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- I. INTRODUCTION

There are various techniques to simulate the nuclear EMP, including
in or near source regions as discussed in [1]. A nuclear EMP near the
air-earth interfaée results in a large distributed electromagnetic source
on the interface. Such an electromagnetic source produces an underground
field that propagates very nearly perpendicular to the interface. In the
context of simulating this underground field, past works [2 to 5] have
addressed the problem of analyzing a buried transmission line formed by
vertical "plates" of perfectly conducting material. (Actually such
plates are constructed in practice as arrays of vertical rods in the
ground).

Schematically, this simulation technique is shown in figure 1.1.

In this geometry, we have the two vertical conductors in the shape 6f

plates of width 2a, separation 2b and lergth ¢, the constitu*ive parameters
of the ground medium are denoted by conductivity o, permizt.vity ¢ = €5 Ep
and permeability o The above half space is air w.tn zero corductivity,
permittivity ¢, and permeability ug. A rectangutar (x,y,z) coordinate
system is used with the (x,y) plane as the air-ground interface. The x

and y axes are respectively in the directions of the principal magnetic and
electric fields and the electromagnetic field is propagating in the

negative z direction. In an actual site, the "plates" are made up of
practical grids of conducting rods.

There are some limitations to such a simulation technique. For
example, the surface fields may be changing significantly over a certain
distance, such as the mean free path of the gamma ray rY from an EMP.

In the model, the horizontal dimensions 2a or 2b, the ground skin depth

s should all be small compared to r . The fringing fields near the top
and bottom of the model also limit the model in these regions, unless one
can compensate for such distortions, in some fashion.

The subject of this note is to investigate and design a suitable
“load" at the end of the buried transmission line so that the electromagnetic
field propagating downward into the gound is properly terminated.
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Figure 1.1 A buried transmission line formed by two vertical perfect
conductors (rod arrays in practice).
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While terminating a transmission line, one normally thinks of
choosing the load impedance ZL to be the same as the characteristic

impedance ZéTEM) of the principal TEM mode of propagation, in order to

- obtain the condition of a matched load. This impedance is of course

frequency dependent because of the ground medium, and it is known [2].

In deveidping the buried-transmission-1ine simulation téchnique
it is useful to be able to replace all or a portion of the buried trans-
mission line by some equivalent network which possesses the same impedance
and/or transfer properties. For laboratory tests in which the buried-
transmission-1ine properties must be combined with other equipment, such
a network can be usefully employed.

One could think of replacing the very long transmission line of
length 3 by one of shorter length 2, (near the-ground surface) and
then divide the remaining length of 2 = (2 - zo) extending from
Z= - 24 to z = - g by sections. These individual sections are repre-
sented by their incremental lumped-element models, out of which a lumped-
element network can be constructed to replace the remaining (lower) section
of transmission line for "Ly > 7> -

. In thisintroductory section, the need as well as an approach in con-

structing a lumped-element network as a replacement for all or part of
the buried transmission line has been discussed. Section II reviews the
incremental model of a two conductor transmission line, which is then
applied in Section III to approximate sections of buried transmission line.
Considerations of how one may divide the extended transmission 1ine into
sections for lumped element equivalents are discussed in Section IV.
Section V discusses the alternate current paths at 2z = - zofor connecting
the lumped element network, followed by an illustrative example network
in Section VI. The note ends with summarizing remarks in Section VII
followed by a list of references. ’



IT. INCREMENTAL MODEL OF TWO-PERFECT-
CONDUCTOR TRANSMISSION LINE

The buried transmission line of figure 1.1, formed by the vertical
"plates" of perfectly conducting material may be represented schematically
by a two conductor transmission line-as indicated in figure 2.1. The
equations governing the voltage and current propagation on such a transmission
line are given by [6]

d

S i(z,s) = - V() Uzs) + 1) () ]

1
]

- 7'(s) 1(z,s) + V(S).

e 9(2,5) (z,s)

position along the transmission line
complex frequency = Q + juw
(z,s)

