
l+—— tanh (y h) = ‘:

‘2 YZ2 Y1 ‘1

From equation (6) we have

2
Y =Y;-y:
‘1

(44)

(45)

and

Y: =Y:-Y: (46)
2

so

in

that substituting for Y and y in equ:{tion(~+4),Yx can be solved
‘1 ‘2

terms of y
1’ y2P ~1> U2, and h.

11
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111.

(46],
doing

.
“>.

Propa$zationConstant of Transmission Line
j

Having a solution for the propagation constant in equations (44) through
we now simplify the results by making certain approximations. In
this restrict the parameters of medium 1.to those of,free space so that

‘1= co’ h = Po, and a~ = 0. Also restrict the permeabilityof the lower
medium as P. = U,.
dielectric gonst~nt

E-

The: define some convenient parameters. ‘The relative
of che ground is

H*
r

o

the relaxation time

tr z
~

a2

a modification of

(47)

of the ground is

(48)

this relaxation time is

(49)

and the transit time from the ground to z = h is

h
‘h (50)z h~~ ‘~

For conveniencewe include a table of the relaxationtimes for various
conductivitiesand relative dielectric constants.

\

a2 ‘r

(mhos/ut) 10 20 40 80

10-4 885 1770 3540 7080

10-3 I 88.5 177 354 708

10-2
I

8.85 17.7 35.4 70.8

~fJ-1 I .885 1.77 3.54 7.08

4 .177
(sea water)

88.5

8.85

.885

.0885

2.21 x 10-3

t’

(n:)

Table I, RelaxationTimes

12



. Now assume that Iy hl<<1 so that I and $ are approximately
‘1 ‘1 Y~

uniform with z. Then we have

tanh (Y h) = Y h
‘1 ‘1

so that equation (44) reduces to

Y: h

[1

2
‘1 1 ‘2

l+—— — =0
– ~z YZ2 ‘1

and since we assume VI = IJ this becomes
2

Y2 h

H

2
‘1 ‘2l+— —

Y
=0

‘2
‘1

(51)

(52)

(53)

This assumption of small Iy hl restricts the field distribution in

‘1
region 1 to a single dominant mode whic;tis similar to the TEM mode
on a lossless transmission line,

Rearranging equation (53) gives

(+~[y2h,2+)2 (54)

Substituting for Y

Htri;:::~:)’

(55)

or

(21+[-(?~-j(:;) ’”’-(*=o (56)

Solving this as a quadratic equation fi!.t-cs

Y2()x=<

or

1-

1-

1

2(y2h)2

1

2(y2h)2

,
13
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The plus sign has been used for the square root in the quadratic solution
so that Yx will apply to an attenuatingwave.

To expand the square root consider the approximation that

for all frequenciesof interest.

<< ~ {59)

We call this particular restrictionon
the solution as restriction 1. Note that

For Cr>>l (whichwe assume), then for all frequencies

y2 2

101>>~<
and restriction1 can be simplified to

1 uY1 4
—. << 1

4(y2h)
2 Y*

Substituting for Y1 and Y2 gives

(60)

(61)

(62}

(63)

Substitutingju for s, the expressionor.t:~sleft of equation (63) has

v
a maximum at utr = L z . Substituting this value restriction 1 becomes

1 ()
t=2

<< 1

lo.4cr3 K
(64)

so that if this restriction is met it appl.~.esSot all frequencies.
Large cr, az, and h help to meet this res’c-cic~fon.Sote, however,
that if all frequenciesof interest ars ~:ici:less than t ‘1, then

trestriction1 can be relaxed from its fur:-.~s,equation ( 4).



Now expand equation (58) as

Simplify this further by ignoring the second term in the braces comparecl
Then take the ratio of the second to the third term on the right side of!
equation giving

to 1.

the

However, the magnitude of the right side of equation (66) iS just the square rOOt
of the left side of equation (59) and is therefore small compared to 1. Thus,
applying restriction 1, equation (65) simplifies to

(67)

It is this form for yx that we use for the calculations,

Return now to the assumption that Iyz hl<<l which we call restriction
2. First solve for Yz h as 1

*

(yd2=(w“h)’”F-(vil(y’hp
Substituting from equation (67) gives

Using the result of equation (61), restriction 2 becomes

(6/3)

(’$)

(7(})

(71)

15

.—



Replacing l+str by SE= increases the left side giving

(72)

In terms of u restriction 2.is then

~ue., restriction2 is a restrictionon how large u can be for valid
results, Note that if frequenciesof interest are much less than tr-~,
then restriction2 can be relaxed from igs form in equation (73)Q

Having solved for y
constants can be obtained:

in equation (67), the other propagation
These are

~ 1/2

[01

Y1
l-—

Y2
(74)

and

.

()
YL
‘2

~

The field components in equations (36) through (41) can then be written
for small ]y hl as

‘1

Y “yxx
2’ --++

‘1 ‘1

Yz .Z-YXX

% =- LZ2Ze 2
‘2 Y2

(76)

.

(77)

(78)

(79)

.

16



and

# = i ,YZ2Z-YXX
Y2

Substituting for y , y , and yx all
‘1 ‘2

the field components

.

(80) :- .

(81)

are solved

in terms of ideally known parameters and one arbitrary coefficient,

- -...,._’. . . .



Iv. Impedance of Transmission Line

Now consider the impedance of this surface transmission line for
the case that it is assumed infinitely long. At x = O the current into
the conductingplate (at z$=h)is

(82}

IX4z-h
For the voltage driving the transmission Line we have for positive z

os o

$1 =- ; dz’ = ~ Z$

!

cosh (y Z’) dz’
‘1 Y1 ‘1

-h x-o -h

Yx
=— Z1~ sinh (y h)
Ylyzl ‘1

For Iy hl~<l this becomes
‘1

For negative z calculate a similar parameter as

o

J1
Y

Oyz
%V2.- : dz=z

!
Z2& cosh (y h) e

‘2 dz

& ‘2 ‘2 ‘1 -

[ X=o

Yx
=—

Y2YZ2
Z2i cosh (y h)

‘1

which for IY hl<<l is
‘1

Y*
?2=—

Y2YZ
2$

2

(83)

(84)

(85}

(86)

—

. .
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+
- .,

) The ratio of the two parameters in equations (85) and (83) is

?2 Ylyz z
-12—— coeh (y h)

‘= Y2YZ,,$. ‘1 ‘1
L L

Substituting from equation (44)

2
?2

()

Y
‘1 21 Y* 22

—=.— —
VI ‘2 YZ2 YT=

Substituting from equations
r

this becomes

()
Yz 2

1.. —
Yz
2

and (7S) then

and using the approximation of equation (61) this is
.

Using restriction 1 as expressed in equation (62) we then have

-— .

.—- :—=.

(87)

(88)

(89)

(90)

(91)

the
1

We then neglect ;2, ~he presence of the vertical conductors in
ground, shorting out E= at x=O, should have no significant effect on

9
the impedance of the transmission line.

The impedance of the surface transmission line, with the length
assumed infinite is then

Note also that
&

- ‘1h
‘L== W&

Y~

19

(92)

(93)
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which

from

,{

5=’1

use for

(67) we have

[()Y~
Al. —

+ y2h Y*

the calculations

2 1/2 1/2

1]

: Z1

in this note.

(94)

20
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v. Response of Infinite-LengthTransmissionLine

As the first case for the response of this surface transmissionline
let the tragsrnissi.onl_ine_beinfinj.telylong. Define some additional
parameters. The transit time to the position of interest is

t
x~-

Xc

Another useful time is

tfit;(~),=t,($,,

from which we define a normalized Laplace transform variable as

s = St
o 0

and a normalized time as

t-t
xT=—

0 to

For convenience collect together some of the parameters as

and

Now
case then
field as

\ ‘/ II

apply a step-function voltage SC x=O and
define an appropriate normalized voltage

-Yxx + Ylx

Note
time
Next

‘h

t=o. For

(95)

(96)

(97)

(98)

(99)

(loo)

this
or vertical electric

(101)e= (s.) s e ~
o 0

the term, Y,x, in the exponential. This is included to shift the
scale so th&t the pulse starts at T :-(j, the arrival time at x.
define an appropriate normalized cu:rent-or magnetic field as

-’JXX+YIX
.,.