WM
1]

current at location 2z

V(z,s) = voltage at location z (2.1)
?'(s) = per-unit-length shunt admittance
7' (s) = per-unit length series impedance-

f(s) (z,s) = per-unit-length shunt current source

G(S) (z,s) = per-unit-length series voltage source

The distributed sources along the transmission Tine represented by
i(s)'(z,s) and Q(S)'(z,s) are included for completeness in the per-unit-
length model shown in figure 2.2. They are not always present, and an
example situation when the distributed sourtes are required {s when there
is an electromagnetic wave incident on the transmission Jine. In the
per-unit-length model, the series impedance i'(s) and shunt admittance ?*(s)
per unit length are also indicated. So, in effect the long transmission
line is made up of an appropriate number of cascaded sections of per-unit-
length models. _

There are a few different ways of solving (2.1), one of which is to
write a second order differential equation each for the voltage and current
alone and solve for these quantities. Since our present interest is in the
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Figure 2.1 Two-perfect conductor transmission line.
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Figure 2.2 The per-unit-length model of a two conductor transmission line.



per-unit-length model, the solution of (2.1) is not reviewed here. It is
also noted that the per-unit-length model is easily converted to an
incremental length model applicable for a length dz of the transmission
Yine. In the absence of any distributed sources along the transmission
line, as is applicable in the problem at hand, the per-unit-length mode
of figure 2.2 is somewhat simplified and is shown in figure 2.3. It is
cbserved that the series impedance Z'(s) per unit length is made up of a
serjes resistance R' and inductance L' per unit length. Similarly the
shunt admittance ?'(s) per unit léngth consists of a conductance G' and
capacitance C' per unit length. The incremental-length model is derivabie
from the per-unit-length model as shown in figure 2.4.

It is also noted that certain approximations to these models may be
valid under certain conditions. For example, if this transmission line
were made up of perfect conductors immersed in a uniform lossless medium,
R' and G' vanish, resulting in a line with per-unit-length inductance and
capacitance only.

In the present example of a perfectly conducting buried transmission
line, R' may be neglected. In addition C' may be neglected at frequencies

where the conduction current in the medium (oE) dominates over the

displacement current (D). On the imaginary axis of the complex frequency
domain, this implies o>>we. In general, with assumed perfect conductors,
we have

' (s)
Y (s)

suf
g (2.2)
(c + sa)/fg

where f_ is the geometrical factor for the transmission line, which relates
the impedance of an infinitely long transmission line ZL with the wave

w

impedance A according as

s _ 5 (TEM) | p
Z = ZC = ng(s) (2.3)

o
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The wave impedance is given by
Z(s) = (su \2 (2.4)
otsE
certain §imp1ifications are possible under the Tow frequency assumption of

o>>|se|, resulting in

R' = © (perfect conductor assumption)
L' =y f (for assumed nonmagnetic medium u_ = 1)
0'g P
- (2.5)

G' = off

of 9
C' = negligible

The characteristic impedance ic under these assumptions is then given by
5 fsu, ° fsL"

I(sy =17 (s)y=fFf_ "0 = 2= (2.6)
¢ L Iy5  E

The approximate i.e., low-freguency and perfect-conductor assumptions
being valid, the incremental model is then further simplified as shown in
figure 2.5. This model is derivable from the transmission line equations
as follows.

The transmission line equations in time and frequency domains become

di{z,t} = - G' V(z,t)

dz (2.7)
dv(z,t) = - L'dI{z,t)

dz dt

di(z,s) = - 6" ¥(z,s)

4z ~‘ (2.8)
dv(z,s) = - sL' I{z,s)

dz

Equation (2.8) may also be written as a difference equétién and applied
to obtain the incremental models of figures 2.5 and 2.6.

-~

I(z+¢dz,s) = I(z,s) - (G'dz) V(z,s)
(2.9)

V(z+dz,s) = V(z,s) - s(L'dz) I(z,s)

10
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Figure 2.5 Low frequency, incremental-length model of the buried transmission
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The above equation is represented by its lumped element model in
figure 2.5.