‘1 %
&o(so) ~ $ ~e (s.) = ;;:’$“”–;— (102)

L= ‘O L.- 0

LJ.



Note that since we are assuming that c1 = Co, U1 = Pa, and al = 0, then

Z is independent of s and is just the wave impedance of free space, For
At e calculationsof this section rewrite equation (67) substitutingfor
y. and y. from equation (3) giving

L L

u~2=1+*”
SE

1/2

1“~ a +ss2
2

.

t;tx
= 1=7s0

‘h
‘1’2,+SO’[$’J+(l-$r)‘o [:)’‘r r’

=,+;’;’2[1+(1-:J.soP2~2
For the terms in the exponentialwe have

()7X
-YXX+YIX = -Stx —-1

Y1

Using the initial value
obtain an analytic expression
waveforms as

ez (O+) = lim so~z (s.]
o 0

g 0+.co

and

ho(0+) = lintSoia(so) =

SO*

(103)

(104)

theorem of the Laplace cransformwe can
for the initial rise of the time-domain

1

L
=e (105)

,

e (106)

Note that the initial rise is the same for both waveforms.

22
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but

There is a special limiting case for pl = O, in which

-YXX+YIX =--&3w-).oP2~2
,,=0

For P2 also zero then
r s

o-— -
L

;.(sO) e
= :.(sO)l = —

s
o

I ,1=0
p’=o

which has the solution

ho(~o) = eo(~o)

,1=0
p’=o

I pl=o
p‘=0

= erfc

%=0p’=o

H1

4<

(107)

(108)

(109)

(110)

This special sim le solution applies for frequencies of interest, u,
such that w>>tr-! so that \sop2\<cl, and u>>t~/t~ so that lsol/2]>>p1.

For such a frequency band to exist it is necessary that th>>t~fir.

In solving for the propagation constant in section 111 certain
restrictionswere placed on various parameters. In terms of the
parameters used in this section restriction 1 is

1
P:P2 << 1

10.4s:
(111)

and restriction 2 restricts normalized frequencies of interest to

(112)

23
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For the graphs the expressions in equations (101) through (104) are used
as though they were exact, but the reader should take the restrictions
into account when using the graphs. Note that if restriction 1, as in
equation (111), is exceeded one can confine the frequencies of interest
to much less than t~l, relaxing the restrictionto some desired degree.

The time-domainresponse characteristicsof the infinite-length
transmission.line.are p.lotted.in.figures 2 through 8. In figure 2 the
pulse shapes are plotted.for the limieingcase.of p2*0 fOr several
values of pl. In.figures 3 through 6 the.pulse shapes are plotted with
both pl and p2 varied.and for two values of cr. Define ho as the

max
maximum value of the normalized.currentor magnetic field and tmx as
the time of this maximum. These two parameters are plotted in figures
7 and 8 versus pl for several values of pz and two values of c=, Note
that there is little difference between the pulse shapes for &r~10 and
cr=80.

24
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VI, Response of Finite-LengthTransmissionLine

Now include the end of the transmissionline at x-d. Two cases are
considered: a short-circuitterminationand a resistive termination.
Again define some convenient parameters. The transit time to the end
of the transmission line is

@-
‘d% C (113)

from which we define a normalized Laplace transform variable as
,

‘dZ ‘td

and a normalized time as

Define a normalized distance as

Another conveni.ent,parameter is

Modify equation (103) in the last
giving

(114)

(115)

(117)

section to use the new parameters

(P~=1+—
‘d

We also have

HY*
-YX*lX =-Sdx’ —- I

Y1
(119)
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. .

/
, and

Y
yxd = Sd $

1
(120)

These are the expressions used for the calculations in this section.