Other equivalent forms of the circuit of figure 2.5 are shown in
figure 2.6. . The incremental ‘model outlined above is applied to approximate
a portion of the buried transmission line of figure 1.1, in the following
section.

12



I11. APPROXIMATION OF A SECTION OF BURIED TRANSMISSION LINE
BY CASCADED SECTIONS OF INCREMENTAL MODELS

.The incremental model of a buried transmission line djscqssed in
the preceding section is now applied to a buried transmission line of
length 2 indicated on the left of figure 3.1. Such a long line in the
earth medium can be replaced by a shorter line of length % and a
suitable frequency dependent network connected across the bottom end

“as indicated on the right of fiéu%e:3.1. The purpose of the network then

is to "simulate" the impedance iL looking down at the cross section AB.
In other words the input impedance Zin of the network is the same as
the open-circuit impedance of a buried section of transmission line
of length 2, = (2-20). This theoretical impedance iL is given by [2],

- - _ 1
7oo(s) = 7 (s)| 1+ elt®rh (3.1)
! L 2 ‘
1 - e 1
where
®
(”‘ vy = complex propagation number.in the earth or soil medium
) = ISuO(cﬁ*Ss:)];E
(3.2)
= [suo at low frequencies (o>>|st|)

and 2L (s) is expressed in (2.3) and (2.4). So, collecting all the results,

[==}

(3.1) may be written as

7. (s)
Ll

£ ( ifO >1/2 1+ elm2rl

n

sy 172
o (5%)  cotn(e 5 lorse))

otse

At low frequencies (o>>]se|), and if the 1ine is electrically
small i.e. ]21 J5u65"}<<1 , (3.3) simplifies to

3 N 1 SHoM |

13
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Figure 3.1 Simulation of a long buried transmission 1ine by one that is shorter and terminated by
a suitable network(s) connected in parallel across the bottom end.
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The goal of the lumped element network is then to simulate
the above impedance ViLl(s). The network is derived by dividing the

4y of the transmission line (= 2-20) by a certain number of sections

Ns’ writing a lumped element incremental model for each section and

combining the shunt elements to arrive at the final network. This
procedure is described below.

Consider the iwo-perfecf:cbnductor transmission line of
length 21 as shown at the top of figure 3.2 With reference to the
z coordinate of figure 1.1, this line extends from z = -2_ to

0]

z = -2 and, is of length £, = (&- 20). This line is then divided

1
into NS number of sections as indicated in the mid-section of

figure 3.2. These sections or portions of the transmission line

are designated by Pl’ P2 .o PN . Each of these sections is then
s
represented by its incremental model as shown at the bottom of

figure 3.2. The symmetric incremental model of figure 2.6(d) is
used in this illustration. Note that the series and shunt elements
of each section are simply given by the per-unit-length parameters
multiplied by the section length, according as

Z(s) = 7'(s) as

. for n=1,2 ... N (3.5)
Y (s) = Y'(s) as

where Azn is the length of the nth section given by

AL = [zn+1

and the line constants or the per-unit-length parameters i‘(s) and
Y'(s) are given by (2.2) under a perfect-conductor approximation.

- Z”I for n=1,2 ... NS (3.6)

In addition to the perfect conductor appromation (R' = 0),
if we are concerned with low frequencies,i.e. o¢>|se|, and if each
section is electrically small,i.e. |A2n suoc|<<1, then the lumped

element network of figure 3.2 simplifies to what is shown in figure 3.3,

The simplification results from neglecting the shunt capacitances
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Approximate lumped element network at

Figure 3.3.

low frequencies, for a buried transmission

line of length 21.



from the incremental models, in comparison with the shunt conductances.
The elements of this approximate network are then given by

L, o= L' ae

= uof‘AQ,n

g
= uofg (zn+l - zn) for n

1,2 ... N (3.7)

and

1,2 ... N (3.8)

- zn) for n .

The above derivation formally completes the procedure of arriving
at the Tumped element network representation for a section of open-
circuited and buried transmission line. However, there are some
practical aspects of such networks that have not been addressed yet.
For example, the choice of section lengths Azn which are not aill
necessarily the same and the actual connection of the network(s)
at the bottom of the shorter transmission line of length 20, are
important design and fabrication related issues. These two topics
form the subjects for the following two sections.

18
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IV. CHOICE OF CASCADED SECTION LENGTHS FOR
LUMPED-ELEHENT APPROXIMATION

In this section, we address the gquestion of choosing Azn
for n=1,2, ... NS. These are the lengths of the individual
sections into which the buried transmission line is divided for
representation via the incremental model, and realization by corre-
sponding lumped networks. ) ,

Note that the fields diffuse into the soil medium according
as e'Z, Using (3.2) we have,

e¥? =z exp(? /;uo(o + sg 3)
= éxp(z ngggj) (at low ffequenciés)r 7(4.1)
setting s = jw ,
e = exp z(1+ ) Tz-i

exp {(l +3) %} (4.2)

where & 1is the skin depth &efined by

) wﬁoc (4.3)
The above expression leads to
QY2 L e(l + ) Z/S (4.4)
or 7
|e¥2] = o2/ (4.5)

"iQ



where z 1is negative. Therefore, for a given radian frequency w,

we are only concerned with distances |z]<§ and the medium beyond
jz|>8 has negligible influence on the input impedance. In

" addition, once the wave has propagated one skin depth distance, the
reflected signal back at the air-soil interface is e'2 {=13.5 percent)
or less. The implication here is that only sections within one skin
depth need to be electrically small, i.e.

(%&) << 1 (4.6)

But, we necessarily have (Azn < Zpy

then (Ain < §8). For our present purposes let us choose Aﬁn to

}, and hence if (Zn+l < §)

be of the order of (zn+1/2). Furthermore for the initial section,

i.e., 0>z >-2,, let us use the actual conducting medium (e.g., soil)
and represent the remaining portion of the buried transmission line
extending from z = -20 to z = -2 by lumped networks. This choice
then "“hides" the first network section, disallowing unacceptably

high frequencies from reaching this first network section. This choice
also ensures that all network sections will meet the requirements

of a section while substituting for electricaliy small portions of
buried transmission line at relevant frequencies. In order to
i1lustrate the above choice, let us consider an example of a burjed
transmission line of total length £ = 100m. We choose to replace

it by a buried line of length Ro = 2m and the remainder of 21 = 98m
by a Tumped element network with the appropriate impedance and/or
transfer properties. Also, a choice of the number of sections

N =5 1is made according as

S

-z, = §_ = Zm
1 ° Ail = 4m

-z, = bm AL, = 6m

-2, = 12m - (4.7)
3 j By = 13m

~zy = 25m AL, = 25m

~2g = 50m st = 50m

'26 = loom

20
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Note that Azn = ] zn+1/2| in the above scheme. As one goes deeper

into the soil, corresponding to the end sections, increasingly
lower frequencies are able to penetrate the medium so that the
skin depth is larger and the sections can get successively longer
and still meet the requriement of being electrically small. It is
also observed that

98m (for this example) (4.8)

~1

[
I

3
1]
=y

—
"
e
IS
]
Py

o
e
1}

The above choice has been implemented in practice and the
results are encouraging, as reported in a later section of this
note. Prior to the discussion of this illustrative example, we
have addressed the question of the actual connection of the nefwofk(s)

to the shorter section 2 of the transmission line in the following

)
section,

-
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V. CONSIDERATIONS OF ALTERNATE CURRENT PATHS
AT THE TERMINATION PORT

Referring to figure 3.1, it is recalled that the buried
transmission line extending from 2z = -go to z = -2 1is being
replaced by the lumped network. This implies that the current
carried by the network from one vertical conductor to the other
must approximate the total distributed current in the soil medium
contained in the region z = —20 to z = -2. Proper input
impedance of the network assures that this requirement on the
total current is met under the assumed conditions. In practice,
the soil medium is truncated at z = -io by emplioying perhaps a
dielectric sand box and the network is hooked on at the bottom
on the outside of such a sand box. '