There are ~arious forms for the normalized voltage or vertical
electric field, e (sd), and normalized current or magnetic field,

‘d
h (s ), used in this section buc they all have the same initial rise
;gar:cteristic~,

except at x’=1 where the first reflection is coincident
with the initial rise. Using the same procedure as in equations (105)
and (106) and restricting OSX’ ~ 1 we obtain

-?’-
hd(O+)= ez (O+) = e (121)

A
u

The actual form of the normalized waveforms is considered later.

In terms of the parameters used in this section restriction 1 is

1
t

2P3<
c< 1

10. 4s=
(122)

and restriction 2 restriccs normalized frequencies of interest to

(123)

Again, for the.graphs the expressions for the waveforms are considered
as exact; so the reader should keep these restrictions in mind.

A. Short-Circuit Termination

Let the termination impedance at ~d be zero, a short circuit,
distributed over the whole width, w, of the transmission line+ First

$ apply a step-function voltage at x=O and t=O. For this case the
appropriate normalized voltage or vertical electric field is

-2yxd(l-x’) -Yxx+ylx
% . ~ l-e

‘Zd(sd) = ‘d ,-e-2yXd — e

Note the -1 reflection for the vertical electric field at x=d.
The impedance of this short-circuited transmission line is

(124) “
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-2yxd
l-ezL=~—

-2yxd
“ l+e

The appropriatenormalized
a step function voltage is

(125)

current or magnetic field for this case of
then

h ‘1-—
Wz

L

-Zy--d(l-x’)
I+e =

-2yxd
l+e

-Zyxd(l-x’)
=1 ‘1 l+e -Y#+Y1x
—— e
sd Yx ~ e-2Yxd

(126)

Note the +1 reflection for the magnetic field at both x=d and x-O. If,
in equation (121), x’ is replaced by x’+td, where Td is taken as the
normalized time of arrival of the various reflections at x’* then
equation (121) gives the magnitudes of the step discontinuities
associatedwith various reflections. The sign of these step discon-
tinuities depends on the +1 or -1 reflection coefficients at each
end of the surface transmission line, as appropriate for the particular
field component.

Figures 9 through 12 have the pulse shapes for a step function
voltage driving the short-circuitedtransmissionline for two values
of tr/td. Each graph is for a particular value of p3 and each cume
for a particular x’. All the curves are for the case of cr=lO, i?ote
the step discontinuitiesin the waveforms for the case of tr/td=l.
As p3 is increased these discontinuitiesbecome less noticeable.
Note that h~ continually increases at long times because a step

voltage is ~rivf.ngthe

As a second case
circuited transmission
or magnetic field is

short-circuitedtransmissionline.

apply a step-functioncurrent to the short-
line at sO and t=O. The normalized current

-2yxd(l-x’)
-YXX+Ylx

td(sd) = ~ l+e-2y d e
‘d

I+e x

The associatednormalized voltage or vertical electric field is

34



-2yxd(l-x’) ‘YXX + YIX

2zd(sd) z id(sd) v ‘L l-e e..—
h Z, -2y..d

Z4=0 ‘1-e

-2yxd(l-x’)
%~ ~ l-e
s~ Y1 -2yxd

l+e

x

-yxx + ylx
e

-..~R.._
=a.-

(:128)

Note that the magnetic field has a + 1 reflection coefficient at x-d, but has
a-1 reflection coefficient at x-O, Again equation (121) with x’ replaced by
x’ + T gives the magnitudes of the step discontinuitiesin the waveform

dassociatedwith the reflections.

Figures 13 through 16 have the pulse shapes for a step function current
driving the short-circuitedtransmission line. The choice of the various
parameters is the same as for the previous case of a step function voltage.
All the curves are for the case of ~. = 10, Note that with the use of”a step
function current hd does not increas~ without bound at long times. Also note
that, while large values of p reduce the prominence of the recurring step
discontinuities,large values30f p3 also increase the rise time of h

d“
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B. ResisCive Termination

.
“l

“)
Let the termination impedance, Zt, be resistive and match ZL in the high-

frequency limit. Thus we let -

(129)

and this is assumed uniformly distributed over the widths WS and height, h$ of
Ehe transmissionline above the ground at x-d. There are various ways this
might be done, including the use of a structure similar-to the wave launcher
at the input of the transmission line. How this termination is accomplished
is influenced by what high-frequency characteristicsare needed. The reflec-
tion coefficient for the voltage or vertical electric.fieldis then

Y_

(13(?)