However, in addition to the requirement on the total current
through the network, the network should carry its current in such
a way that the magnetic field in the region z =0 toz =‘~£0
is approximately the same as if the buried transmission line
extended all the way to 2 = -L,

In attempting to meet the above requirements, two possible
choices of connecting the network are indicated in figures 5.1
and 5.2. Figure 5.1 shows one network which is connected at the
mid point along the width of the vertical "plates". Figure 5.2
shows two networks connected along the width at two points separated
by one-third the plate width. Clearly, since the current path
in the actual soil medium (-zo >z > -2) 1is distributed, having
two networks is better than one. However the connection points
of the two networks is best optimized experimentally by monitoring
the magnetic field in the region extending from 2z =0 to z = L
The illustrative example of Section IV uses two networks as indicated
in figure 5.2.. It is also noted that when one uses two identical
networks in parallel, each is designed to have twice the required
jmpedance so that their parallel combination provides the desired
impedance.

" In the following section, an illustrative design example
is considered in detail.

22
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VI. AN ILLUSTRATIVE EXAMPLE

Consider a buried transmission line as in figure 1.1 with
. the following parameters

¢ = 100m

2b = 4m

2a = 4m

W= = b 1077 H/m

o= 1072 S/m (6.1)

B EOEY‘
-9 . -

e, = 107/(36m) F/m 5 .= 10

f = 0.4764

] 5

Given the above numerical values, we first evaluate and plot the
quantity [c/(weﬂ and the skin depth & as a function of frequency
to determine the range of validity of the low-frequency approximation.
Tﬁe skin depth & 1is given by

§ = 2 : (6.2)

and it is independent of the dielectric constant Epe These two

quantities are shown plotted in figures 6.1 and 6.2. The plot of

figure 6.1 indicates that ¢ > we by an order of magnitude up to

about 2 MHz. The skin depth is plotted for completeness, and

incidentally to verify that the various sections meet the criterion

of electrical smaliness or equivalently Azn < § at relevant frequencies.
The indication from figure 6.1 is that if one designs a network,

good agreement may be expected between the impedance ELI(S) of the

open circuited transmission line and the impedance ?LN(S) of the
network(s) both in magnitude and phase up to at least 1 MHz, after
setting s = jw = J 2nf. Now, we may proceed to design the network(s)
as follows. We have

24
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(6.3)

n

20.990 S/m

As indicated earlier, let us also choose to represent the

100m line by @ 2m long line of the same width and separation, while

the remaining 98m of the buried line is represented by the

network(s).

Using (3.7)

The initial

js shown in

We also make the following choice of sections as in (4.7},
g = 2m |
0 AL, = 4m
6m
By = 6m
12m
: b, = 13m
(6.4)
Z2om
A24 = 25m
Som AL = 50m
100m
and (3.8) we get
2.39 yuH G1 = 0.084 S
3.58 uH G2 = 0.126 S
7.77 uH 63 = 0.273 S (6.5)
14.95 yH G4 = 0.525 S
29.9 uH G5 = 1.050 S

network consisting of the cascading of the five sections
the top section of figure 6.3. It is seen that the

adjacent shunt conductances can be combined resulting in the network
shown in the mid section of figure 6.2. The bottom figure in
figure 6.3 merely indicates the shunt elements as the more familiar

resistors by inverting the conductance values.
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Figure 6.3. Development of the illustrative example network.
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It {s now recalled that we may choose to have more than one
network connected in parallel in order to account for the distributed
current path. A choice of 2 parallel networks finally Jeads to
the networks of figure 6.4. Note that, when we have 2 networks in
parallel to represent the single network shown at the bottom of
figure 6.3, all the series inductances will be doubled and the shunt
conductances get halved or shunt resistances get doubied, in order
that the overall impedance is preserved. Therefore, the series
inductors in one of the two parallel and jdentical networks are
simply Ll’ LZ’ L3, L4 and L5 and the shunt resistances going from
left to right are 4G1, 4/(Gl+62), 4/(GZ+G3), 4(G3+G4), 4/(G4+G5)

and 4/G5 respectively. Substituting the values of Ln and Gn
for n=1 to 5 from (6.5) leads to the elemental values
indicated on one of the two networks in figure 6.4. The other
network in figure 6.4 is identical.