For the present case of a resistive terminationwe assume a step function
voltage at x=O and t=O. The normalized voltage or vertical electric field is

-2yxd(l-x’) -yxx + ylx
2=2(Sd)~~l+ree e (131)

u

The impedance of

ZL”Z
L=

“d 1+. L2yxd
e

the resistance - terminated transmissionline is

1 + r e-2’xd
e

(132)

l-re
-2yxd

e

The normalized current or magnetic field is then

-2yxd(l-x’)
$(sd) = 2 (Sd) &

21 1 - re e -yxx + ylx

‘d w% e

1 - re e-2yxd
X!=o

. ~ Y1 1 - re e-2yxd(I-xr) -yxx + ylx

‘d <
1 + r e-2yxd e

e
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Figures 17.through 2A have the pulse shapes for this case of a step f~ction
voltage driving-the terminatedtr_aus@ssion line. Each figure is for a part:fcu-
lar value of tr/td, each graph is for a particular value of P3S and each curve
is for a particular value of x’. All.the curves are for the case of S==lO.
Note that with the use of this particular resistive termination there are no
step discontinuities in the.pulse shapes after the initial rise. In the lim:Lt
of large ~d both hd and e approach one. For large values of p3, however, Ild

‘d
rises to one comparatively slowly.
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VH. Summary

In this note we
a possible simulator

,--:,—.–— ——. - ..—.— ______ ------ ... . . . . ... .
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have considered same of the response characteristicsof
design for placing a fast-rising electromagneticpulse

over a ground surface. This rype of sinulacor consists of a wide conducting
sheet above and parallel to che ground surface. It is driven by electrical
energy sources at one end and terminated in some fashion at the other end.
The medium above the ground is assumed to have electromagneticparameters
the same as free space so tha~ the wave propagates with approximately the
speed of light in vacuum. AS the wave propagates along this type of surface
transmissionline the high frequencies.arepreferentiallyattenuated. This
is reflected in an increase,in the rise time along the transmission line.
However, the rate of increase of the rise time along the transmissionline
can be decreased.byincreasing h which decreases both p and pg.
of terminationare considered for this type of surface lransmissio~i~~es
With a short-circuit,terminationthe multiple reflections are quite pro-
nounced unless there is sufficient loss of high frequencies in the wave to
significantlydegrade the rise time. With the transmission line terminated
resistively so as to avoid the reflectionof the highest frequency components
at the termination,the rise time can be made small without introducing
significant reflections into the wave. However, this is accomplished ac the
expense of efficiency since energy is lost in the resistive termination.
Perhaps other kinds of terminationswith frequency dependent impedances can
be used for greater efficiency while still terminating the high frequencies.
Note that there are restrictions on the ranges of various parameters ‘forthe
derivation of the results in this note,

.

The performanceof,this type of surface transmission line is improved
h the case of large ground conductivi:$es. A large a2 makes tra small and
reduces the loss of thz high frequencies ‘inthe wave propagating over the
ground. On the other,hand che Brewster angle wave matcher (Ref.1) works
best with small a20 Thus these two ty>es oi simulation techniques are
somewhat complementary. Note that for ~oth of these technicfnesthe ratio
of the electric and mzgnztic fields is of the arder of 377 ohms, the wave
impedance of free space. If very large nagnecic fields are desired, in
order to simulate the electromagneticpulse close to a nuclear surface burst,
then the correspondingelectric fields ~ie quite large, perhaps leading to
problems with electrical breakdown. The surface transmissionline discussed
in this note and the Brewster angle wave matcher may then be more appropriate
for simulating the fast-rising portions of the nuclear electromagneticpulse
at somewhat less than full levels. Note that the influence of the air con-
ductivity is not iccluaed in either of these simulaticm techniques.
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