Next, we may compare the expected performance of the network
With the desired characteristics by comparing the open circuit
impedance EL of a 98m line with the input impedance of the

-

network. This comparison can be done on the imaginary axis of the
complex s-plane by setting s = jw. The desired impedance, using
(3.3) is given by

- je. - Juu 1/ y
Z, (0) = Me = f coth{ 2. Yiwu (otjwe) } (6.6)
L g 1 0

c ot+jwe

and the network impedance Eﬁg) given by
5{n) - 5{n) . o53(n)
Zpg (w) = ZZAIBI(m) = ZZAZBZ(m) (6.7)

is readily computed by using basic electrical circuit theory. The

results of these calculations are given in tables 6.1 and 6.2, and

plotted in figure 6.5. It is seen from figure 6.5 that the impedance
comparisons of the continuous case with the network. (calculated) is
excellent up to about 1 MHz. The deviations above 1 MHz is easily explained
by referring to figure 6.1 and observing that the low frequency
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Figure 6.4. Schematic (not the physical lay out) network comprising of two identical

parallel networks for the illustrative example. A1l inductances are in
uH and all resistances are in Q.
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£(Hz) R(Q) | x(@) | M@ %
degrees

o 0.43 0 0.486 0
102 0.486 0.01229 | 0.4861 .45
10° 0.486 0.1229 | 0.5012 14.19

o' | ogss | 0o | 1300 | 465
10° 2.995 2.995 4.230 85

10 | e.e69 | 9.203 | 13.382 43.45
107 34.139 20.101 | 39.618 30.49
108 56.195 5.025 | 56.195 5.11

TABLE 6.1. Computation of iL (w) of equation (6.6}
1
subscript ¢ denotes the 'continuous' plate

-2 _ _
10 ° S/m, e = 10, &, = 98m.

case g =
Note R = Mcgos(ec) and X = Mcsin(ec)
£(Hz) mic)(q) nic) ol¢)
1 network 2 networks degrees
DC 0.962 0.481 0
10° 1.003 0.5015 13.53
2 x 10° 1,113 0.556 24.7
5 x 10° 1.650 0.825 41.29
1.024 x 10% 2.517 1.258 45,85
1.048 x 10° 8.305 4.152 44.18
7.56 x 10° | 22.420 11.210 39.01
1.072 x 10° | 26.340 13.170 36.48
1.918 x 10° | 33.850 16.925 30.53
4.865 x 10° | 43.56 21.780 16.81
1.097 x 107 | 46.46 23.230 8.025
4.97 x 107 | 47.26 23.630 1.804
10° 47.29 23.645 0.898

TABLE 6.2. Computation of the impedance of the network(s)
representing the above continuous Tine.
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Figure 6.5. Impedance comparison of the continuous case with

the network calculations.
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approximation used in designing the network breaks down above 1 MHz.
The dielectric property of the soil comes into play and can only be
accounted in the network by shunt capacitances. This has not been
done in the present example. This comparison also shows that having
only 5 sections for the 98m length is adequate and the network is '
not all that lumpy at all.

Next, the two networks shown in figure 6.4 were fabricated
using carbon resistors and recently designed [ 7] low-external-field
inductors. The network(s) are shown in figure 6.6. The inductors
because of their inherent property can be combined in series/parallel
sense without any undesirable interaction. Even inductors in
different parts of the circuit also do not have any mutual coupling
which is helpful in the present application. The measurements of
impedance were done on one of the networks and halved in magnitude
for the total network. The results of the measurement are indicated
* in Table 6.3 and they are compared with the calculated impedance of
the network in figure 6.7. It is seen that the network consistently
measures somewhat higher magnitude and phase, perhaps due to lead
inductances.

To test the above hypothesis that the lead inductances in the
measurement could be the cause of the deviations in figure 6.7, these
lead inductances are estimated. for the experimental configuration
during meésurement. This configuration is indicated in figure 6.8,
where the network housed in a dielectric supporting box is Jocated
above a ground plane used as the return conductor. The lead inductance
in the experiment L, s now easily estimated as follows

Le

I}

length of the network x Inductance per unit length

u
0 2x0.17
2.79m  x <§?) ’“‘( 0.015) (6.8)

1.74 pH

1

4
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Figure 6.6. Photograph of one of the two identical networks that were fabricated.



£(Hz) W@ | ™) | el
1 network | 2 networks| degrees
104 2.9 1.45 48
x 10% 4.3 2.15 47.8
% 10% 6.4 3.2 28.1
10°. 10.0 5.0 47.1
2 x 10° 14.3 7.15 48.2
4 x 10° 21.0 10.5 49.5
108 35.7 17.85 48.2
2 x 108 48.4 24.2 45.2
TABLE 6.3. Results of impedance measurement
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dielectric support
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the lumped element
network
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Figure 6.8. Cross-sectional view of the network above
a ground plane, as configured during
the impedance measurement in the laboratory.




1

This means, to the calculated impedance of the network (see
Table 6.2 and figure 6.5), one should add the above lead inductance
and then compare with the experimental results of the network. We
therefore have ' .

Je

1, = 7(e) jolg/2 =M, e cL (6.9)
where
icg = calculated network impedance with lead inductance
2<C) = calcﬁ]ated network impedance without lead inductance
. (c).
- Méc) e (see Table 6.2)

-~

Zcz is now comnuted and shown in Table 6.4 and is compared with
the measured vaiues in figure 6.9.

It is seen that when the network impedance calculations are
compensated for the presence of the estimated lead inductance, the
agreement with measurements is much improved up to about 1 MHz, which
is the upper 1imit for the approximations made. Beyond about the 2 MHz
value, the lead inductance is seen to swamp out the network impedance,
as one may‘expect.

The comparison in figure 6.9 suggests the following conclusion,
i.e., when the lumped element network is used in practice, one should
estimate the unavoidable lead inductance value and its effect may
then be accounted by adjusting the initial network elements, via the
standard circuit-impedance synthesis procedures.

In addition to testing the fabricated networks by themselves in a
laboratory, the networks were used in terminating a 2m long
transmission 1ine with sand medium. Basically a box containing sand
(nominally o = 10'25/m and €. = 10) is fabricated. The dimensions
of the box as indicated in figure 6.10, are 4m x 8m x 2m. The

"buried" transmission line is formed by vertical conductors in the
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| f(Hz) MCQ(Q) ecz(degrees)
DC 0.481 0
10° 0.503 14.147
2 x 105 0.560 25.696
5 x 10° 0.844 42.694
1.024 x 10° 1.297 47.590
1.048 x 10° 4.570 49.339
7.56 x 10° 14.682 53.609
1.072 x 10° 17.308 52.276
1.918 x 10° 24.014 52.620
4.865 x 10° 38.942 57.630
1,097 x 107 144.766 80.851
TABLE 6.4. Calculated impedance of two identical

networks in parallel with the additional

estimated lead inductance.
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vertical
conductor

Network(s)
il —————————— 4m N
(b)
Figure 6.10. Experimental setup: (a) sand box dimensions,

(b) side view indicating the impedance looking
into the buried transmission line, for both
measurement and calculations.
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form of "plates" of size 2m x 8m. The plate separation is 4m.
Although the separation to width ratio is 0.5, becuase of the absence
of the sand in the exterior region of the plates, an effective ratio
is estimated resulting in an fg' of 0.4764. This value of. fg
along with the above mentioned consitutive paramenters are then
used in calculating the input impedance of the transmission line
at the terminal AB, while the 2m network is terminated by the
network(s) derived earlier (see figure 6.4). A photograph of one
of the two networks used in parallel to terminate the buried 2m
transmission 1ine may also be seen in figure 6.6.

Given the configuration of figure 6.10, the input impedance
iin(s) at the terminal AB, is now given by

iL(s) + L(s) tanh( yz )
Z,.(s) = I (s) | — = (6.10)
® ZL(s) + Ll(s) tanh(yz )

the "load" impedance or the combined impedance

where iLfs)
of the two identical parallel networks. Setting the complex
frequency s = jw , (6.10) becomes,

. . g @
7 (W) = 7 (w) : °-11
in'® me ZLim) + sziuﬁ tan(klo) ( )

The above expression has been computed and compared with measured
input impedance at the terminal AB. The measured values are

listed in Table 6.5 and the comparison is done in figure 6.11.

It is noted that the measurement is performed with an impedance
analyzer placed in the center, somewhat raised from the top surface
of the sand medium. The connections between the impedance meter

and the vertical transmission line conductors are achieved by 'plates'’
(wire meshes in practice ) that are approximately triangular in

shape, with a narrow edge near the meter and a matching edge of

8m at the other end.



Magnitude Phase
£ -
(Hz) ‘Zinlg g degrees
104 1.6 50
2 x 10% 2.5 50.3
i
4 x 10% 3.7 ' 50
10° 6.1 49.3
5
2 x 10 8.9 50.3
4 x 10° 13.6 50.8
100 23.8 44
2 % 10° 31.7 34.6
107 62.0 35.4

TABLE 6.5. Measured input impedance at terminal
AB of figure 6.10.
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In figure 6.10, it is seen that the agreement is seen to be
fair up to about 10 MHz , although the measured magnitude is higher
than the calculated values.. The reasons for this mainly lie in the
lead inductances at the top (connectioﬁs from the'impedance meter
to the transmission line conductors) and bottom (connections from
the transmission line conductors to the networks) of the transmission
Jine. There could alsc be deviations in the values of o and £,
for the sand from what have been used in the computation. If suitable
corrections are made for these lead inductances (impedances in general),
the agreement between the measured and calculated impedances should
improve. Note also the oscillations in the magnitude of the calculated
input impedance, corresponding roughly to the resonance of the 2Zm
buried transmission line itself. This is unavoidable, but it is of
sufficiently small magnitude, so that simulation fidelity is not
strongly affected.
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VIT. SUMMARY

This note_has addressed the problem of designing a lumped-element
network to represent all or a portion of a buried transmission line
formed by two vertical perfectly conducting “plates”. The network
emulates the impedance of a long section of an open circuited buried
line. Such an impedance equality is accomplished by dividing the
transmission line into a suitable number of sections, each of which
is then replaced by its incremental-length model. The individual model
consists of series inductances and shunt conductances and shunt
capacitances as well. The shunt capacitance elements are negligible at
low frequencies where the conduction current in the soil medium dominates
over the displacement current. Finally, one arrives at a cascaded
section of several incremental model networks. An illustrative example
has been demonstrated through design, fabrication and testing. The
alternate current paths at the termination port have also been discussed,
since it impacts how the network(s) is (are) physically connected to the
vertical conductiors in maintaining the fidelity of the magnetfc fields.
The network also takes advantage of a recently designed way of fab-
ricating field-containing inductors.

In evaluating this concept, the open circuit impedance of a
section of burijed transmission line is compared with the calculated
network impedance, and the agreement is seen to be excellent in the
range of frequencies-where the low-frequency approximation is
valid. This approximation has been made in the design of the network.
In evaluating the network, the measured impedance is compared with the
calculated impedance of the network. Although the measurement config-
uration attempts to minimize all undesirable lead and inter-element
wire inductances by the use of braids and a ground plane for the
return conductor, it has been observed that some amount of additional
lead inductances is still present in the network. A procedure to
compensate for the unavoidable lead inducatances, by adjusting the values
of perhaps the initial network elements has been demonstrated to be
worthwhile.

In terminating this note (the pun is intended), it is noted that
this concept is expetted to prove useful in EMP simulation development.
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